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Transcriptome analysis of Arabidopsis thaliana treated
with green leaf volatiles: possible role of green leaf volatiles
as self-made damage-associated molecular patterns
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Green leaf volatiles (GLVs), which include C6 aldehydes, alcohols, and their esters, are emitted by damaged plants and are, there-
fore, thought to be involved in stress responses. However, the effects of GLVs on gene expression are not fully understood. Thus,
the aim of the present study was to analyze the early transcriptional responses of Arabidopsis to the major GLVs—(Z)-3-hexenal,
(2)-3-hexenol, (E)-2-hexenal, and (Z)-3-hexenyl acetate—using comprehensive microarray gene expression analysis. All of the
GLVs induced changes in gene expression, and (Z)-3-hexenal, (Z)-3-hexenol, and (Z)-3-hexenyl acetate commonly triggered the
expression of defense-related genes, whereas (E)-2-hexenal mainly induced genes responsible for responding to abiotic stress,
such as heat and oxidative stress. These results suggest that GLVs can function as airborne infochemicals that regulate the rapid
expression of defense response-related genes and that GLVs might play a physiological role as self-made damage-associated mo-

lecular patterns (DAMPs) in damaged leaves. © Pesticide Science Society of Japan
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Introduction

Plants emit a variety of volatile organic compounds (VOCs),
usually in response to stressful conditions," especially wound-
ing. Furthermore, green leaf volatiles (GLVs) constitute a major
portion of the VOCs emitted in response to mechanical wound-
ing, pathogenesis, and herbivory. Therefore, phytochemists have
deeply considered GLVs' chemical, biochemical, and biological
properties; as a result, GLVs have been chemically characterized
as C6 aldehydes, alcohols, and their esters, which play a variety
of biological roles.?

GLVs are biosynthesized from linolenic acid, which is a major
component of the thylakoid membrane (Fig. 1).) More specifi-
cally, dioxygen is added to linolenic acid at position 13 by li-
poxygenase, producing linolenic acid 13-hydroperoxide, which
is then cleaved by hydroperoxide lyase at the C12-C13 bond to
produce (Z)-3-hexenal (3-Hal, 1). Following this step, GLV bio-
synthesis branches into (Z)-3-C6 and (E)-2-C6 pathways, de-
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pending on the activity of (Z)-3:(E)-2-hexenal isomerase (HI).?
3-Hal is reduced to (Z)-3-hexenol (3-Hol, 3) by reductases with
NADPH as an endogenous reductant.”’ Candidate enzymes in-
clude aldehyde dehydrogenases, aldehyde reductases, and aldo/
keto reductases, but an enzyme essential for 3-Hal reduction has
not yet been identified. 3-Hol is further converted to (Z)-3-hexe-
nyl acetate (3-HAC, 4) by acetyl CoA:(Z)-3-hexenol acetyltrans-
ferase (CHAT), a BAHD acetyltransferase family protein,6) and
if sufficient HI activity is present, 3-Hal is converted to (E)-
2-hexenal (2-Hal, 2), which is then converted to 2-Hol following
2-hexenyl acetate with the same enzymatic mechanism involved
in the (Z)-3-C6 series.

Reflecting the GLV biosynthesis pathway, the emission of
each GLV occurs sequentially after wounding. In Arabidopsis
thaliana, the first GLV to be emitted is 3-Hal, which reaches
maximum emission at approximately 30-45 sec after wounding,
whereas peak 3-Hol emission occurs at approximately 2.5 min
after wounding, and peak 3-HAC emission occurs 4.5-5.5min
after wounding.” This sequence of emissions is likely common
among plant species, since it has also been observed in a woody
plant, namely aspen, from which 3-Hal is emitted 5min after
wounding, peak 2-Hal emission occurs at 13 min, peak hexenol
emission occurs at 16 min, and peak hexenyl acetate emission
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Fig. 1. Biosynthesis pathway of green leaf volatiles (GLVs). Enzymes are underlined, and red text indicates the GLVs used in the present study. (E)-
2-Hexenol and (E)-2-hexenyl acetate (dotted brackets) were not tested in the present study because they are relatively minor GLVs.

occurs at 34 min.”

Such rapid post-wounding GLV emission is thought to play
an important role in defense responses, since GLVs possess
direct defense properties, such as antibiotics®® and insecti-
cides.!®!) In addition, GLVs function as airborne infochemicals
mediating plant-insect, plant-herbivore, and plant-plant inter-
actions. In plant-insect interactions, GLV's are emitted by herbi-
vore-attacked leaves to attract the natural enemies of herbivores,
thereby averting the crisis.!>*¥ In plant-plant interactions, such
as among tomato plants, 3-Hol is emitted by herbivore-infested
plants and recognized by undamaged plants as a signal to form a
defensive compound, e.g., 3-hexenylvicianoside, which possesses
a defensive function against the common cutworm (Spodoptera
litura) in tomato.'> These phenomena indicate that plants use
GLVs to interact with organisms in the external environment.

Recent studies have supported the idea that plants use GLVs
as endogenous infochemicals, i.e., GLVs are capable of inducing
the expression of genes involved in responses to both biotic'®

and abiotic'”

stresses, and GLVs activate and prime plant de-
fense systems against pathogen attack.'®!”) Furthermore, since
GLVs are produced when plant tissues are damaged, the com-
pounds can be categorized as damage-associated molecular pat-
terns (DAMPs).2” Therefore, the aim of the present study was to
analyze the early transcriptional level responses of A. thaliana to
four major GLVs (3-Hal, 3-Hol, 2-Hal, and 3-HAC) using com-
prehensive microarray gene expression analysis. As a result, we
found that each GLV regulated the expression of distinct groups
of genes and finally hypothesized that GLVs function as self-
made DAMPs.

Materials and Methods

1. Chemicals

(E)-2-Hexenal, (Z)-3-hexenol, and (Z)-3-hexenyl acetate were
purchased from Tokyo Kasei Ltd. (Tokyo, Japan), whereas (Z)-
3-hexenal was a generous gift from Zeon Co. (Tokyo, Japan).
Other reagents were purchased from Wako Pure Chemical In-
dustries (Osaka, Japan) and Nacalai Tesque (Kyoto, Japan).

2. Plant materials

Arabidopsis thaliana (Columbia-0 ecotype, Col-0) seeds were
sown on Jiffy-7 peat pellets (Sakata Seed Co., Yokohama, Japan)
and incubated at 4°C in the dark for 3 day. The seedlings were
then maintained at 23°C under a 14hr photoperiod (80 ymol
photons m™2s7).

3. Volatile treatment

Volatile treatment was administered as described previously.!”
Briefly, Arabidopsis plants (4 weeks old) were placed in a trans-
parent plastic box (340 cm®; Nippon Genetics, Tokyo, Japan),
and acetonitrile (MeCN)-diluted volatile (total volume of 3 uL)
was absorbed into a piece of paper towel attached to the inside
of the lid in order to achieve a vapor density of 10nmol cm™
when the GLV had completely evaporated. Then, after covering
tightly with the lid, the plants were incubated at 25°C for 30 min
under illumination (80 ymol photons m™2s™"). MeCN-treated
plants were used as controls.

4. Microarray RNA sample preparation and hybridizations
Total RNA was purified from at least six plants of each treat-
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ment using an RNeasy Plant Mini Kit (Qiagen), and the quality
of the RNA was confirmed using electrophoresis and spectro-
metric analysis in which both A,¢/A,3) and A,/ Ay ratios were
higher than 1.8. Then Cy3-labeled cRNA was prepared using a
one-color Low Input Quick Amp Labeling Kit (Agilent Technol-
ogies, Santa Clara, CA, USA), and microarray experiments were
performed using an Agilent Arabidopsis ver4.0 (44k) microar-
ray (Agilent Technologies), the one-color method, Gene Expres-
sion Hybridization Kit, and Gene Expression Wash Buffers Pack
(Agilent Technologies), in accordance with the manufacturer’s
instructions.

5. Microarray data evaluation and gene ontology analysis

Raw data were evaluated using Agilent Feature Extraction soft-
ware. Data extraction, normalization, and UPGMA (unweight-
ed pair group method with arithmetic mean) clustering heat
map production were performed using Subio Platform soft-
ware (Subio Inc., Kagoshima, Japan), and the data were orga-
nized and interpreted using Microsoft Excel. Genes with values
above 2.0 or below 0.5 were considered up- or downregulated,
respectively. The reference gene expression datasets under each
stressed condition were obtained using the AtGenExpress data-

(A)

base (The Arabidopsis Information Resource; Ohio State Uni-
versity, Columbus, OH, USA).2" Shoot expression data in time
courses (0.25, 0.5, 1, 3, or 6hr of heat, UV-B, drought, or wound
stress as well as 0.5, 1, 3, 6, or 12hr of oxidative, salt, osmotic,
or cold stress) are used for constructing the heat map. Up- and
downregulated genes were listed using Subio Platform software,
and gene ontology analysis was performed using DAVID version
6.8.2

Results and Discussion

1. Arabidopsis thaliana distinguishes green leaf volatiles
We previously performed a comprehensive analysis of gene ex-
pression in A. thaliana treated with 2-Hal using a NimbleGen
Array and found that 2-Hal could function as an infochemi-
cal by inducing heat- and oxidative stress-responsive gene ex-
pression.!” In the present study, we analyzed the effect of other
GLVs on gene expression using the same experimental con-
ditions and an Agilent microarray. To compare data obtained
under identical experimental conditions, the gene expression
analysis of 2-Hal-treated A. thaliana was performed again using
an Agilent microarray.

In general, stress response genes were expressed in a correlat-
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Fig. 2. Comprehensive gene expression analysis of A. thaliana treated with GLVs. (A) Heat map of whole gene expression by GLV- or stress-treated A.
thaliana. Expression data were collected from shoots over two courses of treatment (0.25, 0.5, 1, 3, or 6hr of heat, UV-B, drought, or wound stress as well
as 0.5, 1, 3, 6, or 12 hr of oxidative, salt, osmotic, or cold stress) obtained from the AtGenExpress database.?’) GLV treatments were administered using (E)-
2-hexenal (lane 2), (Z)-3-hexenal (lane 1), (Z)-3-hexenol (lane 3), and (Z)-3-hexenyl acetate (lane 4). (B) Selected heat map reconstituted from whole heat
map shown in panel A. Only the genes upregulated (>2) or downregulated (1/2>>) by at least one GLV are shown. Major biological terms extracted by gene

ontology analysis are indicated on the right sides of the heat maps.
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ed and synchronized manner. UPGMA clustering analysis of the
expression data obtained from 2-Hal-treated plants and various
stressed samples suggested that 2-Hal synchronously induced
heat- and oxidative stress-responsive genes.”) Therefore, we
used the same strategy for comprehensive analyses of the other
GLVs, namely 3-Hal, 3-Hol, and 3-HAC. As a result, each GLV
showed distinct gene expression patterns (Fig. 2).

The 2-Hal analysis also indicated that the upregulated genes
were responsive to abiotic stresses such as heat and oxidative
stresses, which corresponded to our previous results. On the
contrary, a large portion of the genes regulated by 3-Hal, 3-Hol,
and 3-HAC was quite different from those regulated by 2-Hal,
i.e., 3-Hal, 3-Hol, and 3-HAC mainly upregulated genes respon-
sible for biotic defense response. Comparing the gene expression
patterns induced by the four GLVs resulted in the classification
of gene expression patterns into three types: 3-Hal and 3-Hol
type, 2-Hal type, and 3-HAC type (Fig. 2B). These results sug-
gest that A. thaliana can distinguish each GLV, probably due to
independent response mechanisms; thus, each GLV induced dis-
tinct gene expression.

2. Effects of 3-hexenal (3-Hal, 1) and 3-hexenol (3-Hol, 3) on
gene expression
Because 3-Hal is oriented at the most upstream position of
GLV biosynthesis, 3-Hal is the first GLV emitted from wounded
leaves (within 60sec)® and the most abundant GLV.? The rapid
emission of 3-Hal is probably supported by the sufficient activi-
ties of enzymes involved in the emission of 3-Hal, i.e., lipase,
lipoxygenase, and hydroperoxide lyase, in addition to their en-
zymatic properties for which they do not need coenzymes for
reactions. Therefore, the first biological impact of GLV emission
after wounding might depend on 3-Hal. However, gene expres-
sion profiles between wounding and 3-Hal were quite different
(Fig. 2A), indicating that the effect of 3-Hal on gene expression
might be restricted to within the local area near a damaged site.
The 3-Hal treatment up- and downregulated 6419 and 4113
genes, respectively (Fig. 3A). Gene ontology analysis indicated
that defense-related genes were up-regulated (Fig. 3B). For in-
stance, PR2 was induced (ranked 8th), which is a defense re-
sponse marker gene of salicylic acid (SA), suggesting that the
3-Hal-induced defense response might be mediated by the SA-
responsible pathway. 3-Hal also upregulated a number of recep-
tor-like protein genes (Fig. 3B). Cysteine-rich receptor-like pro-
tein kinases (CRKs) are a type of pattern-recognition receptor

23,24

(PRR) that is involved in plant immunity.?**¥ Even though plant
immunity only involves innate immunity, plants are resistant to
most microbes and pests due to a variety of PRRs for sensitive
and rapid detection of their invasion.? Therefore, the induc-
tion of a number of PRRs might be involved in the priming ef-
fect against pathogens. It is worth noting that 3-Hal downregu-
lated a number of genes, and gene ontology analysis indicated
that genes downregulated by 3-Hal treatment were involved in
the cell cycle process, thereby indicating that lowering the fun-

damental processes of intact cells might be a pharmacological

function of 3-Hal.

After the synthesis of 3-Hal, 3-Hol is produced through the
reduction of 3-Hal, possibly by alcohol dehydrogenases, alde-
hyde reductases, or aldo/keto reductases. Because this reaction
requires NADPH supplied by the integrated NADPH reduction
system, intact cells should be the sites of 3-Hol production.

The 3-Hol treatment also affected gene expression in a man-
ner similar to that of 3-Hal (Fig. 2B), with a high correlation fac-
tor (r=0.920), as shown in Fig. S1. The number of genes down-
regulated by 3-Hol (n=4196) was almost equal to the number
downregulated by 3-Hal (n=4113; Fig. 4A), although the num-
ber of genes upregulated by 3-Hol (n=3396) was significantly
lower than the number upregulated by 3-Hal (n=6419). In ad-
dition, chitinase (At2g43570) was one of the genes most upregu-
lated in both 3-Hal- and 3-Hol-treated A. thaliana, although the
induction ratio of 3-Hol (26.7-fold) was less than that of 3-Hal
(79.3-fold). These results suggest that the effect of 3-Hol on the
expression of defense response genes was weaker than that of
3-Hal.

As shown in Fig. 4B, defense response genes were upregu-
lated; however, contrary to the results after 3-Hal treatment,
several heat stress response genes were listed in the Top100 up-
regulated genes following 3-Hol treatment. An important tran-
scription factor for heat stress response, HSFA2, was ranked
68th among the top 100 upregulated genes, which suggested
that 3-Hol is involved in both heat stress response (i.e., protein
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Fig. 3. Effect of 3-Hal on gene expression in A. thaliana. (A) Histo-
gram of fold changes (Log2 ratio) in whole gene expression. Frequency
of upregulated (>2) and downregulated (1/2>) genes per sum of up- and
downregulated genes are shown in the graph. (B) The top 100 genes highly
upregulated by 3-Hal treatment. Triangles indicate defense response genes
(blue), heat stress response genes (red), and cysteine-rich receptor and
receptor-like protein genes (pale blue). Dots indicate other miscellaneous
classes of genes. A detailed list is shown in Table S1.
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Fig. 4. Effect of 3-Hol on gene expression in Arabidopsis. Legends of
panels (A) and (B) are the same as those for Fig. 3. A detailed list is shown
in Table S2.

homeostasis) and defense response. Furthermore, 3-Hol also
downregulated genes involved in the cell cycle process (Fig. 2B).

3. Effects of 2-hexenal (2-Hal, 2) on gene expression

2-Hal is biosynthesized by the (Z)-3:(E)-2-hexenal isomerase-
mediated isomerization of 3-Hal.¥ We previously reported that a
wild-type tomato cultivar (Micro-Tom), which has undetectable
HI activity, emitted 3-Hal as the sole GLV, whereas transgenic
tomato plants that overexpressed paprika HI emitted 2-Hal as
the sole GLV, thereby indicating that the presence of HI deter-
mines whether 3-Hal or 2-Hal is emitted from wounded plants.?
Furthermore, the emission of 2-Hal from HI-overexpressing to-
mato plants was rapid, which is consistent with the fact that HI
does not require cofactors to produce 2-Hal, as well as lipase,
lipoxygenase, and hydroperoxide lyase.

2-Hal is much more chemically reactive than other GLVs be-
cause it possesses an a,f-unsaturated carbonyl bond, and this
chemical property contributes to 2-Hal’s physiological role.
Indeed, we previously reported that C4-C9 straight-chain car-
bonyls with a,f-unsaturated carbonyl bonds (i.e., named reac-
tive short-chain leaf volatiles, RSLVs) can function as signaling
chemicals that induce heat- and oxidative stress-responsive gene
expression.!” Furthermore, 2-Hal is the only RSLV that is bio-
synthesized by a series of enzymes,? rather than through non-
enzymatic mechanisms.!”

In agreement with the NimbleGen array data, the present
study’s data, which was obtained using an Agilent array, indi-
cated that 2-Hal strongly induces the expression of genes related
to heat and oxidative stress responses (Fig. 2). The numbers of
genes up- and downregulated by 2-Hal (1419 and 2649, respec-

tively) were the lowest among the GLVs tested (Fig. 5A). Cor-
responding to our previous study, important transcription fac-
tors for the regulation of gene expression for each stress (HSFA2,
DREB2A, and MBFIc for heat stress; ZATs for oxidative stress)
were listed among the top 100 upregulated genes (Fig. 5B).
2-Hal also upregulated defense-responsible genes, but the num-
ber of defense genes was fewer than the number of (Z)-3-series
GLVs. In contrast to the other GLVs, 2-Hal plays an important
role in inducing oxidative stress responses, which suggests that
RSLVs, including 2-Hal, are abiotic stress-related infochemicals,
and, thus, 2-Hal emission is enhanced by abiotic stresses such as
heat?® and drought.?”

On the contrary, gene expression data obtained using the Agi-
lent array indicated that 2-Hal downregulated a group of genes
related to auxin metabolism, possibly accounting for the ability
of 2-Hal to inhibit root elongation.?®)

4. Effects of 3-hexenyl acetate (3-HAC, 4) on gene expression
Because 3-HAC is oriented downstream of the GLV biosynthesis
pathway (Fig. 1), 3-HAC is the last GLV emitted after wounding.
In addition, 3-HAC is emitted from intact cells,” since its bio-
synthesis requires CHAT, acetyl-CoA, and 3-Hol as substrates.
In the seedlings of A. thaliana treated with 3-HAC for 30 min,
more genes were upregulated (n=6098) than downregulated
(n=1883; Fig. 6A), and a number of defense and heat-shock
response genes were included among the top 100 upregulated
genes (Fig. 6B). As in the 3-Hal and 3-Hol treatments, PR2
(ranked 22nd) was upregulated. 3-HAC induced SA-responsi-
ble defense response genes such as PR1 and chitinase, indicat-
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Fig. 5. Effect of 2-Hal on gene expression in Arabidopsis. Legends of
panels (A) and (B) are the same as those for Fig. 3, in which the light blue
triangles indicate oxidative stress response genes. A detailed list is shown
in Table S3.
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Fig. 6. Effect of 3-HAC on gene expression in Arabidopsis. Legends of
panels (A) and (B) are the same as those for Fig. 3. A detailed list is shown
in Table S4.

ing that 3-HAC can activate SA-responsible defense responses.
Meanwhile, 3-HAC downregulated cold stress-responsive genes
(Fig. 2B); however, the physiological significance of this change
is unknown.

Exogenous 3-HAC has been reported to prime plants against
pathogens and insect attacks. For example, 3-HAC-treated
wheat exhibited greater resistance to Fusarium graminearum,")
owing to the induction of SA-responsive genes, and in corn,
3-Hal, 3-Hol, and 3-HAC exhibited nearly identical priming ac-
tivity against insect attack,'® which corresponds to the finding
of the present study that (Z)-3 series GLVs commonly induce
the expression of defense response genes. Especially, PRRs up-
regulated by the (Z)-3-series GLVs might contribute to resis-
tance against enemy attack.

5. Spatiotemporal effects of GLVs in wounded Arabidopsis

Comprehensive transcriptome analysis indicated that major
GLVs have specific gene expression spectra, and the major gene
groups induced by GLVs are defense response genes. Recently,
GLVs have been considered damage-associated molecular pat-
terns (DAMPs) that carry specific information about herbivores
and pathogens.?”) Data from the present study also support
the idea that GLVs can act as self-made DAMPs when plants
are wounded. In this context, the f3,y-unsaturated bond in the
(2)-3-series GLVs might be a sign for triggering the defense re-
sponse because 3-Hal, 3-Hol, and 3-HAC are commonly stimu-
lated defense responses. On the contrary, the a,B-unsaturated
carbonyl bond in 2-Hal might be a sign for triggering an oxida-
tive stress response because C4-C9 straight-chain compounds

that have an «,f-unsaturated carbonyl bond exhibit identical ac-
tivity.

As shown in Fig. 1, the endogenous substrate of GLVs is lino-
lenic acid from the thylakoid membrane. When leaves are dam-
aged, linolenic acid becomes accessible because of the disinte-
gration of thylakoid membranes in damaged cells.” Therefore,
GLV is primarily produced in the damaged cells and, second-
arily, in nearby intact cells (Fig. 7). 3-Hal and 2-Hal are pro-
duced in the damaged cells by a series of enzymes that do not
require the presence of cofactors. Production is then expanded
to neighboring intact cells, where 3-Hal diffused from damaged
cells is used as a precursor for 3-Hol and 3-HAC production. On
the contrary, GLV acceptor sites are the intact cells around dam-
aged cells; therefore, the production and acceptor sites of 3-Hol
and 3-HAC might be identical. Together with the transcriptome
data obtained in the present study, the scenario for the biological
impact of GLVs emitted after wounding can be hypothesized as
described below.

When a leaf is wounded, the first GLV, 3-Hal, is immediately
emitted by the damaged cells, and in plant species with high HI
activity, 2-Hal is produced immediately after 3-Hal production.
3-Hal and 2-Hal are primarily produced at injury sites, where
they function as antibiotics for direct defense. They then diffuse
to nearby intact cells, where 3-Hal activates defense responses
and downregulates cell cycle processes, and 2-Hal helps sustain
protein homeostasis and oxidative stress response as an airborne
infochemical. 3-Hal diffused from the damaged cells functions
both as an infochemical and as a substrate for subsequent GLV
production. In other words, 3-Hal is converted to 3-Hol in near-
by intact cells, and 3-Hol functions in a manner similar to 3-Hal.
3-Hol is further processed to 3-HAC, which functions as an in-
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Fig. 7. Hypothesized model of GLV production and functions. 3-Hal
and 2-Hal are produced by damaged cells, whereas 3-Hol and 3-HAC are
produced by adjacent intact cells, using diffused 3-Hal as a substrate. Air-
borne GLVs are accepted by intact cells and alter gene expression. Circles
and triangles indicate activated and inactivated biological processes, re-
spectively.
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fochemical that induces both a defense response and protein ho-
meostasis.

Consequently, the sequential production of GLVs at differ-
ent sites contributes to the diverse spatiotemporal effect of GLV's
in wounded plants. In the present study, we used individual
GLVs for experiments. However, the GLVs naturally emitted by
wounded leaves are blended and, therefore, have complex bio-
logical effects. Because the expression patterns of GLVs do not
interfere with one another (Fig. 2B), we speculate that the effect
of GLVs might be additive. Therefore, the effect of blended GLV's
on gene expression must be analyzed in the future.
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