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The induction of jasmonic acid (JA) is one of the major sig-
naling events in plants in response to insect herbivore dam-
age and leads to the activation of direct and indirect de-
fensive measures. Green leafy volatiles, which constitute a 
major portion of volatile organic compounds, often are 
released in response to insect herbivore attack and have 
been shown to significantly activate JA production in ex-
posed corn (Zea mays) seedlings, thereby priming these 
plants specifically against subsequent herbivore attack. To 
explore the factors determining the specificity of the octa-
decanoid signaling pathway in corn, we analyzed qualita-
tive and quantitative changes in major octadecanoids. The 
time course and the amount of induced JA and 12-oxophy-
todienoic acid levels in corn seedlings were strikingly dif-
ferent after wounding, application of caterpillar regurgi-
tant, or treatment with cis-3-hexenyl acetate (Z-3-6:AC). 
Exposure to Z-3-6:AC induced accumulation of transcripts 
encoded by three putative 12-oxophytodienoate10,11-re-
ductase genes (ZmOPR1/2, ZmOPR5, and ZmOPR8). Al-
though changes in ZmOPR5 RNAs were detected only after 
exposure to Z-3-6:AC, ZmOPR1/2 RNAs and ZmOPR8 
RNAs also were abundant after treatment with crude re-
gurgitant elicitor or mechanical damage. The physiological 
implications of these findings in the context of plant–insect 
interactions are discussed. 

Additional keywords: gene expression, OPR. 

The response of plants to insect herbivory includes various 
defensive measures such as the production of proteinase inhibi-
tors and toxic secondary metabolites, and the release of volatile 
organic compounds (VOC) (Gatehouse 2002). VOC are derived 
from shikimate, terpenoid, and fatty-acid products (Pare and 
Tumlinson 1997, 1999), and have been shown to be a very 
effective countermeasure by repelling further infestation 
(DeMoraes et al. 2001) and attracting predators and parasites 
of the attacking herbivore (Dicke et al. 1990; McCall et al. 
1993, 1994; Turlings et al. 1990). Most if not all of these coun-
termeasures appear to involve increases in the signal molecule 
jasmonic acid (JA) (Gatehouse 2002), which is derived from 

linolenic acid through the octadecanoid signaling pathway 
(Fig. 1) (Schaller 2001; Schaller et al. 2004). 

Initially, oxygen is added by a lipoxygenase (LOX) in posi-
tion 13 of linolenic acid. The resulting 13-hydroperoxy linolenic 
acid is dehydrated by allene oxide synthase (AOS) to the very 
unstable allene oxide, which is rapidly and stereospecifically 
transformed by allene oxide cyclase (AOC) into the 9S,13S-
enantiomer of 12-oxo-phytodienoic acid (12-OPDA) in plastids. 
Then, 12-OPDA is transferred to the peroxisome by an ATP-
binding cassette (ABC) transporter (Theodoulou et al. 2005), 
where the olefinic bond in the pentacyclic ring is reduced by 
12-oxo-phytodienoate 10,11-reductase (OPR). Three consecu-
tive β-oxidations follow eventually leading to JA (Cruz Castillo 
et al. 2004; Li et al. 2005). 

It has been found that fatty acid/amino acid conjugates 
(FACs) in the oral secretions of insect herbivores elicit JA pro-
duction as well as some typical defense responses when ap-
plied to artificial wounds (Halitschke et al. 2001; Schittko et 
al. 2000; Schmelz et al. 2001). The best characterized FAC is a 
glutamine/17-hydroxy linolenic acid conjugate, termed volic-
itin, which elicits octadecanoid signaling and VOC synthesis 
when applied to corn (Zea mays) (Schmelz et al. 2001). First 
described by Alborn and associates (1997), this compound 
seems to be the most active elicitor in the corn system within 
this group of insect-produced elicitors (Alborn et al. 1997; 
Turlings et al. 2000). 

Another LOX-derived pathway leads to the production of so 
called green leafy volatiles (GLV) and traumatin. 13-Hydrop-
eroxy linolenic acid is cleaved by the enzyme hydroperoxide 
lyase (HPL), resulting in cis-3-hexenal (Z-3-6:AL) and ω-oxo-
decenoic acid. Further processing of Z-3-6:AL by alcohol de-
hydrogenase, acetylation, and isomerization leads to the pro-
duction of the remaining C6 components such as cis-3-hexenol 
(Z-3-6:OL), cis-3-hexenyl acetate (Z-3-6:AC), and the respec-
tive trans-2-enantiomers. The C12 component ω-oxo-decenoic 
acid is further processed to traumatin, which has long been hy-
pothesized to play an important role in the wound response of 
plants (English and Bonner 1937). GLV almost immediately 
are released locally after wounding (Hatanaka 1993), but also 
can be produced and released systemically as a response to 
herbivore damage (Turlings and Tumlinson 1992, Pare and 
Tumlinson 1997; Röse et al. 1996).  

GLV have been shown to act as signals in plant-plant com-
munications after insect herbivore attack (Arimura et al. 2000; 
Bate and Rothstein 1998; Engelberth et al. 2004; Farag and 
Pare 2002; Farag et al. 2005; Ruther and Fürstenau 2005; 
Ruther and Kleier 2005). Exposing plants to physiological 
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concentrations of GLV has been shown to induce defense-re-
lated gene expression and the release of VOC. However, these 
responses are very moderate compared with actual insect her-
bivore damage or application of JA (Arimura et al. 2000; Farag 
and Pare 2002). Exposing corn plants to GLV elicits immedi-
ate JA accumulation and, more importantly, enhances subse-
quent JA production and JA-signaled responses upon insect 
herbivore attack (Engelberth et al. 2004). This priming effect 
is specific for elicitor-induced JA, whereas wound-induced JA 
is not affected (Engelberth et al. 2004). GLV also trigger direct 
defense responses, such as defense gene activation and phy-
toalexin production, in plants attacked by insect herbivores or 
pathogens (Farag et al. 2005; Halitschke et al. 2004; 
Hildebrand et al. 1993, Kishimoto et al. 2005; Zeringue 1992). 
However, it is unclear whether or not these direct responses are 
mediated through the same signaling pathways that have been 
shown to be involved in the priming process. 

Although all genes responsible for the production of JA have 
been thoroughly characterized in Arabidopsis, our knowledge 
about genes and proteins involved in the biosynthesis of octa-
decanoids in corn is very limited. For example, at least 13 LOX 
genes have been identified in corn, yet it is unclear which of 
these is responsible for producing the correct 13-hydroperoxy-
linolenic acid that eventually is converted to JA or processed to 
result in GLV. Also, eight different OPR genes recently have 
been identified in corn by Zhang and associates (2005). OPR, 
which is the enzyme that catalyzes the reduction of the 
cyclopentanone moiety in 12-OPDA, belongs to a class of 
enzymes closely related to the yeast old yellow enzyme, a 
flavo-protein with the general activity of reducing double 
bonds in α, β-unsaturated carbonyls (Schaller and Weiler 1997a 

and b; Strassner et al. 1999). Several OPRs have been identi-
fied to date in various plant species (Schaller et al. 2004). In 
Arabidopsis, three OPRs (AtOPR1, AtOPR2, and AtOPR3) 
have been cloned and further characterized (Biesgen and Weiler 
1999; Schaller and Weiler 1997a and b). The expression of all 
three AtOPRs can be induced by methyl jasmonate. However, 
only AtOPR3 (and its homolog in tomato, LeOPR3) has a high 
preference for the enantiomerically correct substrate 9S,13S-
12-OPDA, suggesting that this isoenzyme is the one responsi-
ble for cis (+)-JA production, which is supposedly the biologi-
cally active form (Schaller et al. 2000). AtOPR1 and -2 do not 
exhibit this substrate specificity, and, although both are induced 
by wounding and UV light, exhibit a different organ-specific 
distribution (Biesgen and Weiler 1999). In corn, Zhang and 
associates (2005) showed that the eight OPR genes (ZmOPR1 
to ZmOPR8) are differentially expressed depending on the 
developmental stage of the plant, the organ in which they are 
expressed, whether they are expressed in response to JA or 
salicylic acid (SA), or after infection with various pathogens. 
According to their study, ZmOPR1 and ZmOPR2 are highly 
inducible by SA and pathogen infection and, thus, seem to 
play a role in the defense response. ZmOPR6 to ZmOPR8 
appear to be wound responsive, and expression also is stimu-
lated by JA application. No induction of ZmOPR3 to ZmOPR5 
has been found after pathogen infection or treatment with SA 
and JA. However, contrary to AOS and AOC, commonly de-
scribed as bottleneck enzymes for the octadecanoid signaling 
pathway (Laudert and Weiler 1998; Ziegler et al. 2000), the 
physiological roles of OPRs in planta are not quite clear. As 
described before, only OPR3 in Arabidopsis and tomato have a 
preference for the correct 9S, 13S enantiomer of 12-OPDA. 
And although other OPRs also can reduce this enantiomer, the 
specificity is much lower and strongly suggests other functions 
within the plant cell. Breithaupt and associates (2001) found 
that AtOPR1 reduces a great variety of low molecular weight 
compounds with the only common feature of having an α, β-
unsaturated carbonyl. These compounds are highly reactive 
and serve as Michael acceptors, thereby significantly altering 
the functionality of cellular structures, and OPRs currently are 
discussed as major regulators in this process (Breithaupt et al. 
2001; Schaller et al. 2004). 

Although the octadecanoid pathway has been studied for 
more than 20 years (Schaller et al. 2004), how it regulates differ-
ent developmental processes, perception of mechanical stimuli, 
and selectively activates defensive responses is not well under-
stood. Also, other products of the octadecanoid signaling path-
way such as 12-OPDA have been shown to trigger certain spe-
cific defense responses (Stintzi et al. 2001; Taki et al. 2005). The 
induction of JA by beet armyworm crude regurgitant (CRE), 
mechanical damage, or exposure to GLV as well as the specific 
interaction of these stimuli prompted us to start a more compre-
hensive analysis of octadecanoid signaling in corn. In addition to 
a thorough analysis of relevant octadecanoids, we focused our 
research on the expression of OPR genes because of their poten-
tial to also be involved in processes not directly related to octa-
decanoid signaling. Distinct differences in the octadecanoid pro-
files were found, suggesting a more sophisticated regulation of 
this pathway than hitherto thought. Also, the selective accumula-
tion of ZmOPR RNAs in response to the different treatments 
chosen for this analysis is described, with GLVs being a major 
regulator in this process. 

RESULTS 

Profiling of JA and 12-OPDA. 
We compared the octadecanoid profiles and timing of induc-

tion in different sections of corn leaves, local, distal, and basal, 

 

Fig. 1. Octadecanoid signaling pathway leading to jasmonic acid (JA) and
green leafy volatiles (GLV). For each step the respective enzyme is shown
in bold type: LOX, lipoxygenase; AOS, allene oxide synthase; AOC allene
oxide cyclase; OPR, 12-oxo-phytodienoate reductase. Intermediates of the
octadecanoid signaling pathway: LA, linoleic acid; 13-HPLA, 13S-hydrop-
eroxy linoleic acid; 12,13-EpLA, 12,13 epoxy linoleic acid; 12-OPDA, 12-
oxophytodienoic acid; OPC:8, 10,11 dihydro 12-oxophytodienoic acid; JA, 
jasmonic acid. Additionally, the pathway for the production of GLV is
shown: HPL, hydroperoxide lyase; Z-3-6:AL, cis-3-hexen-1-al; Z-3-6:OL, 
cis-3-hexen-1-ol; Z-3-6:AC, cis-3-hexen-1-yl acetate. 3R, 7S-JA (commonly 
referred to as cis-JA) is supposedly the active enantiomer. 
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induced by three different procedures. They were exposed to 
cis-3-hexenyl acetate (Z-3-6:AC) as a major representative of 
GLV, wounding, by far the best described event to elicit the oc-
tadecanoid pathway, and application of CRE to a wound site as 
a mimic of insect herbivory. A first study revealed that the ap-
plication of CRE to wounded corn leaves not only increased 
JA production locally compared with a wounded control but 
also induced JA in distal parts of the corn leaf, whereas 
wound-induced JA production was a local event, affecting only 
the tissue adjacent to the damage site (Fig. 2B through D). The 
distal accumulation of JA basically can be attributed to volic-
itin and other, structurally related elicitors in the CRE. Volic-
itin elicited increased JA levels locally and distally from the 
application site equal to those after treatment with CRE (Fig. 
2A and B). 

For wounding or elicitation by CRE and volicitin, no in-
creases in JA levels basal from the treatment site were detected 
(Fig. 2A through C). In contrast to wounding or application of 
CRE, corn plants responded to exposure to GLV by increasing 
JA throughout the exposed plant (Fig. 3). Comparing the time 
courses of JA and 12-OPDA production after all of these treat-
ments showed further significant differences in the timing, 
quality, and quantity of these important intermediates of the 
octadecanoid pathway. In seedlings exposed to Z-3-6:AC, JA 
peaked at 10 min after the onset of the stimulus (44 ng/g fresh 
weight [FW] for cis-JA and 8 ng/g FW for trans-JA) and then 
declined rapidly, reaching normal resting levels again after 2 h 

(2.4 ng/g FW for cis-JA and 6 ng/g FW for trans-JA) (Fig. 
4A). The maximum JA production after wounding was meas-
ured after 30 min (60 ng/g FW for cis-JA and 13 ng/g FW for 
trans-JA) (Fig. 4A), and higher levels of JA were maintained 
for at least 6 h compared with control plants (data not shown). 
Elicitation of JA by application of CRE to a wounded site fol-
lowed a similar curve in the local and distal part of the treated 
leaf. Maximum induction was measured after 60 min with a 
twofold higher local JA level (90 ng/g FW for cis-JA and 35 
ng/g FW for trans-JA) (Fig. 4A) compared with the distal re-
sponse (54 ng/g FW for cis-JA and 17 ng/g FW for trans-JA) 
(Fig. 4A). This was followed by a rapid decline in both parts 
of the leaf. For all time courses, the maximum level of cis-JA 
preceded the peak of trans JA. Comparing the induction of 12-
OPDA by the different treatments clearly showed that this 
compound was induced only locally as a direct response to 
wounding. CRE application, which also included wounding 
(63 ng/g FW for cis-12-OPDA and 34 ng/g FW for trans-12-
OPDA, both after 60 min) (Fig. 4B) and wounding alone (36 
ng/g FW for cis-12-OPDA and 12 ng/g FW for trans-12-
OPDA) (Fig. 4B), showed elevated levels of 12-OPDA locally 
with a time course almost identical to that of JA with these 
treatments. Free 12-OPDA levels were not increased by expo-
sure to Z-3-6:AC (Fig. 4B) or in distal parts of the leaf by CRE 
application (Fig. 4B). 

To test the priming effect of Z-3-6:AC on other treatments 
leading to the induction of JA, corn plants were pretreated by 
exposure to Z-3-6:AC vapors overnight (15 h). After overnight 
exposure to Z-3-6:AC, the resting levels of JA in these plants 
were the same as in the control plants (8 ng/g FW). CRE or 
pure volicitin then was applied to the plants as a mimic of 
actual caterpillar feeding. Other plants were either mechani-
cally damaged or reexposed to Z-3-6:AC. Priming with Z-3-
6:AC had no effect on induced JA levels in wounded or plants 
treated by a second application of Z-3-6:AC (Fig. 5). However, 
preexposure to Z-3-6:AC did significantly effect induced JA 
levels in CRE-treated plants. At 45 min after induction with 
CRE, the level of endogenous JA rose in control plants to 106 
ng/g FW compared with 199 ng/g FW in Z-3-6:AC-pretreated 
plants. Using pure volicitin as the elicitor led to the same 
results as treatment with CRE (Fig. 5). 

Transcript levels of octadecanoid-related genes after 
wounding, application of CRE, and exposure to Z-3-6:AC. 

Although all treatments described above resulted in elevated 
JA levels, the pathways leading to this increase appeared to be 
significantly different. In a first approach to further character-
ize these differences, we compared changes in RNA levels of 

 

Fig. 2. Induction of jasmonic acid in different parts of a corn leaf. A sche-
matic corn leaf has been added to demonstrate the experimental setup. A, 
Elicitation with volicitin. B, Elicitation with crude regurgitant elicitor
(CRE). C, Mechanical wounding (MW). D, Control plants. A and B, The 
second leaf of a three-leaf corn plant was wounded approximately 7 cm
above the base of the leaf (arrowhead ). Three segments (one consisting
of the damaged area [local], one immediately below the local segment
[basal], and one upward from the wounded segment [distal], all approxi-
mately 2.5 cm in length) of this leaf were taken for analysis 30 min after
the onset of the stimulus. D, For control samples, corresponding leaf seg-
ments from control plants were taken to allow for exact comparison. Re-
sults are based on two independent studies, each performed with four bio-
logical replicates. Error bars represent standard deviation. A Student t test 
was used for proof of significance (*, P ≤ 0.05) compared with the respec-
tive control. 

 

Fig. 3. Induction of jasmonic acid (JA) after exposure to green leafy volatiles 
(GLV) for 30 min in different leaves of a 14-day-old corn seedling (same as 
above). First leaf is the oldest leaf. For all graphs, total JA per milligram of 
plant material is shown. Results are based on one study performed with three 
biological replicates. Error bars represent standard deviation. A Student t test 
was used for proof of significance (* P ≤ 0.05) compared with the respective 
control. 



710 / Molecular Plant-Microbe Interactions 

genes potentially related to octadecanoid signaling. We ana-
lyzed the genes induced over a period of 120 min after expo-
sure to Z-3-6:AC, mechanical wounding, and elicitation by 
CRE locally and distal from the application site. Plant material 
was collected after 0, 60, and 120 min and mRNA was prepared 
for semiquantitative reverse-transcription polymerase chain 
reaction (RT-PCR). Sequence information and primers were 
taken from Frey and associates (2004) for ZmAOS and 
ZmAOC. Primers for ZmOPRs either were designed from pub-
lished sequences by Zhang and associates (2005) or taken 
from expressed sequence tags available in the TIGR database. 
Additionally, time courses for total JA and 12-OPDA were 
added to allow for better correlation between the octadecanoid 
profile and the transcript levels of the respective gene. Results 
of these experiments are shown in Figure 6 and Table 1. 
ZmAOS mRNA resting levels were not detectable, but did rap-
idly increase within 60 min after stimulation and reached a 
maximum after 120 min. For ZmAOC, resting levels of tran-
scripts were found to be higher than those for ZmAOS, but oth-
erwise followed the same trend after mechanical wounding or 
treatment with Z-3-6:AC and CRE. 

The response of the OPR genes tested in this study was dis-
tinctly different from AOS and AOC induction. ZmOPR5 was 
induced by exposure to Z-3-6:AC, and neither wounding nor 
elicitation with CRE increased the transcript levels of this gene, 
even at later time points (6 h) (data not shown). ZmOPR1/2 was 
induced by Z-3-6:AC and also in response to CRE elicitation, 
whereas wounding had less effect on the transcript level. With 
CRE application, transcript levels of ZmOPR1/2 increased both 
locally and distally; however, the maximum RNA levels were 
reached distally in only 60 min compared with 120 min for the 
maximum local response. ZmOPR8, which exhibits a high iden-
tity to AtOPR3, was induced by Z-3-6:AC, but also by wound-
ing. Treatment with CRE locally increased the RNA levels of 
ZmOPR8, but not distal from the application site (Fig. 6). De-
spite the high identity between ZmOPR7 and ZmOPR8, we were 

 

Fig. 4. Induction of jasmonic acid (JA) and 12-oxo-phytodienoic acid (12-OPDA) by various treatments in corn (Zea mays). A, JA levels after exposure to Z-
3-6:AC, mechanical wounding (MW), and CRE treatments at the site (CRE local) and distal (CRE distal) to the site of CRE application. For all treatments,
cis-JA (black) and trans-JA (white) is shown. B, 12-OPDA levels after exposure to Z-3-6:AC, mechanical wounding, and crude regurgitant (CRE) treatments 
at the site (CRE local) and distal (CRE distal) to the site of CRE application. For all treatments, cis-12-OPDA (black) and trans-12-OPDA (white) is shown. 
Results are based on three independent studies each performed with four biological replicates. Error bars represent standard deviation. 

 

Fig. 5. Effect of previous exposure to Z-3-6:AC on total jasmonic acid JA 
levels by mechanical wounding (MW), exposure to Z-3-6:AC green leafy 
volatiles (GLV), elicitation with crude regurgitant (CRE), and elicitation 
with pure volicitin. Corn seedlings were pretreated with Z-3-6:AC 
overnight (15 h) and then treated as described above for 45 min. Results 
are based on one study performed with four biological replicates. Error 
bars represent standard deviation. A Student t test was used for proof of 
significance (*, P ≤ 0.05). 
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able to generate gene-specific primers for ZmOPR7. However, 
we were not able to see any abundance or increased levels after 
the treatments described herein. We were, however, able to 
detect ZmOPR7 on the genomic level, indicating that our prim-
ers did work properly. Also, none of the above-described treat-
ments affected the RNA levels of ZmOPR3, ZmOPR4, and 
ZmOPR6 (Table 1). 

ZmOPR enzyme activity in crude protein extracts. 
The induction of different OPRs by GLV suggested that they 

might play an important role in the priming process, resulting 
in increased JA levels (Engelberth et al. 2004). And, indeed, 
when corn plants were treated with GLV overnight, a change 
in OPR enzyme activity was measured by using racemic 12-
OPDA as the substrate. Compared with control plants, ZmOPR 
activity almost doubled in Z-3-6:AC-exposed plants when ex-
pressed as changes in ratio between 10,11 dihydro 12-oxophy-
todienoic acid (OPC) and 12-OPDA (Fig. 7). 

DISCUSSION 

The activation of JA in plants under insect-herbivore attack 
appears to be the most important signaling event directly or in-
directly related to the induction of effective defensive measures 
of the plant (Gatehouse 2002). In addition to the production of 
proteinase inhibitors and toxic secondary metabolites, which 
directly affect the attacking insect herbivore, induced JA often 
causes the plant to release VOC such as terpenes, products of 
the shikimic acid pathway, and degradation products of C18 
fatty acids, commonly referred to as GLV (Pare and Tumlinson 
1997, 1999). A major function of these VOC is to serve as sig-
nals for predators and parasites of the attacking herbivore 
which allows them to cue in on their prey, a phenomenon gen-
erally referred to as tritrophic interactions (DeMoraes et al. 
2001; Dicke et al. 1990; McCall et al. 1993, 1994; Turlings et 
al. 1990). Additionally, it has been shown that GLV can act as 
signals in interplant communication (Engelberth et al. 2004; 

Table 1. Comparison of ZmOPR gene expression shown in Zhang and associates (2005) and this study after various treatments 

  Treatmentsa 

  Zhang et al. This study 

ZmOPR identification ZmOPR no. MW PI SA JA GLV MW CRE local CRE distal 

AY921638 1 – + + – NA NA NA NA 
AY921639 2 – + + – ++ + ++ ++ 
AY921640 3 – – – – – – – – 
AY921641 4 – – – – – – – – 
AY921642 5 – – – – ++ – – – 
AY921643 6 + – – + – – – – 
AY921644 7 + – – + – – – – 
AY921645 8 + – – + ++ + + – 
a MW, mechanical wounding; PI, pathogen infection; SA, salicylic acid; JA, jasmonic acid; GLV, green leafy volatiles (here: Z-3-6:AC); CRE, crude 

regurgitant elicitor; +, increase of RNA levels; ++, strong increase of RNA levels; – , no increase; NA, not applicable. Due to the high identity between 
ZmOPR1 and 2 (96.5%) we were not able to design specific primers which could clearly distinguish between these two OPRs. 

 

Fig. 6. Time course of gene expression (upper part) in Zea mays for ZmAOS, ZmAOC, and ZmOPR1/2,- 5, and -8 after exposure to Z-3-6:AC, mechanical 
wounding (MW), and application of crude regurgitant elicitors (CRE, local and distal). A typical result is shown. For better interpretation, time courses of 
total 12-oxo-phytodienoic acid (12-OPDA) and jasmonic acid (JA) were added (lower part). Gene expression is shown as polymerase chain reaction
product/18S RNA. For gene expression analysis after exposure to Z-3-6:AC, corresponding segments were taken as for CRE application and for wound
response. All experiments have been performed at least four times with biological triplicates and confirmed the above shown data. 
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Kessler et al. 2006). Corn seedlings (Engelberth et al. 2004) 
and tobacco plants (Kessler et al. 2006) that were exposed to 
physiological amounts of GLV respond to subsequent attack 
by insect herbivores faster and stronger with respect to defen-
sive measures when compared with unexposed control plants. 
These priming responses, as well as most of the other more di-
rect countermeasures, are thought to be signaled by JA through 
the activation of the octadecanoid signaling pathway. 

However, this is not the only function of this pathway. Inter-
mediates as well as the end product of the pathway also are 
involved in developmental processes, regulation of metabolism, 
perception of mechanical stimuli, and as signals in the wound 
response (Creelman and Mullet 1997; Wasternack and Hause 
2002). The activation of the octadecanoid signaling pathway by 
wounding is probably the best investigated event among those 
chosen for this study. Wounding has been described at a molecu-
lar and a biochemical level to activate the whole pathway lead-
ing to JA in various plant species (Schaller 2001; Strassner et al. 
2002; Wasternack and Hause 2002). As shown herein, increases 
in JA could not be detected either distal or basal from the site of 
wounding. Similarly, 12-OPDA increases occurred only locally. 
No increases in 12-OPDA levels were detected distal or basal 
from the site of mechanical wounding (data not shown). It ap-
pears that, in response to mechanical wounding, the area of octa-
decanoid activation was limited to the site of actual damage and 
the immediate adjacent tissue in corn seedlings. This is in 
accordance with data obtained from the Arabidopsis wound 
response, which also seems to be a local event, not only at the 
hormone level, measured as JA and 12-OPDA, but also at a 
molecular level. Strassner and associates (2002) showed that the 
expression of those genes related to JA biosynthesis is upregu-
lated only around the wounding site. 

The induction of the octadecanoid signaling pathway in 
response to insect herbivory, in addition to being caused by 
mechanical damage, is also affected significantly by elicitors 
in the oral secretions of the herbivores (Alborn et al. 1997; 
Schmelz et al. 2001). Application of both CRE and volicitin-
induced signaling events not only enhanced the local wound 
response (as indicated by increased JA and 12-OPDA produc-
tion when compared with mechanical damage alone) but also 
caused the induction of JA in distal tissues of the affected leaf. 
This, however, occurred without the concomitant induction of 
12-OPDA. The effect seen distally appeared without any meas-
urable delay compared with local events. It does not look as if 

it was related to a sink-source relationship, because leaves of 
all ages responded this way (data not shown). Rather, it ap-
pears to be related to a specific kind of signaling induced by 
these elicitors, which does not seem to involve active transport 
of JA from the local to the distal part of the leaf (data not 
shown), as has been described for systemic signaling in tomato 
(Schilmiller and Howe 2005). The induction of JA distal from 
the site of elicitor application without concomitant induction 
of 12-OPDA might represent one of the factors explaining the 
significantly different responses of plants to actual insect her-
bivory when compared with mechanical damage. Among these 
differences were stronger responses (Schmelz et al. 2001), dif-
ferent gene induction (Reymond et al. 2000), and the induction 
of defensive measures in other parts of the plant referred to as 
systemic signaling (Turlings and Tumlinson 1992). It must be 
stated that the signaling herein referred to as distal signaling is 
not to be confused with systemic signaling as described else-
where (Schilmiller and Howe 2005). 

The recently discovered activity of GLV toward the induction 
of JA added to the list of stimuli that interact with the octa-
decanoid signaling pathway (Engelberth et al. 2004). Not only 
did exposure to GLV induce JA accumulation in corn seedlings, 
it also prepared them against impending insect herbivory ex-
pressed as increased JA production and VOC release when in-
duced with CRE or, as shown herein, with pure volicitin. On the 
other hand, no effect of priming by GLV on wound-induced JA 
accumulation or JA induced by a second application of GLV was 
observed, indicating a certain specificity of the GLV signal. 
Additionally, the fact that elevated JA levels were not accompa-
nied by a concomitant increase of 12-OPDA bears close resem-
blance to the observed JA accumulation after CRE application in 
distal parts of the leaf and might be part of the specific linking 
between these two events. It also suggested that either a highly 
regulated turnover or a conjugated precursor within the pathway 
leading to the biosynthesis of JA exists, which does not allow for 
any free intermediate of the pathway to be detected. However, 
experiments performed to detect conjugated 12-OPDA or JA 
(e.g., in the form of lipids as described by Stelmach and associ-
ates [2001] for 12-OPDA or amino acid conjugates of JA) failed 
to produce any evidence for this kind of precursor. 

The induction of 12-OPDA only in response to mechanical 
damage strongly suggests a specific role for this important inter-
mediate in the wound response. Indeed, 12-OPDA has the ca-
pacity to induce defense-related genes in the absence of JA 
(Stintzi et al. 2001). Additionally, 12-OPDA has been shown to 
specifically affect transcript levels of certain genes different 
from those induced by JA, but typical for the wound response 
(Taki et al. 2005). Therefore, 12-OPDA has to be considered a 
wound signal, and its accumulation is enhanced in the presence 
of insect elicitors. In addition to being powerful stress and de-
fense gene inducers and, thus, playing an active role in the plant 
defense response (Weber et al. 2004), alternative functions for 
compounds like 12-OPDA, trans-2-hexenal, traumatin, and 
other small molecules with an α, β-unsaturated carbonyl need to 
be contemplated. Prost and associates (2005) investigated the 
antimicrobial properties of plant-derived oxylipins. Among the 
compounds that exhibit a high activity against various bacterial 
and fungal pathogens were those well known to be upregulated 
at the site of mechanical damage, such as GLV and 12-OPDA. 
For example, cis-3- and trans-2-hexenal had a strong growth-
inhibiting activity of bacterial pathogens, and 12-OPDA was 
most effective against fungal growth as well as germination of 
oomycete spores. These results strongly suggest additional func-
tions for these compounds in the immediate protection against 
invading pathogen in those areas bare of mechanical barriers. 
Concurrently, by serving as Michael acceptors, the same com-
pounds can cause significant cell damage by modifying en-

 

Fig. 7. Activity of 12-oxo-phytodienoate 10,11-reductase (OPR) enzymes
in crude protein extracts from corn leaves. Protein was extracted in 50 mM
phosphate buffer, pH 7.4. OPR activity was estimated according to the
protocol of Schaller and Weiler (1997b) with racemic 12-oxo-phytodienoic 
acid (12-OPDA) as substrate and NADPH as co-factor. Activity is ex-
pressed as changes in the ratio of 10,11 dihydro 12-oxophytodienoic acid
(OPC) production and 12-OPDA consumption. GLV = green leafy vola-
tiles. Results are based on two independent studies, each performed with
four biological replicates. Error bars represent standard deviation. A Stu-
dent t test was used for proof of significance (*, P ≤ 0.05). 
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zymes involved in signal transduction or affecting DNA integrity 
(Almeras et al. 2003; Parola et al. 1999; Vollenweider et al. 
2000). Therefore, the regulation of these compounds is of criti-
cal importance for the cell. Although first thought to be involved 
in JA biosynthesis, 12-oxo-phytodienoic acid reductases (OPR) 
currently are being discussed as major regulators in this process 
(Schaller et al. 2004). 

As shown herein, exposure to Z-3-6:AC significantly in-
creased the transcript levels of three different putative 12-oxo-
phytodienoate 10,11-reductase genes (ZmOPR1/2, ZmOPR5, 
and ZmOPR8). ZmOPR5 transcript levels were exclusively af-
fected by exposure to GLV, whereas ZmOPR1/2 also was re-
sponsive to the application of CRE. ZmOPR8 transcript levels 
were increased at the site of mechanical wounding but not in the 
distal part of the leaf after CRE application. Induction of 
ZmOPR8 after wounding and CRE application could be due to 
the immediate release of GLV rather than being a specific re-
sponse to these treatments. This also could explain the induction 
of ZmOPR1/2 in response to mechanical damage and CRE ap-
plication to the wounded a site. However, the induction of 
ZmOPR1/2 in the distal part of the leaf has to be considered as a 
process independent of GLV action because GLV are not in-
creased in this area during the period covered in this experiment 
(J. Engelberth, unpublished data). Interestingly, ZmOPR1/2 was 
reported by Zhang and associates (2005) to be inducible by 
pathogen infection and SA, a process commonly thought to have 
an inhibitory effect on JA-related processes (Beckers and Spoel 
2006; Engelberth et al. 2001). However, as shown herein, tran-
script levels of ZmOPR1/2 also were increased by CRE applica-
tion, which significantly affected the JA pathway in corn but not 
SA-related signaling (data not shown). Therefore, a general role 
of ZmOPR1/2 in the defense response has to be considered. A 
synopsis of the results from Zhang and associates (2005) and 
our own data on the expression of ZmOPR genes is shown in 
Table 1. A major discrepancy between those results concerns the 
transcript levels of ZmOPR6 and ZmOPR7, which have been 
shown by Zhang and associates (2005) to be inducible by me-
chanical wounding. In contrast, in our hands, wounding did not 
increase the RNA levels for those genes. Reasons for the differ-
ences in the transcript levels of ZmOPR6 with respect to me-
chanical damaging could lie in the different corn cultivar used 
for the respective study, the mode of mechanical damage, and, 
most importantly, a different timing of the experiment. Addition-
ally, due to the high identity between ZmOPR7 and -8, Zhang 
and associates (2005) were not able to generate a gene-specific 
probe and, therefore, could not clearly distinguish between the 
two OPRs, whereas we used gene-specific primers. 

It appears that GLV can act as a major regulator for the in-
duction of OPR genes in corn. Also, OPR activity is signifi-
cantly increased after 15 h of exposure to GLV, at a time when 
the priming effect is most prominent (Engelberth et al. 2004). 
This increase in activity might account for a higher turnover 
activity when challenged with insect-derived elicitors, result-
ing in elevated JA levels when compared with equally chal-
lenged non-GLV-exposed plants. However, the actual functions 
and the physiological consequences of OPR induction in corn 
by GLV have yet to be established. A thorough characteriza-
tion of individual ZmOPR proteins is needed to allow for the 
correct pathway-specific allocation of the respective enzyme. 
Work in our lab currently is focusing on the biochemical char-
acterization of these enzymes. 

MATERIALS AND METHODS 

Chemicals. 
Cis-3-hexen-1-yl acetate (Z-3-6:AC) (98% pure), and 

NADPH were purchased from Sigma-Aldrich, St. Louis, 

U.S.A. Racemic 12-OPDA was purchased from Larodan Fine 
Chemicals, Malmö, Sweden. Dihydro jasmonic acid-methyl 
ester (Bedoukian Research, Danbury, CT, U.S.A.) was con-
verted to dihydro jasmonic acid (dhJA) by alkaline hydrolysis. 
All solvents used were analytical grade. 

Plant material. 
Corn seed (Z. mays var. Kandy King and Bonus) were pur-

chased from J. W. Jung Seed Co., Randolph, WI, U.S.A. and 
grown as described previously (Schmelz et al. 2001). 

Preparation of CRE from larvae of beet armyworm. 
Beet armyworm (BAW) were transferred to feed on corn 

seedlings at least 48 h before collection of regurgitant. Regur-
gitation was induced by holding fourth-instar beet armyworm 
caterpillars with forceps and gently pinching behind the head 

with a second pair. The regurgitant from 40 to 50 caterpillars 
was collected, boiled for 5 min to inactivate degrading en-
zymes (Mori et al. 2001), and centrifuged to remove cell de-
bris and denatured proteins, and the supernatant was diluted 
1:1 in buffer (50 mM NaPO4, pH 8) prior to use (referred to as 
CRE). 

Plant treatments. 
As described previously (Engelberth et al. 2004), the release 

rates of GLV from corn leaves were measured after mechanical 
damage and insect herbivory. Also, GLV do adsorb to the sur-
face of the containers, and concentrations rapidly decrease 
over a period of 1 h. Based on those results, the amounts used 
for this study were calculated and were within the physiologi-
cal range over the duration of the treatments. To avoid cross-
contamination between experiments, the Plexiglas containers 
were washed with soap and water after each experiment. Addi-
tionally, the containers were rinsed with methanol and air 
dried. No residual GLV from previous treatments were detected 
after this procedure, as detected by gas chromatography/mass 
spectrometry (GC/MS). To measure the short-term production 
of JA and 12-OPDA, intact corn plants (receiver plants) were 
exposed to Z-3-6:AC in 6-liter Plexiglas cylinders. One hundred 
μg (dissolved in dichloromethane, 1 μg/μl) were pipetted onto 
a cotton ball in the Plexiglas cylinder. Controls consisted of a 
plant in a chamber with 100 μl of pure dichloromethane on a 
cotton ball. After 0, 10, 30, 60, and 120 min, the intact receiver 
plants were removed from the chamber and the leaves frozen 
in liquid nitrogen for further analysis. The second leaf of each 
seedling was harvested and immediately frozen in liquid N2 for 
further processing. 

For induction with CRE, an area of approximately 2 by 10 
mm on the third leaf of intact corn plants was scratched with a 
razor blade and 10 μl of CRE from BAW immediately was 
added to the wounded site. Similarly, volicitin was applied to 
corn seedlings at a final concentration of 1 nmol per damaged 
site and plant. The amounts of volicitin used for this study cor-
respond to those seen in CRE. Additionally, other FAC-like N-
linolenoyl glutamine also were active, so that the actual 
amount of active elicitors in the CRE was higher. For wound-
ing, a corresponding section of the third leaf was scratched as 
described above and 10 μl of buffer (25 mM NaPO4, pH 8) 
was added to the wounded site. Sections of approximately 2.5 
cm were taken from the wounded site (local) and distal (leaf 
upward) as well as basal from the wound site for analysis. 
These sections were harvested at various times after wounding 
and application of CRE, and analyzed for JA, 12-OPDA, and 
defense gene RNA levels by semiquantitative PCR (discussed 
below). For the analysis of corn leaves exposed to Z-3-6:AC, 
corresponding leaf sections of each plant were taken to allow 
for exact comparison. 
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For overnight exposure to synthetic compounds, 100 μg of 
Z-3-6:AC (dissolved in dichloromethane, 1 μg/μl) was pipetted 
onto a cotton ball in the Plexiglas cylinder. For controls, 100 
μl of dichloromethane was added to the cotton ball. 

For induction with CRE, by wounding, or a second applica-
tion of Z-3-6:AC, intact corn plants were removed from the 
Plexiglas cylinders after 15 h and treated as follows. CRE was 
applied as described above and leaves were harvested after 30 
min. Mechanical wounding was performed accordingly with-
out any further treatment. For a second exposure to GLV, Z-3-
6:AC plants were removed from the container for 1 h and then 
exposed for 20 min as described above. JA was quantified as 
described below. 

Quantification of JA and 12-OPDA. 
Extraction and quantification of JA and 12-OPDA was per-

formed as described previously (Engelberth et al. 2004). In 
brief, plant tissues were frozen in liquid N4 and approximately 
100 mg of each sample was transferred to 2-ml screw-cap Fast-
Prep tubes (Qbiogene, Carlsbad, CA, U.S.A.) containing 1 g of 
Zirmil beads (1.1 mm; SEPR Ceramic Beads and Powders, 
Mountainside, NJ, U.S.A.). dhJA and [2H6] SA (100 ng) were 
added to the 2-ml tubes prior to sample addition. The samples 
were mixed with 300 μl of 1-propanol/H2O/HCl (2:1:0.002) and 
shaken for 30 s in a FastPrep FP 120 tissue homogenizer (Qbio-
gene). Dichloromethane (1 ml) was added to each sample, re-
shaken for 10 s in the homogenizer, and centrifuged at 11,300 × 
g for 30 s. The bottom dichloromethane:1-propanol layer then 
was transferred to a 4-ml glass screw-cap vial, with care taken to 
avoid transfer of the upper aqueous layer. The organic phase was 
evaporated by a constant air stream and 100 μl of diethyl 
ether/methanol (9:1, vol/vol) was added. Carboxylic acids were 
converted into methyl-esters by the addition of 2 μl of a 2.0-M 
solution of trimethylsilyldiazomethane in hexane. The vials then 
were capped, vortexed, and allowed to sit at room temperature 
for 30 min. Excess trimethylsilyldiazomethane then was de-
stroyed by adding 2 μl of 2 M acetic acid in hexane to each sam-
ple. Volatile metabolites were separated from the complex mix-
ture by vapor phase extraction as described by Engelberth and 
associates (2003). The trapped volatiles then were eluted with 
150 μl of dichloromethane and analyzed by GC/MS (Engelberth 
et al. 2003; Schmelz et al. 2003). Because appropriate internal 
standards are not commercially available, 12-OPDA was quanti-
fied by comparison with an external standard curve as described 
previously (Schmelz et al. 2003). 

Extraction of RNA and semiquantitative RT-PCR. 
Total RNA was extracted from corn leaves (approximately 

50 mg FW) after various treatments as described above with 
the Qiagen RNeasy Plant Kit according to the manufacturer’s 
instructions, with the following modifications. Frozen plant 
samples were homogenized in 2-ml, screw-cap FastPrep tubes 
containing 0.5 g of Zirmil microbeads for 10 s at grade 6 in a 
FastPrep FP 120 tissue homogenizer. After adding 450 μl of 
RLT buffer (with β-mecaptoethanol added according to the 
manufacturer’s instructions), the samples were mixed again for 
20 s at grade 6. The extract was transferred to a shredder col-
umn, then further processed as described in the manufacturer’s 
instructions. DNase treatment was performed after extraction 
of RNA with the Turbo DNA free kit (Ambion, Austin, TX, 
U.S.A.) according to the manufacture’s instructions. Reverse 
transcription of 1.5 μg (in 12 μl of water) of DNA-free RNA 
was performed in a final volume of 20 μl with 5 mM oligo 
dTs, 5 mM random octamers, 1× RT buffer, 500 μM (each) 
dNTPs, 10 U of RNase inhibitor, and 0.25 U of reverse tran-
scriptase (Omniscript kit; Qiagen). The reaction mixture was 
incubated for 90 min at 37ºC. For semiquantitative analysis, 

the cDNA was diluted (1:10) and 5 μl from this dilution was 
used for PCR. Because ZmOPR1 and -2 are 96.5% identical at 
the nucleotide level, we were unable to design specific primers 
that enabled us to distinguish between these two RNA se-
quences. Both ZmOPR1 and ZmOPR2 would be amplified and 
amplicons could consist of a mixture of ZmOPR1 and -2. Al-
though cloning and sequencing of the amplified PCR products 
was performed for sequence confirmation, we still were not 
able to clearly attribute the obtained sequences to either 
ZmOPR1 or ZmOPR2. Due to this, PCR products obtained by 
using this primer combination were referred to as ZmOPR1/2. 
Primers were used as follows: allene oxide synthase (ZmAOS, 
AY 104188.1) forward primer 5′-AAGGTGCAGGAGCTGTA 
CG-3′, reverse primer 5′-CAGGTACGACTCCTCGTAGGT-3′; 
allene oxide cyclase (ZmAOC, AY 103942.1) forward primer 
5′-GACCGCCTCGACTTCTACTAC-3′, reverse primer 5′-GA 
AGAGCAGCTGCTTCACCTT-3′ (for AOS and AOC, Frey et 
al. 2004); 12-oxo-phytodienoic acid reductase ZmOPR5, (TC 
251210) forward primer 5′-ATCAGCAGAGGGCGACTAAA-
3′ (corresponding to position 146 to 165), reverse primer 5′-
CGAGCAGCTACCCTGAAATC-3′ (position 487 to 506); 
ZmOPR1/2 (based on TC 249880) forward primer 5′-AACAA 
ATACGACCGCTCCAC-3′ (position 1,179 to 1,199), reverse 
primer 5′-CCAATAGACAATGGCACACG-3′ (position 1,526 
to 1,545); and ZmOPR8 (TC 261920) forward primer 5′-ACG 
CTGACCTGGTGTCCTAC-3′ (position 432 to 453), reverse 
primer 5′-GGCATTACCCAGATGTTTGC-3′ (position 677 to 
697). ZmOPR6 and -7 primers were taken from TC 251596 
(forward primer 5′-AAATCCCAGCACAGGTGAAC-3′ [posi-
tion 431 to 450], reverse primer 5′-TCTCGTCGATGACATGA 
AGC-3´ [position 795 to 814]) and TC 238776 (forward primer 
5′-CATTTCCCTCTCCAACTCCA-3′ [position 165 to 191], 
reverse primer 5′-TTCCATGCATCAGTCTGCTC-3′ [position 
465 to 484]), respectively. Primers for ZmOPR3 and ZmOPR4 
were taken from AY921640 (forward primer 5′-CAACCCA 
GACCTGCCTAAAA-3′ [position 1,051 to 1,070], reverse 
primer 5′-CGATCTCGATCGTGCAGTAA-3′ [position 1,226 
to 1,245]) and AY921641 (forward primer 5′-TTTGAACGGA 
AAGACCTTGG-3′ [position 277 to 296], reverse primer 5′-
AGTCGACGATGATGATGC-3′ [position 498 to 517]). The 
primers for the internal standard 18S RNA was taken from OG 
ZAF25TV. The following primers were used: forward 5′-
CGGCTACCACATCCAAGGAA-3′ and reverse 5′-TGCTGG 
CACCAGACTTGCCCTC-3′, corresponding to positions 262 
to 281 and 409 to 429, respectively. The PCR volume was 20 
μl, consisting of 1× green GoTaq buffer (Promega Corp., 
Madison, WI, U.S.A.), 1.5 mM MgCl2, 0.4 mM dNTPs, 1 μM 
primers, 18S:competimer (1:9, 0.15 μl) (QuantumRNA 18S 
Internal Standards, Ambion), 1 U of GoTaq polymerase, 0.07 
mM TagStart antibody (BD Biosciences, San Jose, CA, U.S.A.), 
and 0.8 μl of antibody dilution buffer (BD Biosciences). PCR 
was performed on a Stratagene Robocycler. The following 
program was used for amplification: 95ºC for 3 min; then 27 
cycles of 94ºC for 30 s, 54ºC for 30 s, and 68ºC for 1 min; and 
finally 68ºC for 7 min. The ratio of 18S to competimer was 
adjusted so that the linear amplification ranges for both genes, 
the gene of interest and 18S, overlapped in the duplex PCR. 
We chose a cycle common to both linear ranges as the end-
point cycle for the duplex PCR. The PCR products (10 μl) 
were separated on a 1.5% agarose gel for analysis. Ethidium-
bromide-stained bands were analyzed with a Kodak image sta-
tion 440 CF and normalized by comparison with 18S rRNA. 
Each experiment was performed at least in triplicate. The am-
plified fragments for corn ZmOPR were cloned with the 
TOPOTA cloning kit from Invitrogen (Carlsbad, CA, U.S.A.). 
Individual colonies were picked and plasmids were sequenced 
for sequence confirmation. 
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Activity of OPR enzymes in crude protein extracts  
from corn leaves. 

Protein was extracted in 50 mM potassium phosphate buffer, 
pH 7.4. OPR activity was estimated according to the protocol 
of Schaller and Weiler (1997a and b) with racemic 12-OPDA 
as substrate and NADPH as co-factor. Activity is expressed as 
changes in ratio between OPC and 12-OPDA. 

Statistical analysis. 
At least three biological replicates of all experiments were 

performed. Data were analyzed for significance with the Stu-
dent t test (P < 0.05). Treatments were compared with appro-
priate controls. 
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