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Volatiles are important airborne chemical messengers that facilitate plant adaptation to
a variety of environmental challenges. Lipoxygenases (LOXs) produce a bouquet of non-
volatile and volatile oxylipins, including C6 green leaf volatiles (GLVs), which are involved
in a litany of plant physiological processes. GLVs are emitted by a diverse array of plant
species, and are the best-known group of LOX-derived volatiles. Five-carbon pentyl
leaf volatiles (PLVs) represent another widely emitted group of LOX-derived volatiles
that share structural similarity to GLVs, however, relatively little is known about their
biosynthesis or biological activity. In this study, we utilized PLV-deficient mutants of maize
and Arabidopsis and exogenous PLV applications to elucidate the biosynthetic order of
individual PLVs. We further measured PLVs and GLVs after tissue disruption of leaves
by two popular methods of volatile elicitation, wounding and freeze-thawing. Freeze-
thawing distorted the volatile metabolism of both GLVs and PLVs relative to wounding,
though this distortion differed between the two groups of volatiles. These results suggest
that despite the structural similarity of these two volatile groups, they are differentially
metabolized. Collectively, these results have allowed us to produce the most robust PLV
pathway to date. To better elucidate the biological activity of PLVs, we show that PLVs
induce maize resistance to the anthracnose pathogen, Colletotrichum graminicola, the
effect opposite to that conferred by GLVs. Further analysis of PLV-treated and infected
maize leaves revealed that PLV-mediated resistance is associated with early increases
of oxylipin α- and γ-ketols, and later increases of oxylipin ketotrienes, hydroxytrienes,
and trihydroxydienes. Ultimately, this study has produced the most up-to-date pathway
for PLV synthesis, and reveals that PLVs can facilitate pathogen resistance through
induction of select oxylipins.

Keywords: green leaf volatile (GLV), volatile organic compound (VOC), Colletotrichum graminicola, lipoxygenase
(LOX), priming, oxylipin, ketol

INTRODUCTION

Volatile-mediated signaling is an important aspect of plant life that allows plants to endure a
plethora of environmental challenges. Plant volatile signaling facilitates inter- and intra-plant
communication, as well as communication with insects and microbes (Allmann and Baldwin, 2010;
Matsui et al., 2012). These communications allow plants to anticipate and pre-emptively prime
defenses against a wide range of imminent stresses (Engelberth et al., 2004). There are several key
groups of volatile organic compounds (VOC) that are integral to these processes, including green
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leaf volatiles (GLV); a group of six-carbon, lipid-derived, volatile
oxylipins that are synthesized in the hydroperoxide lyase (HPL)
branch of the lipoxygenase (LOX) pathway (Matsui, 2006). These
volatiles are widely emitted in response to a variety of different
stresses and can induce widespread defense (Ameye et al., 2018).
However, as our recent work showed, GLVs can also contribute to
susceptibility of maize to the fungal agent of anthracnose disease,
Colletotrichum graminicola (Gorman et al., 2020). While GLVs
are a major component of VOC blends, they are not the only
group of LOX-derived VOCs. Select jasmonates (Loughrin et al.,
1995; Seo et al., 2001), and lesser-known five-carbon volatiles,
henceforth referred to as pentyl leaf volatiles (PLVs), are also
widely emitted LOX-derived volatile oxylipins.

Pentyl leaf volatiles are a group of volatiles that consist of
five-carbon aldehydes, alcohols, ketones, and acetate conjugates
produced in the LOX branch of the LOX pathway. Like GLVs,
PLVs are emitted in response to a litany of abiotic and biotic
stresses in numerous plant species (Fall et al., 2001; Heiden et al.,
2003; Jardine et al., 2012; Mochizuki et al., 2016). Despite this,
there has been little prior focus on the physiological functions
of these volatiles or their synthesis. However, important roles
of these volatiles in various plant species have been previously
suggested, including priming of plant defenses against pathogens
(Alméras et al., 2003; Song and Ryu, 2013; Choi et al., 2014;
Song et al., 2015), aphid defense (Song and Ryu, 2013), and
attraction of insects (van Tol et al., 2012; Song and Ryu, 2013;
Roberts et al., 2019). Though PLVs include a diverse array of
individual molecular species, little is known about the order of
their synthesis.

Structurally, many PLV molecular species display distinct
similarity to GLV molecular species (Figure 1), and are often co-
emitted in response to stress (Fall et al., 2001; Heiden et al., 2003;
Jardine et al., 2012; He et al., 2020). Both of these VOC groups
depend on utilization of 13S-hydroperoxy octadecatrienoic acid
(13S-HPOT) and 13S-hydroperoxy octadecadienoic acid (13S-
HPOD), which are generated by LOX-mediated oxygenation of
linolenic (C18:3) and linoleic acids (C18:2), respectively (Salch
et al., 1995; Matsui, 2006). HPL acts on these hydroperoxides
to produce the primary GLVs, (3Z)-hexenal and hexanal
(Mukhtarova et al., 2018), as well as a non-volatile 12-carbon
compound, (9Z)-traumatin (Hatanaka, 1993). (3Z)-Hexenal can
be enzymatically or non-enzymatically isomerized to another
aldehyde, (2E)-hexenal (Hatanaka, 1993; Kunishima et al., 2016;
Spyropoulou et al., 2017), and both of these aldehydes can be
enzymatically reduced to corresponding alcohols by NADH-
dependent alcohol dehydrogenases (ADH) (Bate et al., 1998;
Speirs et al., 1998) and NADPH-dependent cinnamaldehyde
and hexenal reductase (CHR) (Tanaka et al., 2018). These
alcohols can then be further converted to their respective acetate-
conjugates by acetyl-CoA-dependent BAHD acetyl transferases
(AT) (D’Auria et al., 2007).

Though LOXs oxygenate polyunsaturated fatty acids, they
may also perform a secondary reaction on LOX-derived 13S-
HPOT. This generates a radical that undergoes spontaneous
β-scission to form a pentene allylic radical that rapidly forms
the isomers, 1-penten-3-ol and (2Z)-pentenol. Pentanol may also
be produced from 13S-HPOD substrate, although LOXs seem

to have less affinity for this substrate (Salch et al., 1995). LOX-
mediated cleavage of 13-hydroperoxides also generates a non-
volatile 13-carbon compound, 13-oxo-9(Z)-11(E)-tridecadienoic
acid (OTD) (Vliegenthart et al., 1975, 1977; Salch et al., 1995; Gao
et al., 2008; He et al., 2020). (2Z)-Pentenol and 1-penten-3-ol can
be metabolized into aldehydes or ketones, respectively, through
the activity of ADHs (Gardner et al., 1996). Beyond this, little is
known about derivatization of these volatiles, each of which may
have their own distinct signaling activity. Since both GLVs and
PLVs share common substrate, it is not surprising that the major
PLV-producing LOX isoforms identified in maize, ZmLOX10 (He
et al., 2020), Arabidopsis, AtLOX2 (Mochizuki et al., 2016), and
tomato, TomLOXC (Shen et al., 2014) are also the sole GLV-
producing LOX isoforms in these respective species (Christensen
et al., 2013). Notably, ZmLOX6 of maize lacks the ability to
generate fatty acid hydroperoxides, but can cleave them into PLVs
and OTD (Gao et al., 2008). Soybean also appears to have two
LOX isoforms that contribute to PLV synthesis (Kobayashi et al.,
1995; Fisher et al., 2003).

Utilizing PLV-deficient mutants of maize and Arabidopsis
alongside exogenous application of PLVs, we establish the
biosynthetic order of PLVs in the LOX pathway and provide
evidence that despite the similar structure of PLVs and GLVs,
they are metabolized differently. We also provide evidence that
freeze-thawing of plant tissues, a popular method of volatile
analysis, distorts the volatile oxylipin profiles of plant tissues,
and differentially effects metabolism of PLVs and GLVs. Lastly,
we show that in maize, PLVs induce resistance to Colletotrichum
graminicola, which stands in contrast to results of our recent
study that revealed GLVs promote disease progression to this
pathogen (Gorman et al., 2020). Furthermore, we show that PLV-
mediated resistance correlates with the synthesis of oxylipin α-
and γ-ketols, ketotrienes, hydroxytrienes, and trihydroxydienes.

MATERIALS AND METHODS

Plant and Fungal Materials and Growth
Conditions
Mutant alleles of ZmLOX10 in maize were obtained by
PCR screening of the Mutator-transposon insertional genetics
resource at Corteva Agriscience, formerly DuPont-Pioneer1,
for insertions in these genes. The lox10-3 mutant allele was
confirmed as an exon-insertional knockout mutant (Christensen
et al., 2013). Original lox10-3 mutants were backcrossed into
the B73 and W438 inbred line backgrounds and genetically
advanced to the backcross 7 stage. Maize plants used in all
experiments were grown to the V4 stage (plants having four
fully expanded leaves) under growth lights (∼300 µmol m−2

s−1) in a 14:10 h (light:dark) regime at 21–24◦C. Maize plants
were grown in TX-360 Metro Mix soil (Sun Gro Horticulture,
Agawam, MA, United States).

Arabidopsis thaliana Col-0 and Atlox2-1 mutants in the Col-
0 background were grown for 4 weeks in LP5 potting medium
(Sun Gro Horticulture, Bellevue, WA, United States) in a growth

1https://www.pioneer.com
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FIGURE 1 | Structural similarity of GLVs and PLVs.

chamber (∼85 µmol m−2 s−1) under a 12:12 h (light:dark)
regime at 23◦C (light): 21◦C (dark), in 65% relative humidity.
Screening of Atlox2-1 mutant lines was performed as previously
described by Glauser et al. (2009).

All C. graminicola plates used in infection assays were grown
from culture stock (C. graminicola 1.001 strain) kept in a –80◦C
freezer. Cultures were grown on PDA plates for at least 2 weeks
before conidia were collected for use in plant inoculations. Spore
extractions were performed as previously described by Gao et al.
(2007) and were used within 2 h of extraction.

PLV Metabolism Assays
For maize, fully expanded third leaves of wild type (WT)
and lox10-3 mutant in the B73 background were enclosed in
800 mL jars (one leaf per jar) alongside a cotton ball containing
2.5 µL of 100 mM of select PLVs dissolved in dichloromethane.
For Arabidopsis, intact WT or Atlox2-1 mutants were grown
in small pots (∼350 mL) (5 plants/pot), were enclosed in
these jars with the respective treatments. Col-0 was exposed
to 5 µL of treatments, Atlox2-1 mutants were exposed to
2.5 µL. Four replicates for each plant/genotype/treatment were
used. PLV treatments included purified chemical standards of
(2Z)-pentenol, (2E)-pentenol, (2E)-pentenal, pentanol, pentanal,
1-penten-3-ol, 1-penten-3-one, 3-pentanol, and 3-pentanone
(Sigma-Aldrich, St. Louis, MO, United States). Plants were
incubated alongside the PLV treatments for 20 min, and then
volatiles were collected onto HaySepQ filters containing 80–100
mesh (Supelco, Bellefonte, PA, United States) via dynamic airflow
(1 L min−1) for an additional 20 min. Volatiles were eluted off the
HaySepQ filter traps with 250 µL of dichloromethane containing
100 µM of the internal standard, (4Z)-hexenol (Sigma-Aldrich,
St. Louis, MO, United States). Volatiles were analyzed and
quantified via gas chromatography mass spectrometry (GC-MS).

Volatile Analysis of Wounding and
Freeze-Thawing
For volatile analysis of wounding responses, leaves of both maize
and Arabidopsis were excised, quickly weighed out to 2 g, and
cut into 1 cm pieces that were immediately placed into 800 mL

jars (He et al., 2020). For maize, the 3rd and 4th leaves of B73,
W438, and lox10-3 mutants in these backgrounds were used (one
plant/replicate, four replicates total). For Arabidopsis, all leaves of
Col-0 were used (5–6 plants/rep, four reps total). Volatile analysis
of freeze-thawing response was carried out similar to wounding,
except instead of leaves being cut, they were briefly frozen in
liquid N2, and immediately placed into the jars for volatile
collection. Volatiles were collected for 1 h as previously described.

Gas Chromatography-Mass
Spectrometry
An Agilent 7890B gas chromatograph connected to an Agilent
5977B quadrupole mass spectrometer (Agilent, Santa Clara, CA,
United States) was utilized to quantify volatiles. Two µL of
liquid sample was injected splitless into a HP-5ms Ultra Inert
column (Agilent, Santa Clara, CA, United States). The inlet
temperature was set to 240◦C for the duration of the run. The
oven temperature was as follows: 40◦C hold – 2 min, 3◦C/min
ramp to 160◦C, 15◦C/min ramp to 280◦C, 280◦C/min hold –
2 min. The solvent delay was 2.5 min. Analytes were fragmented
by positive EI (230◦C – source, 150◦C – quadrupole, ionization
energy – 70 eV, scan range – 25–500 amu). Most compounds
were identified and quantified based off of retention times and
spectra of pure external standards purchased from Sigma-Aldrich
(St. Louis, MO, United States). The 4-oxo-(2E)-hexenal, (2Z)-
pentenyl acetate, pentyl acetate, pentanoic acid, and 2-methyl-
3-pentanone were identified based off matching of mass spectra
and retention index (RI), calculated according to van Den Dool
and Kratz (1963), in the NIST14 library. (2Z)-Pentenal and (2Z)-
hexenal were identified by almost identical spectral matching
to (2E)-pentenal and (2E)-hexenal, respectively, and retention
times characteristic of other lipoxygenase-derived volatile (E/Z)-
isomers. All volatiles were quantified based by utilizing internal
and external standards.

Infection Assays
For disease assays, B73 and lox10-3 mutant maize seedlings
at the V4 developmental stage were exposed to PLVs for 2 h
before being inoculated 1 h after volatile exposure ended. Six
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plants of each genotype/treatment were placed into a 6 L glass
container along with a cotton ball containing 100 µL of PLV
or control treatment. PLV treatment consisted of a mixture
containing 10 nmol of (2Z)-pentenol and 1-penten-3-ol dissolved
in triacetin. Triacetin was used as control treatment. Chemical
standards were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Plants were inoculated with C. graminicola by
placing them in humidity chambers and applying 10 µL of
spore suspension (106 spores mL−1) at six different places
on the third leaf of each plant. Plants were removed from
humidity chambers 1 day after inoculation and placed back on
growth shelves (Gao et al., 2007). For lesion area determination,
plants were incubated in conditions as described above for
7 days following inoculation before the infected leaves were
excised and scanned to produce digital images. Lesion area
were determined from digital images using ImageJ software
(Schneider et al., 2012).

For metabolite analysis of infected leaves, B73 plants were
either exposed to PLV treatment or control treatment, and
infected as described above. Infected leaf tissue was harvested
1 day post inoculation (dpi), 4 dpi, and 6 dpi and stored in –
80◦C until metabolites were extracted for analysis. Plants exposed
to volatile treatments, but were not yet infected, were also
collected (0 dpi).

Metabolite Extraction and Liquid
Chromatography-Mass Spectrometry
A mortar and pestle were used to grind frozen plant material into
a fine powder under liquid nitrogen. Hormones were extracted
from tissue and quantified by liquid chromatography-mass
spectrometry (LC-MS/MS) as previously described (Gorman
et al., 2020). Five hundred µL of phytohormone extraction
buffer (1-propanol/water/HCl [2:1:0.002 vol/vol/vol]) containing
500 nM of the internal standards d-JA (2,4,4-d3; acetyl-2,2-
d2 JA (CDN Isotopes, Pointe-Claire, QC, Canada) and d6-SA
(Sigma-Aldrich, St. Louis, MO, United States). The samples
were agitated in the dark for 30 min at 4◦C. Five hundred µL
dichloromethane was added to each sample and the samples
were again agitated in the dark for 30 min at 4◦C. The samples
were then centrifuged at 17,000 × g for 5 min. The lower
organic layer of each sample was transferred to a glass vial
and evaporated by nitrogen gas. Samples were resuspended
in 150 µL methanol, transferred to a separate tube, and
centrifuged at 17,000 × g for 5 min to pellet any debris.
Ninety µL of supernatant was transferred into autosampler
vials for LC-MS/MS.

An Ascentis Express C-18 Column (3 cm × 2.1 mm, 2.7 µm)
(Sigma-Aldrich, St. Louis, MO, United States) connected to an
API 3200 LC-MS/MS (Sciex, Framingham, MA, United States)
using electrospray ionization with multiple reaction mentoring
was used. The injection volume was 10 µL and had a 450 µL
min−1 mobile phase consisting of Solution A (0.2% acetic acid
in water) and Solution B (0.2% acetic acid in acetonitrile) with a
gradient consisting of (time – %B): 0.5–10%, 1.0–20%, 21.0–70%,
24.6–100%, 24.8–10%, 29 – stop. All oxylipins were quantified by
comparison to deuterated internal standards.

RESULTS

Spontaneous Catabolism by PLVs
Previously, we analyzed volatiles emitted in B73 inbred WT maize
in response to wounding and found a number of PLVs were
emitted, although the biosynthetic order of their synthesis was
not known (He et al., 2020). To resolve this gap in knowledge
and generate a framework of PLV biosynthetic pathway, we
incubated plant leaves with various individual PLVs and
analyzing subsequent PLV emissions via gas chromatography-
mass spectrometry. However, as PLVs are subject to atmospheric
breakdown (Orlando et al., 2001), we first attempted to establish
which PLVs can be non-enzymatically generated in the absence
of plants. To accomplish this, we individually incubated various
exogenous PLVs in empty jars, including (2Z)-pentenol, (2E)-
pentenol, (2E)-pentenal, pentanol, pentanal, 1-penten-3-ol, 1-
penten-3-one, 3-pentanol, or 3-pentanone, and found that
several derivative PLVs were subsequently detected. Both (2Z)-
pentenal and (2E)-pentenal were produced after (2Z)-pentenol
treatment, as well as pentanol (Table 1). Furthermore, these were
all produced in equal amounts. In response to (2E)-pentenol
treatment, (2E)-pentenal and pentanol were both produced. Both
(2E)-butenyl formate and (2Z)-butenyl formate were produced
in response to (2E)-pentenal. Pentanal spontaneously converted
to pentanol, as well as to pentanoic acid and to butyl formate.
Oppositely, pentanal was produced after pentanol treatment.
After 1-penten-3-ol treatment, 1-penten-3-one and 3-pentanol
were detected. 3-Pentanone was detected after treatment with
1-penten-3-one, but not after 1-penten-3-ol treatment, despite
that 1-penten-3-ol treatment produced 1-penten-3-one. Due to
the trace quantities detected after 1-penten-3-one treatment, we
concluded that non-enzymatic generation of 3-pentanone from
1-penten-3-one is not of significance. Contrastingly, relatively
high amounts of 3-pentanone were detected after 3-pentanol
treatment. 3-Pentanol also resulted in the generation of 2-methyl-
3-pentanone. These results show that several PLVs can be non-
enzymatically generated, although the degree that this process
plays in generation of different PLV molecular species varies.
Several non-enzymatic PLV derivatives detected in this analysis
were not previously reported in either maize (He et al., 2020),
Arabidopsis (Mochizuki et al., 2016), or tomato (Shen et al.,
2014), including (2E)-butenyl formate, (2Z)-butenyl formate,
butyl formate, pentanoic acid, and 2-methyl-3-pentanone. This
suggests that these PLVs are an artifact of the high amounts
of exogenous PLVs used in this experiment, and thus are
excluded from further consideration in the following plant-based
metabolism assays. Other PLVs detected in this experiment are
able to be non-enzymatically synthesized. However, these other
PLVs have been previously found to be emitted by plant tissues
(Shen et al., 2014; Mochizuki et al., 2016; He et al., 2020). We next
sought to evaluate how maize leaves metabolize exogenous PLVs.

Metabolism of PLVs by Maize
To elucidate maize metabolism of PLVs, we repeated the previous
experiment, but we incubated PLVs in the presence of leaves of
B73 WT. (2Z)-Pentenol was converted into the greatest number
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TABLE 1 | Spontaneous catabolism of exogenous PLVs.

Analytes
(nmol/h)

Treatment

(2Z)-pentenol (2E)-pentenol (2E)-pentenal Pentanol Pentanal 1-penten-3-ol 1-penten-3-one 3-pentanol 3-pentanone

(2Z)-pentenol

(2Z)-pentenal 1.1 ± 0.14

(2E)-pentenol

(2E)-pentenal 1.1 ± 0.15 1.9 ± 0.3

(2E)-butenyl formate* 0.5 ± 0.05

(2Z)-butenyl formate* 7.6 ± 0.79

Pentanol 1.1 ± 0.11 7.1 ± 1.63 0.6 ± 0.1

Pentanal 0.3 ± 0.03

Pentanoic acid* 49.2 ± 15.13

Butyl formate* 1.1 ± 0.21

1-penten-3-ol

1-penten-3-one 0.6 ± 0.04

3-pentanol 0.1 ± 0.01

3-pentenone 0.1 ± 0.01 19.1 ± 3.85

2-methyl-3-pentanone* 5.5 ± 0.85

Various exogenous PLVs were incubated for 20 min in small glass jars before volatiles were collected and analyzed. Analytes detected (red cells) show mean ± SE
(nmol per hour). Responses of the same analytes matching a respective volatile treatment were omitted (black cells). Empty cells indicate targets that were not detected.
Asterisks after analyte names denote artificial PLVs.

of compounds (Table 2 and Figure 2), likely due to its status as a
primary PLV. (2Z)-Pentenol was most readily converted to (2Z)-
pentenyl acetate, followed by (2Z)-pentenal, (2E)-pentenol, (2E)-
pentenal, and pentanol, which were emitted in approximately
equal amounts. (2E)-Pentenol exposure also resulted in the
emission of (2E)-pentenal and pentanol, but produced higher
amounts compared to (2Z)-pentenol (Table 2). The β-scission
reaction proposed by Salch et al. (1995) suggests that pentanol is
synthesized from 13S-HPOD, but these results show it can also be
synthesized by the reduction of 13S-HPOT-derived 2-pentenol.
Treatment with (2Z)-pentenol, (2E)-pentenol, and pentanol
resulted in the emissions of (2Z)-pentenyl acetate, (2E)-pentenyl
acetate, and pentyl acetate, respectively, suggesting these alcohols
can all be acted upon by ATs. Interestingly, (2Z)-pentenyl acetate
and pentyl acetate were more highly emitted after treatment
with (2Z)-pentenol and pentanol, respectively, compared to (2E)-
pentenyl acetate after (2E)-pentenol treatment. This suggests
that PLV-metabolizing ATs prefer (2Z)-pentenol and pentanol as
substrates. Importantly, PLV acetate conjugates were not detected
after incubation of exogenous PLVs in empty jars, suggesting
these PLVs are solely synthesized enzymatically. In addition to
pentyl acetate, pentanol treatment also resulted in the emission
of the aldehyde, pentanal. Conversely, exposure to pentanal
resulted in the emission of pentanol and pentyl acetate. Similarly,
(2E)-pentenal treatment resulted in the emission of (2E)-
pentenol, (2E)-pentenyl acetate. These results suggest potential
bi-directional interconversion of PLV aldehydes and alcohols,
as well as the formation of PLV-derived esters. Treatment of
B73 with the other primary PLV, 1-penten-3-ol, resulted in the
emission of 1-penten-3-one, 3-pentanone, and to a much lesser
extent, 3-pentanol. 1-Penten-3-one treatment also resulted in
the emission of a small amount of 3-pentanol, and a large

amount of 3-pentanone relative to treatment with 1-penten-3-ol.
Exposure to 3-pentanol resulted in the emission of 3-pentanone.
Oppositely, 3-pentanone resulted in minor emissions of 3-
pentanol. No acetate or esterified derivatives of 1-penten-3-ol or
any of its derivatives were detected, suggesting that the relevant
AT(s) require a terminal hydroxyl group.

Since PLVs are released from leaves, we also treated PLV-
deficient lox10-3 mutants (He et al., 2020) with PLVs to rule
out the emission of endogenous PLVs induced by exogenous PV
treatments. Emission of select PLVs in response to treatment
with specific PLVs was the same between WT B73 and lox10-
3 mutants (Tables 2, 3), however, some PLVs were more lowly
emitted in response to select PLV treatments. Most notably,
acetate conjugates were emitted in lower amounts in lox10-
3 mutants relative to B73 WT. This suggests that ZmLOX10
positively regulates AT activity in maize. These results utilizing
PLV-deficient lox10-3 mutants confirm the previous B73 results,
and show that ZmLOX10 positively regulates the AT(s) involved
in the synthesis of various PLV acetates.

Metabolism of PLVs by Arabidopsis
Green leaf volatiles metabolism can greatly vary between different
plant species (Matsui et al., 2000; Allmann and Baldwin, 2010;
López-Gresa et al., 2018), therefore we also wanted to evaluate
PLV metabolism in Arabidopsis. PLV metabolism was assessed in
Arabidopsis Col-0 ecotype as described for maize. We found that
overall, the same types of PLVs were emitted in response to select
PLV treatments. There were, however, some notable differences
regarding the relative amounts of emitted PLVs (Figure 2).
After incubation with (2Z)-pentenol, equal amounts of (2Z)-
pentenal and (2Z)-pentenyl acetate were recovered, followed
by lower amounts of (2E)-pentenol and (2E)-pentenal (Table 4
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TABLE 2 | Metabolism of exogenous PLVs by WT maize in the B73 background.

Analytes
(nmol/h)

Treatment

(2Z)-pentenol (2E)-pentenol (2E)-pentenal Pentanol Pentanal 1-penten-3-ol 1-penten-3-one 3-pentanol 3-pentanone

(2Z)-pentenol

(2Z)-pentenal 0.9 ± 0.12

(2Z)-pentenyl acetate 7.6 ± 0.7

(2E)-pentenol 0.7 ± 0.08 4.2 ± 0.5

(2E)-pentenal 0.8 ± 0.12 4.9 ± 0.37

(2E)-pentenyl acetate 2.1 ± 0.32 0.6 ± 0.14

Pentanol 0.8 ± 0.09 7.9 ± 1.43 1 ± 0.17 2.4 ± 0.47

Pentanal 0.4 ± 0.06

Pentyl acetate 48.2 ± 6.37 8.7 ± 2.37

1-penten-3-ol

1-penten-3-one 1.1 ± 0.07

3-pentanol 0.2 ± 0.02 0.1 ± 0.02 1.1 ± 0.29

3-pentenone 1.3 ± 0.14 11.5 ± 1.76 4.9 ± 0.32

Leaves of B73 were incubated with various PLVs for 20 min before volatiles were collected and analyzed. Analytes detected (red cells) show mean ± SE (nmol per hour).
Responses of the same analytes matching a respective volatile treatment were omitted (black cells). Empty cells indicate targets that were not detected.

FIGURE 2 | Relative proportions of PLVs detected in maize (B73 and Zmlox10-3 mutants) and Arabidopsis (Col-0 and Atlox2-1 mutants) in response to treatment
with different PLV molecular species. Colors and patterns representative of different PLVs are shown below individual treatments (top) and are consistent across all
genotypes of a particular treatment.

and Figure 2). Notably, after (2E)-pentenal treatment, large
amounts of (2E)-pentenol were retrieved. The ratio of pentyl
acetate to pentanal produced after pentanol treatment was almost
equal (Table 4), as opposed to the large difference observed in
B73 maize (Table 2). 1-Penten-3-ol treatment resulted in 2–3
fold higher amounts of 3-pentanone relative to 1-penten-3-one
(Table 4). This was substantially different than in maize, which
emitted approximately amounts of these volatiles (Tables 2, 3).

As for maize, we also utilized a PLV-deficient mutant
of Arabidopsis, Atlox2-1, to rule out potential exogenous

PLV-mediated induction of endogenous PLV synthesis
(Mochizuki et al., 2016). As was the case between B73 WT
and lox10-3 mutant maize, we found few differences in the
responses of Col-0 and Atlox2-1 mutants (Figure 2). After
treatment with (2Z)-pentenol, less (2E)-pentenal was recovered
relative to the other metabolites detected than in Col-0
(Tables 4, 5 and Figure 2). After (2E)-pentenal treatment,
there was less (2E)-pentanol and pentanol relative to (2Z)-
pentenal, and (2E)-pentenyl acetate was not detected (Table 5).
After pentanol treatment, there were approximately equal
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TABLE 3 | Metabolism of exogenous PLVs by lox10-3 mutants in the maize B73 background.

Analytes
(nmol/h)

Treatment

(2Z)-pentenol (2E)-pentenol (2E)-pentenal Pentanol Pentanal 1-penten-3-ol 1-penten-3-one 3-pentanol 3-pentanone

(2Z)-pentenol

(2Z)-pentenal 0.8 ± 0.11

(2Z)-pentenyl acetate 2.4 ± 0.44

(2E)-pentenol 0.4 ± 0.12 3.2 ± 0.97

(2E)-pentenal 0.8 ± 0.09 3.5 ± 0.57

(2E)-pentenyl acetate 0.2 ± 0.1 0.2 ± 0.08

Pentanol 0.4 ± 0.16 9.9 ± 2.19 0.4 ± 0.08 2.4 ± 0.47

Pentanal 0.4 ± 0.03

Pentyl acetate 7.8 ± 1.46 3.1 ± 0.65

1-penten-3-ol

1-penten-3-one 0.7 ± 0.08

3-pentanol 0.2 ± 0.01 0.2 ± 0.05 1.5 ± 0.16

3-pentenone 2 ± 0.09 10.8 ± 3.71 8.1 ± 1.61

Leaves of lox10-3 mutants were incubated with various PLVs for 20 min before volatiles were collected and analyzed. Analytes detected (red cells) show mean ± SE
(nmol per hour). Responses of the same analytes matching a respective volatile treatment were omitted (black cells). Empty cells indicate targets that were not detected.

TABLE 4 | Metabolism of exogenous PLVs by Arabidopsis.

Analytes
(nmol/h)

Treatment

(2Z)-pentenol (2E)-pentenol (2E)-pentenal Pentanol Pentanal 1-penten-3-ol 1-penten-3-one 3-pentanol 3-pentanone

(2Z)-pentenol

(2Z)-pentenal 8.8 ± 2.11 0.3 ± 0.06

(2Z)-pentenyl acetate 7.7 ± 1.19

(2E)-pentenol 0.9 ± 0.15 23.4 ± 0.86

(2E)-pentenal 3.2 ± 0.69 5.7 ± 0.88

(2E)-pentenyl acetate 0.7 ± 0.08 0.5 ± 0.03

Pentanol 1.5 ± 0.19 3.9 ± 0.57 5.7 ± 0.24 7.7 ± 1.78

Pentanal 0.9 ± 0.03

Pentyl acetate 0.2 ± 0.01 1.7 ± 0.32 0.3 ± 0.04

1-penten-3-ol

1-penten-3-one 22.9 ± 3.1

3-pentanol 1 ± 0.2 0.5 ± 0.05 1.5 ± 0.25

3-pentenone 65.1 ± 8.54 72.8 ± 32.01 140 ± 15.44

Intact Arabidopsis, Col-0, were incubated with various PLVs for 20 min before volatiles were collected and analyzed. Analytes detected (red cells) show mean ± SE (nmol
per hour). Responses of the same analytes matching a respective volatile treatment were omitted (black cells). Empty cells indicate targets that were not detected.

amounts of pentyl acetate and pentanal, which differed from
the approximate 2:1 ratio of these volatiles found in Col-0.
Collectively, these experiments show that PLV metabolism is
largely similar in maize and Arabidopsis with regard to the types
of individual molecular species that are synthesized in response
to individual PLV treatments. However, these experiments
also highlight particular PLVs are synthesized at different rates
between species (Figure 2), indicating differential enzymatic
activity across these two species. Collectively, these experiments
establish the biosynthetic order of PLV synthesis within the LOX
pathway and provide evidence of enzymatic and non-enzymatic
synthesis of PLVs. Despite this, little is known about the enzymes
behind PLV synthesis.

Volatile Analysis of Leaves Reveals
Involvement of Different Enzymes in PLV
and GLV Metabolism
One popular method of volatile elicitation, freeze-thawing, has
been reported to irreversibly inactivate GLV-metabolizing ADH,
and possibly AT enzymes, which generate GLV alcohol and
acetate conjugates, respectively (Fall et al., 2001). However,
wounding of plant leaves does not inhibit the function of these
enzymes (He et al., 2020). Both GLVs (Bate et al., 1998; Speirs
et al., 1998) and PLVs (Gardner et al., 1996) are reported
to be acted upon ADHs. GLV aldehydes are also reported
to be acted upon by a NADPH-dependent enzyme, CHR
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TABLE 5 | Metabolism of exogenous PLVs by Arabidopsis.

Analytes
(nmol/h)

Treatment

(2Z)-pentenol (2E)-pentenol (2E)-pentenal Pentanol Pentanal 1-penten-3-ol 1-penten-3-one 3-pentanol 3-pentanone

(2Z)-pentenol

(2Z)-pentenal 1.9 ± 0.26 0.2 ± 0.02

(2Z)-pentenyl acetate 1.9 ± 0.23

(2E)-pentenol 0.4 ± 0.06 0.5 ± 0.25

(2E)-pentenal 0.3 ± 0.03 1 ± 0.16

(2E)-pentenyl acetate 0.1 ± 0.05

Pentanol 0.3 ± 0.02 2.1 ± 0.46 0.1 ± 0.05 0.5 ± 0.25

Pentanal 0.6 ± 0.06

Pentyl acetate 0.6 ± 0.15

1-penten-3-ol

1-penten-3-one 11.1 ± 1.55

3-pentanol 2 ± 0.41 0.5 ± 0.05 1.7 ± 0.27

3-pentenone 38.8 ± 6.55 58.5 ± 5.04 77.9 ± 11.29

Intact Arabidopsis, Atlox2-1 mutants in the Col-0 background, were incubated with various PLVs for 20 min before volatiles were collected and analyzed. Analytes
detected (red cells) show mean ± SE (nmol per hour). Responses of the same analytes matching a respective volatile treatment were omitted (black cells). Empty cells
indicate targets that were not detected.

(Tanaka et al., 2018). As such, we chose to employ both wounding
and freeze-thawing with maize and Arabidopsis in order to
determine if synthesis of PLV and GLV alcohols and acetates
are similarly affected by freeze-thawing. We started by analyzing
GLVs and PLVs from wounded and freeze-thawed leaves of
WT and lox10-3 mutants in the B73 and W438 maize inbred
genetic backgrounds. Wounding resulted in the emission of
diverse PLVs and GLVs in WTs of both backgrounds, with
low amounts emitted by lox10-3 mutants in both backgrounds
(Figure 3A). Notably (2E)-pentenyl acetate and pentyl acetate
were not emitted in these experiments, indicating that if they
are emitted, it is only in trace quantities. Freeze-thawing of
leaves resulted in dramatic increases of GLV aldehydes, including
(3Z)-hexenal, hexanal, (2E)-hexenal, 4-hydroxy-(2E)-hexenal, 4-
oxo-(2E)-hexenal (Matsui et al., 2012), and a newly identified
GLV, (2Z)-hexenal (Figure 3A). Despite the significant increase
of aldehyde substrate, freeze-thawing resulted in significantly
lower amounts of GLV alcohols, including (3Z)-hexenol, (2E)-
hexenol, and hexanol (Figure 3A). Emissions of the GLV acetates,
(3Z)-hexenyl acetate and hexyl acetate, were similarly diminished
after freeze-thawing.

Oppositely freeze-thawing of leaves resulted in much higher
emissions of PLV alcohols, including (2Z)-pentenol, 1-penten-
3-ol, and pentanol (Figure 3B). An exception to this trend was
(2E)-pentenol, which was only slightly higher in lox10-3 mutants
in the B73 background, and WT in the W438 background.
The PLV aldehydes, (2Z)-pentenal, (2E)-pentenal, pentanal,
as well as the ketone, 1-penten-3-one, were all significantly
higher after freeze-thawing in all genotypes. 3-Pentanone was
elevated in response to freeze-thawing in WT and lox10-3
mutants in the W438 background, but not the B73 background
(Figure 3B). This represents an interesting difference in PLV
synthesis between these different maize inbreds. It is possible
that selective pressures have driven this difference, suggesting
these volatiles are of consequence to maize fitness in response

to different environmental challenges. Like GLV aldehydes, PLVs
aldehydes were also more emitted by freeze-thawed leaves, but
not to the degree of GLV aldehydes (Figure 3). The sole PLV
that was decreased in response freeze-thawing was (2Z)-pentenyl
acetate (Figure 3B). In fact, (2Z)-pentenyl acetate emissions
in all genotypes were either completely, or almost completely,
abolished by freeze-thawing, suggesting this treatment results in
the inactivation of ATs.

To determine if the impact of freeze-thawing on PLV and
GLV emissions is consistent throughout diverse plant species,
we also analyzed GLVs and PLVs emitted by Arabidopsis
Col-0 in response to wounding and freeze-thawing. As seen
in maize, wounding elicited the emission of diverse GLVs
and PLVs in Arabidopsis (Figures 3C,D). By comparing
the relative proportions of maize and Arabidopsis volatiles
emitted in response to wounding, it is clear that Arabidopsis
favors formation of 1-penten-3-ol and its derivatives, whereas
maize favors formation of (2Z)-pentenol and its derivatives
(Supplementary Figure 1). This suggests that AtLOX2 and
ZmLOX6 and/or ZmLOX10 may be able to preferentially
direct synthesis of 1-penten-3-ol or (2Z)-pentenol from 13S-
HPOT. GLV and PLV emissions after freeze-thawing, relative
to wounding, were similar between maize and Arabidopsis.
Aldehyde GLVs were increased, and GLV alcohols and acetates
were diminished (Figure 3C). Correspondingly, (2Z)-pentenyl
acetate was decreased, despite that most other PLVs displayed
increased emissions after freeze-thawing (Figure 3D). Only
pentanol, pentanal, (2E)-pentenol, and 1-penten-3-ol were not
statistically increased by freeze-thawing, although the latter
two displayed strong trends (Figure 4B). (2Z)-Pentenyl acetate
was very lowly emitted by both maize and Arabidopsis after
freeze-thawing, despite that its precursor, (2Z)-pentenol, was
highly emitted. Similar responses of PLV and GLV acetates to
freeze-thawing, coupled with the structural similarity of these
VOCs, increases the likelihood that GLV-producing BAHD
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FIGURE 3 | Freezing differentially distorts GLV and PLV emissions of maize and Arabidopsis. Volatiles were collected for 1 h after leaves of two inbred lines of maize,
B73 and W438, and lox10-3 mutants in each respective background, and the Col-0 background of Arabidopsis, were either cut into 1 cm pieces (red) or briefly flash
frozen in liquid nitrogen (blue). (A,C) Show GLV and (B,D) show PLV emissions in maize (A,B) and Arabidopsis (C,D) (mean ± SE, nmol per gram of fresh weight per
hour). Student’s t-test was performed to determine statistical difference between treatments for each individual genotype (*p < 0.05, **p < 0.005, ***p < 0.0005)
(n = 4).

ATs also act on PLVs. Inactivation of GLV aldehyde-to-alcohol
conversion, but not PLV alcohol-to-aldehyde conversion, suggest
that the ADH(s), CHR, or other enzymes acting in these two
pathways are different. Collectively, these results shed new
light on PLV synthesis in both maize and Arabidopsis. We
next focused on the impact of PLV-mediated signaling on
maize defense.

PLVs Induce Maize Resistance to
C. graminicola
Recently, we had shown that GLVs act as potent promoters
of susceptibility to the causal agent of anthracnose disease
in maize, C. graminicola, a fungal pathogen with a hemi-
biotrophic life style (Gorman et al., 2020). Because PLVs are
often co-emitted with GLVs (Fall et al., 2001; Heiden et al.,
2003; Jardine et al., 2012; He et al., 2020), we examined the
role of these volatiles in maize-C. graminicola interactions. To
determine the impact of PLVs on C. graminicola infection,

we pre-treated WT and PLV-deficient lox10-3 mutants with
a PLV mixture containing the primary PLVs, (2Z)-pentenol
and 1-penten-3-ol, before inoculating their leaves. Plants were
exposed to these volatiles for 2 h, and inoculated with spores of
C. graminicola 1 h after volatile exposure ended. Surprisingly,
we found that PLV treatment significantly increased resistance
in WT B73 and W438 (Figure 4), the opposite effect observed
after GLV treatment (Gorman et al., 2020). Surprisingly, lox10-
3 mutants in both backgrounds, which already display resistance
to C. graminicola (Gorman et al., 2020; Wang et al., 2020a), had
their resistance further enhanced by PLV exposure (Figure 4).
Previously, we had shown that lox10-3 mutant resistance is
due to low levels of the biologically active jasmonate, jasmonic
acid-isoleucine (JA-Ile), and elevated concentrations of salicylic
acid (SA), the phytohormone known to govern resistance
against (hemi)-biotrophic pathogens. Furthermore, we found
that exogenous application of SA was unable to induce further
resistance in these mutants (Gorman et al., 2020). This suggests
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FIGURE 4 | Exogenous treatment with PLVs induces resistance of maize to
C. graminicola. graph shows the mean area of lesions after inoculation of WT
and lox10-3 mutants in the B73 (A) and W438 (B) backgrounds after
treatment with a PLV mixture containing (2Z)-pentenol and 1-penten-3-ol
dissolved in triacetin, or control treatment (triacetin). Leaves were harvested
after 7 dpi. Student’s t-test was performed to determine statistical significance
of lesion areas between control and PLV-treated plants within each genotype
(*p < 0.005, ***p < 0.0001) (n = 6).

that SA-mediated resistance is already saturated in these mutants.
Taking this into account, it is likely that PLV-mediated induction
of resistance is not related to increases or decreases of SA or
JA-Ile, respectively.

PLV-Mediated Resistance to
C. graminicola Correlates With Increased
Synthesis of Oxylipin Hydroxides and α-
and γ-Ketols
In order to further investigate the potential biochemical
mechanisms underlying PLV-mediated resistance to
C. graminicola in maize, we used liquid chromatography mass
spectrometry to measure a variety of different phytohormones
and oxylipin metabolites in maize leaves infected with
C. graminicola after treatment with PLVs. As hypothesized,
the levels of JA-Ile and SA were not different between control and
PLV-treated plants (Supplementary Figure 2). However, several
9- and 13-LOX-derived α- and γ-ketols, produced in the allene
oxide synthase (AOS) branch of the LOX pathway, were higher
in the infected plants exposed to PLVs (Figure 5A). Most ketols
appeared to be elevated in the PLV-treated plants throughout
the duration of infection, but many of these ketols, including 9-
hydroxy-10-oxo-(12Z,15Z)-octadecadienoic acid (9,10-KODA),
9-hydroxy-12-oxo-(10E,15Z)-octadecadienoic acid (9,12-
KODA), 13-hydroxy-12-oxo-(9Z,15Z)-octadecadienoic acid
(13,12-KODA), and 13-hydroxy-12-oxo-(9Z)-octadecadienoic
acid (13,12-KOMA), were most significantly increased at 1 day
post inoculation (dpi). 9-hydroxy-12-oxo-(10E)-octadecenoic

acid (9,12-KOMA) appeared to be higher at most timepoints
in infected PLV-treated plants, but was not statistically higher,
though it was close at 1 dpi (p = 0.0697) and 6 dpi (p = 0.0805).
Only 13-hydroxy-10-oxo-(11E,15Z)-octadecadienoic acid
(13,10-KODA) did not come close to statistical difference at this
timepoint, but was significantly higher in PLV-treated plants at
4 dpi. Importantly, we have previously shown that exogenous
treatments with several of these ketols, including the α-ketol
9,10-KODA (Wang et al., 2020a), and the γ-ketols, 9,12-KOMA
and 9,12-KODA (Wang et al., 2020b), strongly increase maize
resistance to C. graminicola.

In addition to LOX-derived oxylipin ketols, several 13S-
HPOT-derived oxylipin hydroxytrienes and ketotrienes were
increased in PLV-treated plants throughout the course of
infection (Figure 5B). Other oxylipins were also increased
over the course of infection in plants exposed to PLVs. This
includes 9-hydroxy-(10E,12Z,15Z)-octadecatrienoic acid (9-
HOT) and 13-hydroxy-(9Z,11E,15Z)-octadecatrienoic acid
(13-HOT), produced in the reductase (RED) and peroxygenase
(POX) branches of the LOX pathway (Blée, 2002), and
9-oxo-(10E,12Z,15Z)-octadecatrienoic acid (9-KOT) and
13-oxo-(9Z,11E,15Z)-octadecatrienoic acid (13-KOT), which
are produced in the LOX (Vollenweider et al., 2000), RED,
and POX (Chechetkin et al., 2004) branches of the LOX
pathway. Collectively, the greatest differences in these oxylipins
between control and PLV-treated plants were observed at the
two latest timepoints, 4 and 6 dpi, though there were some
exceptions. 9-HOT was already induced by PLV treatment
prior to infection, 0 dpi, but was not statistically higher at
later timepoints, though it was close at 4 dpi (p = 0.0636) and
6 dpi (p = 0.0680). Additionally, while 13-KOT was statistically
higher in PLV-treated plants at 6 dpi, it was not at 4 dpi. Lastly,
9,10,13-trihydroxy-(11E,15Z)-octadecadienoic acid (9,10,13-
THOD) and 9,12,13-trihydroxy-(10E,15Z)-octadecadienoic
acid (9,12,13-THOD), two trihydroxydienes produced in the
epoxy alcohol synthase (EAS) branch of the LOX pathway (Blée,
2002), were also higher at 4 and 6 dpi in PLV-treated plants
(Figure 5C). Collectively, these results suggest that several
oxylipins, including α- and γ-ketols, ketotrienes, hydroxytrienes,
and trihydroxydienes, are involved in PLV-mediated defense
against C. graminicola in maize.

DISCUSSION

Pentyl leaf volatiles represent a widely emitted group of plant
volatiles, though little is known regarding their synthesis
or biological roles. Aspects of PLV metabolism had been
previously hypothesized (Gardner et al., 1996), but lacked
a full experimental examination of the pathway. In order
to determine the biosynthetic order of individual PLVs, we
exposed both maize and Arabidopsis to exogenous PLVs and
analyzed subsequent PLV emissions. Deuterated exogenous PLV
standard are not available, therefore, in order to demostrate
that PLVs detected in these experiments were from exogenous
PLV standards and not endogenous PLVs, we applied high
concentrations of exogenous PLVs and employed the use of
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FIGURE 5 | Pentyl leaf volatiles induce synthesis of oxylipin ketols, hydroxytrienes, ketotrienes, and trihydroxydienes in response to C. graminicola infection. The
graph shows the mean amount of various oxylipin ketols (A) and hydroxytrienes and ketotrienes (B) and trihydroxydienes (C) throughout C. graminicola infection of
B73 leaves after treatment with a PLV mixture [(2Z)-pentenol and 1-penten-3-ol] dissolved in triacetin, or control treatment (triacetin). Plants were exposed to
treatments for 2 h prior to inoculation and inoculated with C. graminicola spores 1 h after volatile exposure was halted. Oxylipins were analyzed after 1, 4, and 6 days
post inoculation (dpi), as well as before infection, 0 dpi. Student’s t-test was performed to determine statistical significance between control and PLV-treated plants
at each timepoint (p < 0.05) (n = 6).

PLV-deficient mutants in both maize, lox10-3 (He et al., 2020)
and Arabidopsis, Atlox2-1 (Mochizuki et al., 2016). Treatment
with (2Z)-pentenol and 1-penten-3-ol produced most other PLVs
(Tables 2–5), validating their predicted status as primary PLVs
(Salch et al., 1995). Importantly, no exogenous PLV treatments
resulted in the production of either of these volatiles, suggesting
that PLV-mediated signaling does not induce PLV biosynthesis.
This observation, in addition to the utilization of PLV-deficient
mutants, confirmed that PLVs detected after treatment are
derived from exogenous PLVs. The artificially high amount
of PLVs used in these experiments also made it necessary to
determine which PLVs detected in these experiments were a
result of plant absorption, metabolism, and re-emission, and
which were produced by non-enzymatic degradation unrelated
to plant tissues. By incubating PLVs in the absence of plants, we
identified several artificial PLVs (Table 1), including pentanoic
acid, but(en)yl formates, 3-methyl-2-pentanone, and excluded
them from further analyses. We also identified several PLVs that
were non-enzymatically synthesized, but have been previously
reported to be emitted by plant tissues (Shen et al., 2014;
Mochizuki et al., 2016; He et al., 2020). Though these PLVs are
able to be non-enzymatically generated, the impact of enzymatic
vs. non-enzymatic synthesis of these PLVs in planta is difficult to
discern, as PLVs are known to be sequestered in plant tissues by
binding to non-volatile metabolites (Sugimoto et al., 2015).

Treatment with all PLV alcohols, including (2Z)-pentenol,
(2E)-pentenol, 1-penten-3-ol, and pentanol, resulted in their
oxidation to their respective aldehyde and ketone derivatives
(Tables 2–5). Previously, generation of (2Z)-pentenal and

(2E)-pentenal from (2Z)-pentenol was reported to be catalyzed
by an ADH(s) (Gardner et al., 1996), however, we also
found that non-enzymatic generation plays a part in their
generation (Table 1). This was also true of pentanal and 3-
pentanone generated from pentanol and 3-pentanol, respectively.
Prior analysis of atmospheric decomposition by PLV alcohols
supports these findings (Orlando et al., 2001). Interestingly,
while conversion of (2E)-pentenol to (2E)-pentenal occurred, the
opposite reaction also occurred, suggesting that stoichiometry
dictates the observed reaction (Tables 2–5). This was also true of
pentanol and pentanal. Interestingly, various alkene PLVs were
reduced to alkanes. This was unexpected, as reduction of carbon-
carbon double bonds in GLVs, which are better characterized
and similarly structured (Figure 1), has not been reported. These
reactions seemed to be largely driven by spontaneous, non-
enzymatic decomposition of PLVs (Table 1), though this does
not rule out the possible existence of a PLV-specific reductase.
Similar to GLVs, PLV alcohols are able to be metabolized
into more chemically stable acetate conjugates (Tables 2–5),
likely through the activity of the same AT(s). Notably, the
relevant ATs are more active on PLV alkenes than alkanes, and
requires PLV substrate to possess a terminal hydroxyl group. In
response to 1-penten-3-ol and 3-pentanol, 1-penten-3-one and
3-pentanone appeared more readily synthesized by Arabidopsis
(Tables 2–5 and Figure 2). Conversely, maize seemed to produce
more PLV acetate conjugates in response to volatile treatments.
These observations were supported by observations of volatile
emissions between the two species (Figure 3). These observations
suggest selective pressure on PLV synthesis in plants for, as
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of yet, unknown purposes. When comparing the overall effect
of ZmLOX10 and AtLOX2 on PLV metabolism in maize and
Arabidopsis, respectively, the only notable difference was the
relative quantity of PLV acetates, with both mutants possessing
lesser proportions of these volatiles in response to treatment with
various PLV alcohols (Figure 2). Both of these LOX isoforms
are the major 13-oxylipin producers in their respective species,
and one or many of these oxylipins could directly or indirectly
affect expression or function of AT(s) relevant to GLV and PLV
synthesis. Based on these collective results, we have summarized
the biosynthetic pathway of PLVs in Figure 6.

GLV and PLV analysis of wounded and freeze-thawed leaves
of maize and Arabidopsis helped establish the biosynthetic order
of PLVs, as well as identify PLVs that are most likely relevant to
biological processes. We found that wounding of both species
resulted in emission of several GLVs and PLVs (Figure 3). We
were surprised to find GLV emissions in Arabidopsis Col-0,
which was reported to possess a natural mutation in its AtHPL1
gene that renders it non-functional (Duan et al., 2005), though
the quantities were very low. This analysis also confirmed that
ZmLOX10 is critical for GLV and PLV synthesis in both the
W438 and B73 backgrounds (Christensen et al., 2013; He et al.,
2020). We also identified a GLV, (2Z)-hexenal, and a PLV, (2Z)-
pentenyl acetate, that have not been previously reported to be
emitted by plants. Furthermore, these volatiles were emitted by
both Arabidopsis and maize. Emissions of (2Z)-pentenol and
(2E)-pentenal in both species strongly correlated, but not with
(2E)-pentenol. This indicates that (2E)-pentenol is likely derived
from (2E)-pentenal, which is in turn derived from (2Z)-pentenol,
rather than from (2Z)-pentenol directly. Several PLVs identified
in the PLV metabolism assays were not found in volatile analysis
of plant tissues, including (2E)-pentenyl acetate, pentyl acetate,
and 3-pentanol (Figure 3). This suggests that they are likely only
synthesized and emitted in trace quantities.

Another important finding from this study is that the widely
used method of volatile analyses by freeze-thawing tissues may
lead to consequential distortions of volatile profiles. These two
methods differ in the number of cells they disrupt, with freeze-
thawing disturbing all cells in the leaf tissue and wounding
disturbing a fewer number of cells. Volatile elicitation by
complete tissue disruption, including freeze-thawing, is often
used for analysis of volatiles, despite that it has been previously
reported to eliminate emissions of GLV alcohols, likely through
inactivation of enzymes involved in volatile metabolism, such as
ADH (Fall et al., 2001; Matsui et al., 2012) and CHR (Tanaka
et al., 2018). ADHs (Bate et al., 1998; Speirs et al., 1998) and
CHR (Tanaka et al., 2018), which utilize the cofactors NADH and
NADPH, respectively, are known to facilitate conversion of GLV
aldehydes to alcohols. Importantly, CHR was found to be more
important for metabolism of aldehydes in intact tissues (Tanaka
et al., 2018). ADHs are also reported to convert PLV alcohols to
aldehydes (Gardner et al., 1996), though very little is known about
these enzymes. Thus, we expected emission of PLV aldehydes
and GLV alcohols and acetate conjugates to be low in response
to freeze-thawing. This hypothesis was only partially supported,
with freeze-thawing resulting in significantly diminished levels
of GLV alcohols and acetates (Figure 3). Conversely, both GLV

and PLV aldehydes, as well as PLV alcohols, were increased in
response to freeze-thawing (Figure 3). This suggests that despite
ADHs having reported activity in both GLV and PLV metabolism,
and the structural similarity of these two groups, these reactions
are potentially catalyzed by different enzymes. GLV and PLV
alcohols did not share similar responses to freeze-thawing, but
emissions of acetate conjugates of both groups were significantly
reduced (Figure 3). This suggests that the AT(s) that acts on GLVs
may also metabolize PLVs. Additionally, since (2Z)-pentenyl
acetate is derived from (2Z)-pentenol, which was more highly
emitted after freeze-thawing, these results suggest that function
of both ADHs and ATs are negatively impacted by freezing.
The exact identity of the enzymes involved in PLV metabolism
remains unknown and should be further investigated. ADHs and
BAHD ATs constitute large families of enzymes, making it likely
that a wide range of volatiles are impacted by freeze-thawing.
Taking this into account, utilization of freeze-thawing to elicit
volatile emissions should be used with caution in the future.

Though GLVs and PLVs are often co-emitted, they also share
clear antagonism. This is evidenced by increases in PLV emission
in hpl mutants (Vancanneyt et al., 2001; Salas et al., 2006; Shen
et al., 2014). Since GLV and PLV synthesis requires substrate
from the same LOXs, this is not surprising. Previously, both
GLVs and PLVs have been implicated in susceptibility (Scala
et al., 2013) and resistance (Song et al., 2015) of Arabidopsis
to infection by P. syringae, respectively. In this study, we found
that PLVs induced greater resistance to C. graminicola in two
inbred backgrounds of maize (Figure 4). Furthermore, PLVs
were able to further enhance resistance in already-resistant
lox10-3 mutants in both inbred backgrounds. Previously, we
revealed that GLVs strongly promoted anthracnose disease
progression caused by this same pathogen through induction
of JA-Ile and suppression of SA (Gorman et al., 2020). Upon
investigation of the biochemical mechanisms underlying PLV-
mediated resistance, we did not find that JA-Ile or SA levels
were significantly altered in PLV-treated plants at any point
throughout infection (Supplementary Figure 2). Despite this,
it is still possible these phytohormones are involved in PLV-
mediated responses to other stresses. However, we did find
that a variety of LOX-derived oxylipins, including α- and
γ-ketols, ketotrienes, hydroxytrienes, and trihydroxydienes, were
increased in PLV-treated plants throughout the time course
of infection (Figure 5). Though there were slight differences,
most ketols were significantly increased at the earliest timepoint
after inoculation, 1 dpi (Figure 5A). Contrarily, ketotrienes,
hydroxytrienes, and trihydroxydienes were, overall, significantly
elevated in PLV-treated plants at later timepoints in the infection
process, 4 and 6 dpi (Figures 5B,C). We previously showed that
the α-ketol 9,10-KODA (Wang et al., 2020a), and the γ-ketols,
9,12-KOMA and 9,12-KODA (Wang et al., 2020b), act as potent
priming agents that induce resistance to C. graminicola. The
ketotriene, 9-KOT, has been shown to provide resistance to
pathogens (Vicente et al., 2012) as well as inhibit their in vitro
vegetative growth (Prost et al., 2005). The hydroxytriene, 9-HOT,
is involved in the regulation of defense gene expression (Vellosillo
et al., 2007). Importantly, C. graminicola switches from a phase
of biotrophic growth to necrotrophic growth approximately

Frontiers in Plant Science | www.frontiersin.org 12 August 2021 | Volume 12 | Article 719587

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-719587 August 24, 2021 Time: 12:59 # 13

Gorman et al. Synthesis and Function of PLVs

FIGURE 6 | Working model of the PLV pathway in maize (green gene names) and Arabidopsis (black gene names). The graph shows both C18:3-derived (A) and
C18:2-derived (B) PLV synthesis. Dashed arrows indicate hypothetical reactions. Alcohol dehydrogenase (ADH), acetyl transferase (AT), reductase (RED),
non-enzymatic (NE), isomerase (ISO). The names of biologically relevant PLVs are blue, the names of trace PLVs are black, and the names of 13-carbon compounds
(Gao et al., 2008) are orange. Adapted from Gardner et al. (1996).

48–72 h after inoculation, where it begins to form visible lesions
(Bergstrom and Nicholson, 1999; Mims and Vaillancourt, 2002;
Vargas et al., 2012). Collectively, these results indicate that
ketols may be effective at mediating resistance to this pathogen
during the biotrophic phase of infection by C. graminicola,
and ketotrienes, hydroxytrienes, and trihydroxydienes may be
involved in defense during its necrotrophic phase of growth.
Determining the specific roles of these oxylipins in maize-
C. graminicola interactions should be the subject of future
studies. These results support previous findings that PLVs induce
resistance to biotrophic and hemi-biotrophic pathogens (Song
and Ryu, 2013; Choi et al., 2014; Song et al., 2015), and provide
another example of their antagonism to GLVs.

Green leaf volatiles emissions are known to significantly
vary in composition and abundance across the plant kingdom
(Engelberth and Engelberth, 2020), and this is likely also the
case for PLV emissions because of their biosynthetic antagonism
with GLVs (Vancanneyt et al., 2001; Salas et al., 2006; Shen
et al., 2014). These differences in volatile emissions are likely
a result of selective pressures that each plant species has faced
throughout their respective evolutionary histories. For example,
GLVs mediate maize susceptibility to C. graminicola and other
hemi-biotrophic pathogens (Gorman et al., 2020; Wang et al.,
2020a), but GLVs are critical for defense against insect herbivory
(Rojas et al., 2018). Maize is one of the highest GLV-producing
monocots (Engelberth and Engelberth, 2020) and has historically
experienced significant insect herbivory, suggesting that GLV-
mediated susceptibility to C. graminicola could be an unintended
consequence of evolutionary response to insect pressure or
breeding efforts. Oppositely, there are some plants that emit
little-to-no GLVs (Engelberth and Engelberth, 2020), and are
therefore likely to have increased PLV emissions, which could be
a consequence of greater biotrophic or hemi-biotrophic pathogen
pressures. As of now, these hypotheses remain untested, and
should be the focus of future studies.

This work provides a solid framework of the PLV metabolic
pathway in plants that future studies can build upon to elucidate

the enzymes involved in PLV synthesis, and establish additional
biological effects of these volatiles. Importantly, this work
suggests that structure of the PLV pathway is conserved across
diverse plant species, but that the enzymes involved in PLV
metabolism can vary, even across different genetic backgrounds
of the same species. This suggests selective pressure on PLV
synthesis, which is supported by their ability to induce resistance
to pathogens and insects, including the economically costly maize
pathogen, C. graminicola. Ultimately, this work will facilitate
future studies into this widely emitted, yet enigmatic group of
oxylipin volatiles.
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