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Abstract Green leaf volatiles (GLVs) are six-carbon volatile compounds. They are formed from fatty acids by a
dioxygenation reaction catalyzed by lipoxygenase and a subsequent cleavage reaction catalyzed by hydroperoxide lyase.
GLVs are involved in direct and indirect plant defense against herbivores and pathogens. In intact plant tissues, GLVs are
usually present at low concentrations, but upon wounding, GLVs are synthesized rapidly: within seconds to minutes. It
has been hypothesized that this ‘GLV burst’ is supported by activation of pre-existing enzymes on endogenous substrates;
however, the detailed mechanism of the GLV burst has not been elucidated. Recently, we found that a certain portion of
GLVs is formed without liberation of free fatty acids from lipids. Accordingly, we hypothesized that lipoxygenase plays
an essential role in the GLV burst. In particular, direct oxygenation by lipoxygenase on membrane lipids seems to be

responsible. Lipoxygenase is also a target for controlling GLV levels in food derived from plants.
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Introduction

Green leaf volatile (GLV) is a generic name referring
to six-carbon aldehydes, alcohols and their esters.
2-Hexenal was first isolated from green leaves of
hornbeam maple (Acer carpinifolium) in 1912 (Curtius
and Franzen, 1912). Thereafter, chemists in Kyoto
and Yamaguchi Universities in Japan largely clarified
the full range of GLVs (Hatanaka, 1993) (Figure 1).
These early efforts were performed mainly to identify
the origin of green leaf-like odors found in most plant
leaves and in foods or beverages, such as green tea.
Almost all land plants, including bryophytes, ferns,
gymnosperms, and angiosperms, can produce GLVs
(Hatanaka 1993). Even marine organisms, e.g., brown
alga, Laminaria angustata, have the ability (Boonprab
et al. 2003). It has been proposed that the gene for GLV
formation, hydroperoxide lyase (HPL), was acquired in
the last common ancestor of plants and animals. Even
though HPL-related genes are found in Trichoplax,
corals, hydra, and sea anemone, and in bacteria such
as Methylobacterium strains, most animals do not have
the genes and thus cannot form GLVs. The HPL-related

genes seem to have been lost during evolution of the
animal lineage (Lee et al. 2008).

The most important signature of GLVs is their rapid
formation after disruption of plant tissues, the ‘GLV
burst! In general, intact and healthy plants contain
relatively low levels of GLVs; however, mechanical
wounding of plant tissues, especially on leaves, instantly
induces the formation of GLVs. In mechanically
wounded Arabidopsis leaves, formation of (Z)-3-hexenal
was evident within seconds and reached its maximum
level at 30-45s following damage. The emission of its
reduced form, (Z)-3-hexen-1-ol, followed (peaking at
2.5min), and subsequently (Z)-3-hexen-1-yl acetate
followed (peaking at approximately 5min) (D’Auria et
al. 2007). This ‘GLV burst’ is considered to be associated
with responses to biotic and abiotic stresses related to
tissue injury, such as herbivore damage or infection of
necrotrophic pathogens. Recently, a comprehensive
review was published on the recent progress in
elucidating the physiological and ecological significance
of GLVs (Scala et al. 2013). In this review, we focus
on recent advances in clarifying the mechanism that
accomplishes the GLV burst upon tissue disruption.

Abbreviations: ADH, alcohol dehydrogenase; DGDG, digalactosyl diacylglycerol; GLV, green leaf volatile; HPL, hydroperoxide lyase; JA, jasmonate;
LOX, lipoxygenase; OPDA, 12-oxo phytodienoic acid; MGDG, monogalactosyl diacylglycerol; QTL, quantitative trait locus.
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Figure 1. Structures of typical green leaf volatiles. (E)-2-Hexenal and (Z)-3-hexen-1-ol have generic names, as shown in parentheses. In some
plants, (E)-3-isomers of their (Z)-3-counterparts are found. In addition, the esters with butanoates and hexanoates are also formed in some plant

species.

GLVs are also important flavor compounds for wide
varieties of plant-derived foods, fresh vegetables and
fruits. Recently, several studies have indicated that
molecular breeding techniques could be applied to
control the GLV contents in crops to manipulate their
flavor properties. This issue is also briefly summarized
here.

GLVs are oxylipins derived from lipids

In most living organisms, lipids are not only components
of membranes and energy storage compounds, but are
also precursors of various bioactive molecules. In animal
cells, arachidonic acid is an especially important fatty
acid precursor for a wide array of lipid-mediators, such
as prostaglandins and leukotrienes (Shimizu and Wolfe
1990). Plant cells also form a wide array of bioactive
compounds from fatty acids, including GLVs. Jasmonic
acid and its derivatives (jasmonates, JAs), which
show diverse physiological activities during growth,
development and plant defense (Wasternack and Hause
2013), are also formed from fatty acids. The compounds
derived from an oxidation reaction of fatty acids, such
as GLVs or JAs, are collectively termed plant oxylipins
(Mosblech et al. 2009). LOX (lipoxygenase) seems to be
the enzyme that diverts the primary metabolites (fatty
acids, in this case) to the secondary metabolites leading
to oxylipins in plants. LOX inserts molecular oxygen
into the 9- or 13-position of carbon 18 polyunsaturated
fatty acids, such as linoleic and linolenic acids. The
hydroperoxides thus formed serve as substrates for HPLs
that lead to GLVs, or for allene oxide synthases (AOSs)
that lead to JAs (Figure 2).

A lipase-dependent pathway

Most plant LOXs prefer free fatty acids as substrates,
at least in vitro (Ivanov et al. 2010); therefore, it has
been assumed that liberation of free fatty acids from
esterified lipids must be a preceding event in the
formation of oxylipins. Much research has been devoted
to identifying the lipases involved in oxylipin synthesis
through liberation of linoleic and linolenic acids from
lipids. DAD1 was reported as a phospholipase Al that
is essential to JA formation in the stamen filaments of
Arabidopsis flowers (Ishiguro et al. 2001). However,
DAD1 might not be the lipase delivering free fatty acids
to the JA pathway in wound-induced JA formation in
leaves (Wasternack and Hause 2013). Ellinger et al.
(2010) reported that DAD1 and DONGLE (encoded
by one of the DADI isologs in Arabidopsis) were not
essential for JA formation in mechanically wounded
Arabidopsis leaves. On the contrary, they reported
that PLA1yl (encoded by another isolog of DADI in
Arabidopsis), was at least partly involved in wound-
induced JA accumulation (Ellinger et al. 2010).
GLYCEROLIPASE Al (GLA1) in Nicotiana attenuata is
thought to be a lipase involved in JA biosynthesis during
herbivorous and mechanical wounding in leaves, but not
during Phytophthora parasitica infection (Bonaventure
et al. 2011). Accordingly, it is assumed that there must
be stimuli-specific lipases that are responsible for JA
formation (Wasternack and Hause 2013).

The involvement of lipases in GLV formation in plants
has not been confirmed. Apart from the case of JAs,
where a free carboxylic acid moiety in their biosynthetic
intermediate, 12-oxo phytodienoic acid (OPDA), is
essential for S-oxidation in peroxisomes, GLV can be
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formed either as free fatty acids or esterified fatty acids
(Figure 2). When Arabidopsis leaves were disrupted,
formation of 12-carbon (C12) oxo acids [12-0x0-(Z)-9-
dodecenoic acid (traumatin), and its derivatives], which
are counterparts of the HPL reaction, was observed in
their free forms, albeit at levels that were substantially
lower than those expected from the amounts of GLVs
formed (Nakashima et al. 2013). Formation of traumatin
and its derivatives in mechanically wounded Nicotiana
attenuata leaves was also reported (Kallenbach et al.
2011). Therefore, an involvement of lipases in the
formation of GLVs is suggested; however, it is uncertain
whether the lipase action occurs before or after the
LOX reaction, or even after the LOX/HPL reactions on
lipids. Addition of [1-**C] linolenic acid into chloroplasts
partially purified from leaves of tea resulted in the
formation of a labeled traumatin-derivative (Hatanaka
et al. 1977). Therefore, free fatty acids, once they are
formed in plant tissues, could be converted enzymatically
to GLVs. Mutant dadl Arabidopsis formed GLVs after
disruption of leaves at the equivalent level found with
wild-type Arabidopsis. Transgenic N. attenuata with
reduced expression of GLAI showed almost the same
level of GLV burst after mechanical wounding as wild-
type plants (Bonaventure et al. 2011).

Collectively, it is assumed that a lipase is involved,
at least partly, in the pathway that forms GLVs
from lipids; however, it is still uncertain which lipid
substrates the lipase would hydrolyze. There are three
possible substrates: unmodified lipids to form free
fatty acids, lipid hydroperoxides to form fatty acid
hydroperoxides, and lipids containing traumatins as
their acyl group to form traumatins (Figure 2). Lipids
are highly hydrophobic, and it is difficult to set up an
in vitro reaction condition to monitor their activities.
In addition, some lipases need cofactors, such as co-

Schematic drawing of the two major oxylipin pathways (GLV and JA pathways) in plants, with emphasis on the GLV pathway.

lipases, or a specified oil/water interface for their
optimal reaction (Aloulou et al. 2006). It is assumed
that lipases involved in GLV formation, as well as those
involved in the other bioactive plant oxylipins, play a
critical role in controlling their production; therefore,
detailed knowledge on these lipases is essential. Further
investigation is needed to identify a specific lipase for
each biosynthetic step and to clarify its properties.

A lipase-independent pathway

Mono- and digalactosyldiacylglycerols (MGDG
and DGDG) that contain OPDA and/or 12-
oxodinorphytodienoic acid (a 16-carbon analog of
OPDA) (collectively known as arabidopsides) have been
identified in Arabidopsis (Buseman et al. 2006; Stelmach
et al. 2001) (Figure 3). Phospholipids and galactolipids
containing divinyl ether residues (linolipins) (Figure 3)
have also been found in potato tubers and flax seedlings,
respectively (Chechetkin et al. 2009; Fauconnier et al.
2003). Identification of these lipid-bound oxylipins
implies that oxygenation and subsequent modification
of the acyl groups of the lipids may proceed without the
liberation of free fatty acid by a lipase action.

When Arabidopsis leaves were disrupted, GLV's formed
instantly (within seconds) and their amounts reached
ca. 300nmol g FW™' (Nakashima et al. 2013). In the
disrupted Arabidopsis leaves, the counterpart of products
of the HPL reaction, namely 12-oxo0-(Z)-9-dodecenoic
acid [(9Z2)-traumatin] and its derivatives, such as 12-oxo-
(E)-10-dodecenoic acid [(10E)-traumatin] and 12-oxo-
9-hydroxy-(E)-10-dodecenoic acid (9-OH-traumatin),
should be formed in a stoichiometric manner. However,
the total amounts of these 12-carbon (C12) oxo acids
reached only 10-20 nmol g FW™'. ‘Dinor’ (C10) forms
of them (presumably formed from hexadecatrienoic
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Structures of representative lipid oxylipins. MGDG traumatin is formed from the HPL pathway. In Arabidopsis and Nicotiana attenuata,

traumatin is further modified through isomerization of the double bond to the (E)-10-form and/or oxygenation at the C9 position. The oxylipin
with OPDA is formed from the AOS pathway, and the related compounds are collectively named arabidopsides. In flax, MGDG with an acyl moiety
containing divinyl ether structure is found, and its related compounds are named linolipins. In either case, the oxylipin can be found at either the
snl or sn2 position, or both. These lipid oxylipins might also occur with DGDG, or with phospholipids, such as phosphatidylcholine. R indicates the

glycerol backbone. R indicates an acyl group. Gal stands for galactose.

acid, which is abundant in galactolipids of C16:3 plants
including Arabidopsis (Li-Beisson et al. 2010) were also
formed, but at an equally low level to their C12 analogs.
Instead, reaction of crude lipids extracted from disrupted
leaves with pancreatin (containing both phospholipase
and galactolipase activities) yielded substantial amounts
of the C12 compounds in their free forms. This indicated
that traumatins existed as esters bound on lipids.
Accordingly, a proportion of GLVs must be formed
without a lipase reaction on lipids. Extensive liquid
chromatography tandem mass spectrometry (LC-MS/
MS) analyses indicated an accumulation of galactolipids
containing C12 compounds as their acyl groups. One
of the esterified oxylipins was purified and its structure
was determined as O-[9-hydroxy-12-oxo-(E)-10-
dodecenyl]-O-[7-hydroxy-10-oxo-(E)-8-decenyl]-O-f3-D-
galactopyranosyl-glycerol (MGDG-9-OH-traumatin/7-
OH-dinortraumatin) through nuclear magnetic
resonance and high-resolution MS analyses (Nakashima
et al. 2013). LC-MS/MS analysis suggested that several
other compounds structurally related to MGDG-9-
OH-traumatin/7-OH-dinortraumatin were also formed
during disruption of Arabidopsis. An Arabidopsis mutant
lacking active HPL activity formed only trace amounts
of galactolipids with traumatin and/or dinortraumatin
derivatives as their acyl groups: therefore, their formation
was dependent on active HPL.

This indicated that GLVs are formed partially in a
lipase-independent manner directly from galactolipids.
Formation of galactolipids with C12/C10 oxo acids
was detected in disrupted leaves of cabbages, tobacco,

tomatoes, and beans; thus, the lipase-independent
pathway might be widespread in the plant kingdom. In
the lipase-independent GLV pathway, LOX should act
on galactolipids. Soybean LOX1 showed little activity
on purified MGDG; however, addition of an appropriate
detergent, such as deoxycholic acid, significantly
increased its activity on MGDG (Nakashima et al.
2011). The effect of deoxycholic acid was concentration-
dependent, and deoxycholic acid at 7mM showed
the most potent effect; the detergent was less effective
at lower or higher concentrations. This implied that
soybean LOX1 needs certain water/lipid interface
conditions to show its activity. This was also the case with
the catalytic activities of soybean LOX1 and cucumber
root LOX on a positively charged phospholipid,
phosphatidylcholine (Eskola and Laakso 1983; Matsui et
al. 1998). In the disrupted plant tissues, the architectures
of organelle membranes, including the thylakoid
membrane, which contains vast amounts of galactolipids,
would be distorted (Figure 4). This change of membrane
architecture might be a prerequisite for LOX to catalyze
its oxygenation reaction on lipids, probably through
interfacial activation, which has been observed for lipases
(Aloulou et al. 2006). Thereafter, HPL, which is bound on
the chloroplast envelope (Froehlich et al. 2001), attaches
on the MGDG-OOH to convert it to MGDG traumatin
and hexenal. With the direct reaction of LOX on lipids,
GLVs could be formed more quickly than with the lipase-
dependent pathway, which would meet the requirement
for plants to exert their wound response as quickly as
possible.
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Figure 4. A proposed model for the GLV burst triggered by tissue disruption. TomLOXC (through GFP analysis) (Chen et al. 2004) and NaLOX2
(through TargetP prediction) (Allman et al. 2010) were predicted to be located in the stroma of chloroplasts. Tomato HPL was predicted to bind
on the outer envelope membrane of chloroplasts (Froehlich et al. 2001). Upon disruption of tissues, chloroplasts would collapse, and thylakoid
membranes (rich in MGDG) would be fragmented. Even though most plant LOXs are soluble enzymes, they have N-terminal 8-barrel domains that
are assumed to interact with a hydrophobic surface (Ivanov et al. 2010), which would help LOXs to interact with the fragmented thylakoid membrane
to catalyze formation of MGDG-OOH from MGDG. At the same time, the envelope membrane would be fragmented, allowing HPL bound on it to
access MGDG-OOH. ZmLOX10 was found in organelles other than chloroplasts, and collapse of the organelles would result in the same activation.

Even though rapid formation of GLV's after mechanical
wounding of plant leaves has long been recognized, the
precise mechanism supporting the ‘GLV burst’ has not
been elucidated. The discovery of the lipase-independent
GLV pathway might be a clue to the mechanism, because
it is assumed that the LOX reaction on lipids is a key step
in controlling the formation of GLVs. However, there are
still many issues to be resolved. For example, most plants
have several to a dozen LOX isoforms. A specific LOX
isoform essential for GLV formation has been identified
only in a few plant species, e.g., ZmLOX10 in maize
(Christensen et al. 2013), TomloxC in tomato (Chen
et al. 2004), or lipoxygenase 2 in Nicotiana attenuata
(Allman et al. 2010), among others. The specific LOX
isoform must first be identified and its subcellular
localization determined. Second, we should clarify the
mechanism for how LOX is activated biochemically
upon tissue disruption. Most LOXs are soluble enzymes;
therefore, the hydrophobic interaction of LOXs with
their substrates (lipids in membrane) might be regulated
by an as yet unknown mechanism. Furthermore, the
reason why most plants have both the lipase-dependent
and independent GLV pathways, and whether these two
pathways are differentiated, remains unknown. Last,
the biological activities of esterified oxylipin have been
reported in mammals, e.g., the truncated, terminally
oxidized phospholipids were proposed as ligands for
the macrophage scavenger receptor CD36 (Podrez et al.
2002). Galactolipids with C12/C10 oxo acids might also
have biological activities on plants or humans when the
disrupted plant materials are consumed, which must be
investigated in a future study.

Further modification of GLVs

A portion of the (Z)-3-hexenal formed by HPL is
immediately reduced to (Z)-3-hexen-1-ol. Subsequently,
(Z)-3-hexen-1-ol is partly converted into (Z)-3-hexen-
1-yl acetate (D’Auria et al. 2007). In some cases, (Z)-3-
hexenal is isomerized to (E)-2-hexenal (Allmann and
Baldwin 2010), which is subsequently converted into its
alcohol- and acetate-forms. The rates of isomerization,
reduction, and acetylation, and also the proportion of
(Z)-3-hexenal to be converted further, differ greatly
among plant species; therefore, the composition of GLVs
differs extensively among plant species. The differences
in the activity of each converting step also result in
time- and type of wound (cause)-dependent changes in
the amount and composition of GLVs. Thus, it can be
assumed that the compositions of GLVs bear additional
information related to time and cause in organism
(such as herbivores or carnivores) that perceive GLVs as
infochemicals (Allmann and Baldwin 2010).

Alcohol dehydrogenase (ADH) was assumed to
catalyze the reduction of C6 aldehydes into alcohols
(Hatanaka 1993). When ADH activity was modulated
through genetic manipulation of the tomato ADH
gene, the levels of C6 alcohols roughly correlated with
the ADH activities in the transgenic tomatoes (Speirs
et al. 1998). By contrast, a tomato short-chain ADH
(SlscADH1) showed high activity with n-hexanal and
(E)-2-hexenal, but little activity with (Z)-3-hexenal,
even though (Z)-3-hexen-1-ol is one of the most
abundant GLVs in tomatoes (Moummou et al. 2012).
An Arabidopsis mutant lacking ADH activity showed
10-fold higher amounts of hexenal than that of wild-
type; however, the mutant still showed a substantial
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ability to form C6 alcohol (Bate et al. 1998). These results
indicated that ADH is involved in the formation of C6
alcohols only in part or indirectly, and that there must
be other enzyme systems employed to reduce hexenals.
When Arabidopsis leaves were disrupted in the presence
of NADPH, the hexenol/hexenal ratio was significantly
increased, while the aldehyde/alcohol ratio with the
other volatiles scarcely changed (Matsui et al. 2012). The
addition of NADH showed a much weaker effect. This
implied that there must be an NADPH-specific aldo-keto
reductase with a relatively strict substrate specificity to
C6 aldehydes. In Arabidopsis, several enzymes belonging
to the aldo-keto reductase superfamily or NADB_
Rossmann (short-chain dehydrogenase/reductase)
superfamily are involved in detoxification of reactive
carbonyls having «,B-unsaturated carbonyl moieties,
such as (E)-2-hexenal (Yamauchi et al. 2011). Again, it is
uncertain whether the Arabidopsis reductases examined
so far can reduce (Z)-3-hexenal to (Z)-3-hexen-1-ol. The
identification of the reductase essential to (Z)-3-hexen-1-
ol formation is still an open question.

Arabidopsis has an acetyl CoA:(Z)-3-hexen-1-ol
acetyltransferase with high reactivity to (Z)-3-hexen-1-ol
(D’Auria et al. 2007). By contrast, strawberries’ alcohol
acyltransferase (FaAAT2) shows substrate specificity to
saturated short-chain alcohol, and (Z)-3-hexen-1-ol
was not acetylated (Cumplido-Laso et al. 2012). Again,
there must be diverse acyltransferases in the plant
kingdom with different substrate/product specificities,
which cause diversity in GLV composition among plant
species or even among plant organs in the same species.
Tomatoes have a carboxyesterase (SICXE1) that catalyzes
conversion of (Z)-3-hexen-1-yl acetate to (Z)-3-hexen-
1-ol (Goulet et al. 2012), which is also detrimental
to the composition of GLV blends; however, it is not
clear whether a similar enzyme is detrimental to GLV
compositions in other plants.

It has been assumed that the main function of GLV
formation is to defend against enemies (pathogens or
herbivores) who attempt to invade through the wounds
on plant tissues. In this context, formation of C6-
aldehydes is reasonable because it intrinsically harbors
relatively high reactivity as an acceptor of the Schiff base
formation reaction with various biological molecules.
(E)-2-Hexenal, formed from (Z)-3-hexenal through
isomerization, is more promising because of its reactivity
as an acceptor of the Michael addition reaction, owing to
the a,B-unsaturated carbonyl moiety. Even (Z)-3-hexenal
is a potentially toxic compound to the invaders because
it is prone to be oxygenized, either enzymatically by LOX
or spontaneously, to yield 4-hydroxy- and 4-oxo-(E)-2-
hexenal (Matsui et al. 2012). All these functions rely on
an aldehyde moiety; however, C6-alcohols and acetates
do not have the functional group, which raises the
question of why most plants reduce and acetylate reactive

carbonyl species.

When Arabidopsis seedlings were exposed to vapor of
(Z)-3- or (E)-2-hexenal, their photosynthetic activities
rapidly dropped, and after several hours, the rims of
leaves showed necrotic lesions (Matsui et al. 2012).
Thus, the hexenals are themselves toxic to plants. We
postulated that the original reason why plants acquired
a system to reduce and acetylate C6-aldehydes is to
avoid their toxic effect. In some plant species, the C6-
alcohols and/or C6-acetate are beneficial to producers
because they attract carnivores that attack the herbivores
feeding on the producers. In this case, the reduction and
acetylation capabilities would further enhance the fitness
of the producers.

Molecular breeding techniques to control
the GLV contents of crops

Whether GLVs would be preferable as flavor constituents
depends on the nature of the food in which they are
found. They are preferred constituents in most fresh
fruits, such as tomatoes, apples and pears (Mayer et al.
2008, Song and Forney 2008, Souleyre et al. 2014), and
in olive oil (Kalua et al. 2007). For foods made from
soybeans, they can provide either a good or off flavor. For
tofu (soybean curd), GLVs are essential to add thickness
to the flavor (Matsui et al. 2011), while for soymilk, they
are responsible for an off flavor. LOX is a prerequisite for
GLV formation, as well as the other flavor compounds
related to oxidized or rancid fat (such as five- and eight-
carbon volatiles); therefore, LOX has been the main
target to regulate the amount of GLVs. In soybean seeds
there are three LOXs, all of which contribute to the
formation of GLVs in homogenized soybean seeds (i.e.,
in soymilk) (Kobayashi et al. 1995). To obtain a soybean
variety that produced soymilk with low GLV contents,
Hajika and coworkers bred a variety that lacked all three
LOXs through a classic breeding technique concomitant
with mutagenesis induced by y-irradiation (Hajika et
al. 1991). Soymilk made from the LOX-less variety
contained significantly lower amounts of GLVs, and
had a less ‘beany’ flavor (Torres-Penaranda et al. 1998).
A similar result was obtained in rice seeds that lacked
one of the LOXs found in rice embryos (LOX3): they
had lower stale flavor properties derived from hexanal,
pentanal and pentan-1-ol (Suzuki et al. 1999).

Whole genome sequencing of important crops and
polymerase chain reaction-based genotyping useful to
quantitative trait locus (QTL) analyses has led to further
advances in molecular breeding to control GLV contents
of crops. In apples, QTLs for each component of GLVs
were located at several chromosomal loci (Vogt et al.
2013). Comparing the QTL maps for GLV components
and LOX genes on the chromosomes revealed a
substantial correlation between them, which might be a



useful tool to breed a new apple variety that has better
flavor properties through molecular breeding strategies
(Vogt et al. 2013). This QTL-based approach also resulted
in confirmation of a locus (alcohol acetyl transferase I:
AATTI) that contributes the ‘ripe apple’ flavor in apples
(Souleyre et al. 2014). Thus, the QTL-based molecular
breeding technique is available to produce new varieties
of crops with appropriate GLV contents that are preferred
by consumers.
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