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1 | INTRODUCTION

Abstract

The timing of plant volatile emissions is important for a robust indirect defense
response. Green leaf volatiles (GLVs) are emitted by plants upon damage but can be
suppressed by herbivore-associated elicitors, and the abundance and composition of
GLVs vary depending on the timing of herbivore attack. We show that the GLV bio-
synthetic enzyme HYDROPEROXIDE LYASE (HPL) is transcriptionally regulated by
the circadian clock in Nicotiana attenuata. In accordance with transcript abundance
of NaHPL, GLV aldehyde pools in intact leaves peaked at night and at subjective night
under diurnal and continuous light conditions, respectively. Moreover, although the
basal abundance of NaHPL transcripts is upregulated by jasmonate (JA) signaling, JA
does not regulate the reduction of NaHPL transcript abundance in damaged leaves
by simulated herbivore treatment. Unexpectedly, the plant circadian clock was
strongly altered when Manduca sexta larvae fed on N. attenuata, and this was also
independent of JA signaling. Lastly, the temporal dynamics of NaHPL transcripts and
total GLV emissions were strongly altered by M. sexta larval feeding. Our data suggest
that the temporal dynamics of emitted GLV blends result from a combination of

damage, JA signaling, herbivore-associated elicitors, and the plant circadian clock.
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interaction

Plants emit complex blends of volatile compounds that can help them
adapt to biotic and abiotic stresses and provide information to mutu-
alists like pollinators and the natural enemies of herbivores (Dicke &
Baldwin, 2010; Hare, 2011). Plant volatile blends mainly consist of
terpenoids, aromatics, and fatty acid or branched chain amino acid
derivatives (Baldwin, 2010; Dudareva et al., 2013). Among the plant
volatiles, green leaf volatiles (GLVs) are a group of fatty acid-derived
compounds released immediately upon leaf damage from most plants,
and in large amounts (ug/g FM) (Ameye et al., 2017). GLVs can attract
predators or parasitoids of herbivores (Shiojiri, Ozawa, & Takabayashi,
2006; Halitschke, Stenberg, Kessler, Kessler, & Baldwin, 2008), have

antimicrobial activity (Croft, Juttner, & Slusarenko, 1993), and prime
plant defense (Engelberth, Alborn, Schmelz, & Tumlinson, 2004). GLVs
are formed from lipids through sequential enzymatic steps in the
oxylipin pathway by lipase, lipoxygenase (LOX), and hydroperoxide
lyase (HPL; Matsui, 2006). One of the most abundant GLVs, (2)-3-
hexenal, originates from the cleavage of a-linolenic acid through the
activity of HPL and is converted in part to (E)-2-hexenal. GLV
aldehydes can be further metabolized by alcohol dehydrogenase
(Fauconnier et al., 1999) or nicotinamide adenine dinucleotide
phosphate-dependent reductase (Matsui, Sugimoto, Mano, Ozawa, &
Takabayashi, 2012; Tanaka et al., 2018) and alcohol acyltransferase
(D'Auria, Pichersky, Schaub, Hansel, & Gershenzon, 2007) to the

alcohol and ester forms of GLVs.
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The HPL gene has been reported to be stress-inducible (Xiao et al.,
2012); mechanical wounding strongly increases transcript abundance
of HPL in many plant species (Bate et al., 1998; Gomi, Yamasaki, Yama-
moto, & Akimitsu, 2003; Howe, Lee, Itoh, Li, & DeRocher, 2000) and
methyl jasmonate treatment also increases the abundance of HPL
transcripts in Arabidopsis thaliana (Brassicales: Brassicaceae) (Matsui,
Wilkinson, Hiatt, Knauf, & Kajiwara, 1999). In contrast, herbivory sup-
presses wound-induced GLV emissions and transcript abundance of
HPL in Nicotiana attenuata (Solanales: Solanaceae; Gaquerel, Weinhold,
& Baldwin, 2009; Halitschke, Ziegler, Keindnen, & Baldwin, 2004). In
A. thaliana, HPL transcripts are suppressed by the attack from Pieris
rapae but not by Spodoptera exigua (Savchenko, Pearse, Ignatia, Karban,
& Dehesh, 2013). This suggests that herbivory-associated suppression
of HPL transcript accumulation can be herbivore-specific. Moreover,
the effect of herbivory on HPL transcript abundance is time-dependent:
herbivore-associated elicitor treatments increased the transcript abun-
dance of HPL after 15 min and then reduced their abundance until 2 hr
posttreatment in N. attenuata (Halitschke et al., 2004). A recent study
showed that stress-induced accumulation of HPL transcripts is
mediated by methylerythritol cyclodiphosphate (MEcPP) in A. thaliana,
an isoprenoid precursor from the methylerythritol 4-phosphate (MEP)
pathway (Xiao et al., 2012).

Emission of plant volatiles varies throughout the day and different
compounds may be emitted with different rhythms (Turlings & Erb,
2018). The timely emission of specific herbivore-induced plant vola-
tiles determines the effectiveness of the volatile-mediated indirect
defense response (Joo et al., 2018), oviposition behavior of conspe-
cific insects (de Moraes, Mescher, & Tumlinson, 2001), and larval feed-
ing activity (Shiojiri, Kishimoto, et al., 2006). Many factors can affect
the temporal dynamics of plant volatile emissions. For instance, light
differentially regulates two biosynthetic pathways of terpenoid vola-
tiles in plants: light activates the MEP pathway and suppresses the
mevalonic acid pathway (Paré & Tumlinson, 1997; Rodriguez-
Concepcidn 2006; Pokhilko et al. 2015). The plant circadian clock also
regulates the timing of plant volatile emissions (Dudareva, Klempien,
Muhlemann, Kaplan, Muhlemann, & Kaplan, 2013 et al. 2005; Fenske
et al. 2015; Yon et al., 2016).

The circadian clock is thought to help plants anticipate environ-
mental changes (Greenham & McClung, 2015). Plant metabolism is
synchronized with environmental rhythms (Wijnen & Young, 2006)
and around 30% of expressed genes in A. thaliana have circadian
patterns of transcript accumulation (Covington, Maloof, Straume,
Kay, & Harmer, 2008; Harmer et al., 2000; Pan et al., 2009). The circa-
dian clock can increase plant Darwinian fitness by coordinating plant
metabolism with environmental factors, for example, light/dark cycles
(Dodd et al., 2005), herbivory (Goodspeed, Chehab, Min-Venditti,
Braam, & Covington, 2012), and pollination (Atamian et al., 2016;
Yon, Kessler, Joo, Kim, & Baldwin, 2017). Emission of GLVs is strongly
affected by the timing of herbivore attack (Joo et al., 2018). The GLV
biosynthetic genes LOX and HPL also have diurnal rhythms of
transcript abundance in several plant species (Allmann, Halitschke,
Schuurink, & Baldwin, 2010; Christensen et al, 2015; Pan et al,
2009). Moreover, the transcript abundance of the HPL gene shows a
strong circadian rhythm in A. thaliana (Mizuno & Yamashino, 2008;
Pan et al., 2009).
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Although the costs and benefits of volatile emission for plants
depend on the specific volatile blends and the ecological context
(Allmann & Baldwin, 2010; Kessler, Diezel, Clark, Colquhoun, &
Baldwin, 2013; Webster, Gezan, Bruce, Hardie, & Pickett, 2010), the
timing of GLV production can be an important factor for plant indirect
defense. However, it is not known how temporal regulation interacts
with herbivore induction to affect GLV production, nor has the role
of the circadian clock in this process been investigated. Here, we used
the wild tobacco N. attenuata and its specialist herbivore Manduca
sexta to understand how plants shape the temporal dynamics of GLV
biosynthesis and release in response to herbivore attack. First, we
asked whether the circadian clock regulates GLV biosynthesis and
emission. We then analyzed the influence of herbivory on GLV biosyn-
thesis. Lastly, we investigated interactive effects of the circadian clock

and herbivory on GLV biosynthesis and emission.

2 | MATERIALS AND METHODS

2.1 | Plant materials

The wild-type (WT) inbred line of N. attenuata originated from a col-
lection at the DI ranch in southwestern Utah, United States of Amer-
ica, and was inbred for 31 generations. Homozygotes of the third
transformed generation of lines harboring a single RNAi construct
(inverted-repeat [ir] or antisense [as]), irLHY (LATE ELONGATED
HYPOCOTYL, line A-11-406-3), irAOC (ALLENE OXIDE CYCLASE,
line A-07-457-1), asHPL (line A-04-428), or irLOX2 (line A-04-52-2),
and the empty vector (EV) control (pSOL3, line A-04-266-3) were
used for experiments. All transgenic lines were previously described
and screened in comparison with multiple lines harboring the same
construct (Allmann et al., 2010; Halitschke et al., 2004; Kallenbach,
Bonaventure, Gilardoni, Wissgott, & Baldwin, 2012; Yon et al,,
2016); the EV line has been used and shown to have a WT phenotype
in volatile emission and other traits over several years of field studies,
for example (Kessler, Gase, & Baldwin, 2008; Schuman, Barthel, &
Baldwin, 2012). Petri dishes with 30 seeds were kept under
light/dark cycle (LD; 16 hr light and 8 hr dark) conditions in a growth
chamber (Percival, Perry, lowa, USA) for 10 days, and seedlings were
transferred to small pots (TEKU JP 3050 104 pots, P6ppelmann GmbH
& Co. KG, Lohne, Germany) with Klasmann plug soil (Klasmann-

Deilmann GmbH, Geesten, Germany) for further experiments.

2.2 | Herbivory treatments

To test for effects of herbivore-associated elicitors, plants were
treated with wounding and distilled water (W) or diluted regurgitant
(R) of M. sexta larvae as a standardized means to mimic feeding dam-
age by Manduca spp. (Halitschke, Schittko, Pohnert, Boland, &
Baldwin, 2001). Regurgitant was collected from 3rd-4th instar M. sexta
larvae feeding on WT or EV N. attenuata plants in the glasshouse. Pure
collected R was stored at -20°C under Ar and diluted 1:5 with distilled
water just prior to experiments. A similar, mature, nondamaged, and
nonsenescent rosette leaf was randomly chosen from each plant.

The chosen leaves were wounded using a pattern wheel six times over
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the adaxial side of the leaf parallel to the midrib. Water or diluted R
(20 pL) was rubbed into the leaf puncture wounds gently with gloved
fingers. Untreated plants were used as controls. To test the effects of
real herbivore attack, three neonates of M. sexta were placed on three
randomly chosen rosette leaves (1 neonate per leaf) on a plant in the
early elongation stage. After placing the neonate, dead neonates were

replaced by new neonates within 8 hr.

2.3 | Transcript abundance

To determine the rhythmicity of transcript abundance of NaHPL in EV
and irLHY plants under different light conditions, seedlings were
directly collected into a plastic 1.5 mL microcentrifuge tube and imme-
diately frozen in liquid nitrogen. To determine the rhythmicity of tran-
script abundance of NaHPL in response to treatments, leaves from
WT, EV, and irAOC plants were cut at the petiole and wrapped with
aluminum foil, and immediately frozen in liquid nitrogen. Before
analysis, all samples were ground to a fine powder with a mortar and
pestle and transferred to plastic 2 mL or 15 mL tubes for storage. Total
RNA was extracted from N. attenuata using the Plant RNeasy
Extraction kit (Qiagen, Valencia, CA) according to the manufacturer's
instructions. Total RNA was quantified using a NanoDrop (Thermo
Scientific, Wilmington, USA) and cDNA was synthesized from
500 ng of total RNA using RevertAid H Minus reverse transcriptase
(Fermentas) and oligo (dT) primer (Fermentas). gPCR was performed
in a Mx3005P PCR cycler (Stratagene) using the SYBR GREEN1 kit
(Eurogentec). The elongation factor gene EF1a was used as a standard
for normalization. The sequences of primers used for qPCR are
provided in Table S1.

2.4 | Measurement of GLV internal pools

To measure internal GLV pools, we grew EV, asHPL, rLOX2, and irRCA
plants in a glasshouse, and EV and irLHY plants in climate chambers in
order to permit exposure to different light conditions (diurnal and
continuous light). For glasshouse experiments, after 10 days on Petri
dishes under the conditions described under plant materials, seedlings
were transferred to small pots (TEKU JJP 3050 104 pots,
Poeppelmann GmbH & Co. KG, Lohne, Germany) in the glasshouse
and then to 1 L pots 10 days later with soil, fertilization, and watering
regimes as previously described. Plants were grown under the temper-
ature in the glasshouse ranged from ca. 35°C (highest daytime temper-
ature) to 19°C (lowest nighttime temperature), 16 hr light/8 hr dark
(supplemental lighting by Philips Sun-T Agro 400 W and 600 W
sodium lights), and 55% humidity (Krtgel, Lim, Gase, Halitschke, &
Baldwin, 2002; Schuman, Palmer-Young, Schmidt, Gershenzon, &
Baldwin, 2014). For different light treatment experiments, after
potting, plants were placed in one of two climate chambers (Johnson
Unitary Products, Norman, OK, USA; dimensions:
4.00 ml x 2.22 mw x 2.35 mh) either under a diurnal cycle (12 hr
light/12 hr dark or 16 hr light/8 hr dark) or continuous light at 65%
relative humidity and 26°C (Herden et al., 2016).

Silicone tubing (ST) preparation, volatile sampling, and sampling

Controls

analysis methods have been described in detail (Kallenbach et al.,

2014; Kallenbach, Veit, Eilers, & Schuman, 2015). Briefly, we prepared
5-mm long ST pieces (1 mm i.d. x 1.8 mm o.d.). Whole single rosette
leaves (+1) from EV, asHPL, irLOX2, and irLHY were harvested, imme-
diately frozen, and ground, and approximately 50 mg of the leaf mate-
rial (precise mass recorded) were aliquoted in glass vials. We directly
added 1 mL of saturated CaCl, solution to inhibit enzyme activity,
containing an internal standard (394 ng/mL of (2)-4-hexenol). We then
added an ST piece and incubated overnight (>8 hr) on a desktop shak-
ing incubator at 600 rpm at room termperature. STs were rinsed with
distilled water and dried under gentle nitrogen flow. STs were placed
into 85 mm thermal desorption (TD) sampler tubes (Supelco) and sam-
ples were analyzed using a TD-20 thermal desorption unit (Shimadzu)
connected to a quadrupole gas chromatography-mass spectrometry
(GC-MS)-QP2010Ultra (QP-5050, Shimadzu) equipped with a wax
column (ZB-WAX, 30 m long, 0.25 mm i.d., 0.25 um film thickness,
Zebron) as previously described (Kallenbach et al., 2014) but with
the following modifications. The time for thermal desorption was
increased to 15 min and nitrogen flow was increased to 100 mL to
eliminate residual water and any associated contamination. The col-
umn was held at 40°C for 5 min and then heated at 5°C/min to
115°C, then at 30°C/min to 230°C for cleaning. The MS program
ended at 18 min following the elution of all GLVs to avoid contami-
nants during the cleaning phase, and a few peaks identified as originat-
ing from STs and not coeluting with any GLVs were also removed
from the MS method. Peak areas were integrated and normalized by
fresh mass and internal standard ((2)-4-hexenol). For quantification,
an external standard curve was generated by spiking a dilution series
of a standard mixture into the same saturated CaCl, solution contain-
ing the (2)-4-hexenol internal standard, incubated with an ST as
described. Quantification was based on response curves of each

compound to the internal standard.

2.5 | Relative quantification of herbivore-induced
volatiles

To collect herbivore-induced volatiles from plants grown in the climate
chamber, we used a headspace sampling method with Poropak Q
filters containing 20 mg of Poropak Q by pushing air filtered via acti-
vated charcoal into the headspace around the plant, and pulling it over
the plant and through the filter as previously described (Kallenbach
et al., 2014; Schuman et al., 2014). Three neonates of M. sexta were
placed on three rosette leaves of each plant (Kim et al.,, 2011; the
source/sink transition leaf and the first two fully expanded leaves:
positions 0, +1, and + 2) and whole plant shoots were enclosed imme-
diately using a clean, transparent oven bag of equal volume (500 mL)
secured around the top edge of the pot below, and a filter and PTFE
air infuser above, installed so that the air infuser was below the filter.
The Poropak-Q filter was exchanged with a new filter every 4 hr over
2 days, starting immediately after treatment. Plant volatiles from the
filters were eluted using 250 uL dichloromethane (Sigma-Aldrich).
Eluents from all filters (1 pL) were analyzed using a liquid autosampler
(AOC-20i, Shimadzu) quadrupole GC-MS-
QP2010Ultra (QP-5050, Shimadzu) bearing a nonpolar ZB-5 column
(30 m long, 0.25 mm i.d., 0.25 um film thickness, Zebron; Kallenbach

connected to a
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et al., 2014). Peak areas were integrated and the concentration

calculated by comparison with an external standard curve.

2.6 | Statistical analyses

Statistical significance of differences in transcript abundance, internal
GLV pools, and GLV emissions were analyzed by one-way or two-
way analyses of variance (ANOVAs). Comparison between gene tran-
script abundance between treatments and genotypes were analyzed
by t tests. All statistical analyses were performed using the statistical
package R version 3.3.1 and R Studio version 0.99.903 (R studio,
2015). The significance level was set at a = 0.05.

3 | RESULTS

3.1 | The plant circadian clock regulates GLV
biosynthesis

To understand the role of the plant circadian clock in the biosynthe-
sis of GLVs, we first analyzed transcript abundance of the GLV bio-
synthetic genes NaLOX2 and NaHPL every 4 hr over 3 days under
light/dark cycles (black line, LD) and constant light conditions (grey
line, LL) in EV seedlings (Figure 1). Under LD, transcript abundance

(a) Lo:-
18:3 free- 1A NaLOX2 LL
fatty acids
0 .
NalLOXx?2
LD
-1
18:3
13-O0H

24 48 72

Relative transcript abundance
(normalized by EF , log, transformed)

(b) LD: #+
1, NaHPL [ ;%
GLV
aldehydes 0 LL
GLV -1
alcohols LD
l -2- F_:_:_:lkf
GLV esters 24 48 72

FIGURE 1 Transcript accumulation of the GLV biosynthetic gene
NaHPL has a circadian rhythm. Mean (+SE, n = 3) relative transcript
abundance of NaLOX2 and NaHPL were measured in Nicotiana
attenuata EV seedlings grown under 12 hr light/12 hr dark conditions
(LD) or under constant light conditions (LL). Seedlings were harvested
every 4 hr for 3 days. (a, b) Transcripts of GLV-biosynthetic genes
oscillated diurnally in abundance, but only NaHPL oscillation was
maintained under constant light conditions. Values are shown on a
logo scale. ***p < 0.001; p-values from one-way analysis of variance
analyses with time as the factor. White bars, light period in LD; black
bars, dark period in LD; GLV, green leaf volatile; LOX2, lipooxygenase 2;
HPL, hydroperoxide lyase; EV, empty vector-containing plant

WILEY- ‘ \ Ut
of both genes peaked around dusk. Under LL, the phase of NaLOX2
transcripts was not consistent from day to day, with peaking times
on the first, second, and third days at Zeitgeber time (ZT) 20, ZT
36, and ZT 60, respectively (Figure 1a). Moreover, the transcript
levels of NaLOX2 gradually increased under LL, so that the maxi-
mum transcript level on the 3rd day was more than four-folds
higher than the maximum on the 1st day (Figure 1a). However,
NaHPL transcript abundance exhibited a robust circadian rhythm
which peaked consistently at subjective dusk under LD and LL
(Figure 1b).

Although GLV emissions did not show circadian rhythms (Figure
S1), herbivore-induced GLV emissions differed at different times of
day (Joo et al., 2018). Volatile emission is a complex process, so there
can be discrepancies between production and emission (Widhalm,
Jaini, Morgan, & Dudareva, 2015). Particularly, GLVs are rapidly
released, likely from storage and rapidly activated by herbivory
(Matsui et al., 2012; Paré & Tumlinson, 1997). Therefore, we further
hypothesized that plants have internal pools of GLVs in intact leaves
that are regulated by known GLV biosynthetic genes, NaLOX2 and
NaHPL (Allmann et al., 2010; Halitschke et al., 2004). To detect the
internal GLV pools in EV-containing plants, NaHPL-silenced plants
(asHPL), and NalLOX2-silenced plants (irLOX2), we used a sorbent
extraction method employing ST in mature leaf tissue from rosette-
stage plants grown under LD. The internal GLV pools in intact leaves
comprise fewer compounds than the set of GLVs emitted from
damaged leaves; GLV aldehydes are the most abundant GLVs in
intact leaf tissue, whereas GLV aldehydes and alcohols are similarly
abundant in emissions from damaged leaves (Allmann & Baldwin,
2010). The total amount of internal GLV pools was mainly synthe-
sized by NaLOX2, but time-dependent accumulation was dependent
on NaHPL (Figure 2). Moreover, reducing the photosynthetic rate
by silencing RuBisCo activase (NaRCA) affected the total production
of GLVs, but only at the peaking time, ZT 16 (Mitra & Baldwin,
2008; Figure S2).

Because the internal GLV pools had time-dependent accumula-
tions, we further tested the role of the plant circadian clock in the bio-
synthesis of GLVs in N. attenuata. We analyzed transcript abundance
of NaHPL and internal GLV pools under LD and LL in EV and
NalLHY-silenced plants (irLHY), which have early-phased rhythms in
NaCAB2 transcripts and floral behaviors in N. attenuata (Joo, Fragoso,
Yon, Baldwin, & Kim, 2017; Yon et al., 2016). Under LD, the transcript
levels of NaHPL in irLHY plants still had a ca. 24 hr period, but the
peaking time was shifted approximately 4 hr earlier than it was in EV
plants. Under LL, silencing LHY shortened the period of circadian
rhythms in NaHPL expression and reduced the amplitudes of NaHPL
transcript abundance (Figure 3a). In EV plants, the initial product
of HPL activity, (Z)-3-hexenal, and its isomer (E)-2-hexenal, had a
strong time-dependent accumulation under LD and maintained their
time-dependent accumulation under LL (Figure 3b-c). Pools of (2)-3-
hexenal and (E)-2-hexenal in irLHY plants exhibited an earlier
peaking time than in EV plants under LD: between ZT 4 and ZT 8
(Figure 3b-c). Furthermore, GLV pools in irLHY plants exhibited two
peaking times per day under LL: in the middle of day, and in the middle
of the night, following the transcript abundance of NaHPL in irLHY
plants (Figure 3).
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FIGURE 2 NaHPL and NaLOX2 are involved in the time-dependent
accumulation of green leaf volatiles (GLVs). (a) Mean (+ SE, n = 6)
accumulation of (Z)-3-hexenal and (E)-2-hexenal were measured in EV,
asHPL, and irLOX2 leaf tissue at different times; ZT 8, ZT 12, and ZT
16. (b) Mean (£+SE, n = 6) accumulation of total internal GLV pools
were measured in EV, asHPL, and irLOX2 plants at different times; ZT
8, ZT 12, and ZT 16; note differences in scale. Asterisks indicate
significant differences within genotype over time (*, p < 0.05; **,

p < 0.01; ***, p < 0.001). EV, empty vector control; asHPL, antisense
NaHPL; irLHY, inverted repeat NaLHY

3.2 | JA and herbivore-associated elicitors
differentially affect the transcript abundance of NaHPL

To examine whether the diurnal rhythm of NaHPL transcript expres-
sion is related with jasmonates (JA), we measured the transcript
abundance of NaHPL every 4 hr over 1 day in EV plants, and plants
rendered deficient in NaAOC by RNAi (irAOC), which are severely
impaired in JA biosynthesis (Kallenbach et al., 2012). Transcript abun-
dance of NaHPL were reduced in irAOC plants, but they retained their
time-dependent accumulation (Figure 4a). These data suggest that JA
is required for the basal accumulation of HPL transcripts but did not
play a significant role in the rhythmicity of HPL expression.

M. sexta R elicitation increases the JA levels in attacked and sys-
temic leaves, and JA induces HPL transcripts. Therefore, we expected

that herbivory elicitation would increase the levels of HPL transcripts

in leaves. To examine this hypothesis, we treated leaves on EV and
irAOC plants with wounding and water (W + W) or wounding and
M. sexta R (W + R) at ZT 8, ZT 14, and ZT 0, and collected leaves at
ZT 15 and ZT 1, which are the peak and the trough times of NaHPL
transcript accumulation (Figure 4b). Although the basal abundance of
NaHPL transcripts was JA-dependent, NaHPL transcript levels were
significantly reduced by W + R treatments both in EV and irAOC
treated leaves at the peaking time (Figures 4b and S3). These data sug-
gest that the suppression of NaHPL transcript abundance is herbivore
elicitor-specific. Lastly, we analyzed the effects of W + R treatments
on transcript abundance of NaHPL in local and systemic leaves every
4 hr over 1 day after treatments. NaHPL transcript levels were induced
by the W + R treatment in systemic leaves, but effects of simulated
herbivory were highly time-dependent in local leaves; transcripts were
suppressed during the first 5 hr after treatment, but induced at later
time periods (Figure 4c).

3.3 | The circadian clock is altered by herbivory

We next tested whether the circadian clock and herbivory indepen-
dently affect GLV biosynthesis. We collected leaf samples from WT
plants every 4 hr over 2 days during M. sexta feeding (Figure 5a) and
measured the transcript abundance of two circadian clock compo-
nents: NaLHY and TIMING OF CAB EXPRESSION 1 (NaTOC1) in dam-
aged leaves from these plants versus equivalent samples from
undamaged control plants. Interestingly, the rhythmicity of both
NaLHY and NaTOC1 were significantly altered by the herbivory treat-
ment (Figure 5b), but the correlation coefficients between NaLHY and
NaTOC1 were not significantly decreased (Figure S4). The rhythmicity
of a marker gene (CHLOROPHYLL A/B BINDING PROTEIN 2, CAB2) for
endogenous rhythmicity was also significantly changed by M. sexta
feeding treatments (Figure S4).

To investigate the specific role of herbivore-associated elicitors, we
measured the transcript abundance of the circadian clock genes in sam-
ples from the experiment shown in Figure 4b. Basal transcript abun-
dance of NaTOC1 did not differ between EV and irAOC plants, and
W + R treatments significantly suppressed NaTOC1 in both EV and
irAOC plants (Figure 6a-b). In contrast, NaLHY transcript abundance
was not affected by either W + W or W + R treatments (Figure S5).

3.4 | Interactive effects between the circadian clock
and herbivory on GLV biosynthesis and emissions

To investigate the time-dependent effects of herbivory on NaHPL
transcripts, we analyzed the transcript abundance of NaHPL in samples
from the experiment shown in Figure 5a. The abundance of NaHPL
transcripts had a strong diurnal rhythm and peaked between ZT12
and ZT16 in control plants (Figure 7a, Fs 35 = 12.13, P < 0.001,
one-way ANOVA). In response to herbivore attack, the transcript
abundance of NaHPL increased after 8 hr of herbivore damage and
remained elevated in the second day compared with NaHPL tran-
scripts in control plants (Figure 7a, F4, 714 = 75.70748, P < 0.001,
two-way ANOVA), but NaHPL transcripts in treated samples also

maintained their temporal dynamics (Figure 7a, Fs 35 = 1.51,
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P =0.02, one-way ANOVA). Moreover, the time-dependent accumula-
tion of NaHPL transcripts was also significantly affected by the herbiv-
ory treatment (Figure 7a, F11, 71 = 14.04, P < 0.001, interaction term in
a two-way ANOVA).

We further measured the emission of GLVs in leaves subjected to
feeding by M. sexta larvae. Although plants produced a significant
amount of GLVs immediately after the start of herbivore feeding,
plants continued to emit GLVs as the herbivores fed (Herden et al.,
2016). Consistent with the transcript abundance of NaHPL, the rhyth-
micity of GLV emissions also exhibited two peaks in a day (Figure 7b).
These data suggest that herbivore-induced alterations in transcript
abundance of NaHPL could also affect the temporal dynamics of
GLV emission.

4 | DISCUSSION

4.1 | Circadian regulation of GLV biosynthesis

Although GLVs increase plant indirect defense in many different plant
species (Ameye et al., 2017), Geocoris spp., which are natural enemies
of M. sexta, are day-active carnivores and they can distinguish day-
specific from night-specific GLV blends of N. attenuata (Joo et al.,
2018). Although total amounts of GLVs peaked at dusk, circadian

FIGURE 6 Feeding-induced changes in clock gene transcript
abundance depend on elicitors in herbivore R, but not JA signaling

regulation of GLV biosynthesis may also be important for qualitative
diurnal changes mediating attractiveness of GLV blends to Geocoris
spp. But Geocoris are not the only biotic player that responds to GLV
emissions; GLVs also can be induced by fungal infection and GLVs
suppress fungal growth (Kishimoto, Matsui, Ozawa, & Takabayashi,
2008). GLV aldehydes in particular have strong activity against many
different fungal pathogens (de Lucca, Carter-Wientjes, Boué, &
Bhatnagar, 2011; Hamilton-Kemp, McCracken, Loughrin, Andersen,
& Hildebrand, 1992). Moreover, virulence of the fungal plant pathogen
Botytis cinerea is higher at dusk than at dawn, and this is regulated by
the fungal circadian clock (Hevia, Canessa, Miiller-Esparza, &
Larrondo, 2015). Airborne fungal spores are furthermore most
abundant at dusk (Abdel Hameed, Khoder, Yuosra, Osman, & Ghanem,
2009; Abdel-Fattah, Moubasher, & Swelim, 1981). Therefore, the
peaking of GLV aldehydes near dusk may function to suppress
fungal colonization at dusk, but this hypothesis should be tested in

future studies.

4.2 | Effects of herbivory on GLV biosynthesis

Herbivory treatments suppress photosynthetic activity, and herbivore-
associated elicitors can exacerbate this suppression (Meza-Canales,
Meldau, Zavala, & Baldwin, 2017; Nabity, Zavala, & DeLucia, 2009).
Thus, herbivore-associated elicitor-specific signals may decrease
NaHPL transcript levels through the level of MEcPP (Xiao et al,
2012; Figures 4b and S2). Different responses of NaHPL transcript
abundance in local and systemic leaves could be caused by opposing

regulation by JA, which is systemically induced in response to
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herbivore feeding and herbivore-associated elicitors, which remain at
the locally damaged leaf (Figure 4c). Because GLVs can act as feeding
stimulants (Halitschke et al., 2004), these differential responses may
be adaptive for the plant, by limiting feeding activity of herbivores
on attacked leaves whereas, for example, attracting natural enemies
of herbivores by increasing biosynthesis of GLVs in systemic
unattacked leaves.

Crosstalk between JA and GLV signaling has been suggested
because HPL and allene oxide synthase (AOS) share the same LOX-
derived substrates, and the two cascades exhibit some competition
for common substrate (Halitschke et al., 2004). However, silencing of
JAZh, an inhibitor of JA-regulated gene transcription, increases emis-
sion of GLVs in response to simulated herbivore attack (Oh, Baldwin,
& Galis, 2012). Also, JA levels did not change in irLOX2 plants
(Allmann et al., 2010). These data suggest that metabolic competition
between JA and GLVs may be buffered by limits on 13-hydroperoxide
accumulation (Bonaventure, Schuck, & Baldwin, 2011). Moreover, dif-
ferences in subcellular localization could avoid direct substrate compe-
tition between HPL and AQOS (Froehlich, Itoh, & Howe, 2001). Here,

we also have shown that the basal transcript abundance of NaHPL is
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JA-dependent. Therefore, the crosstalk between JA and GLVs could

be regulated by both the metabolic competition and direct gene

regulation.

4.3 | Herbivore-associated alterations in the
circadian clock

Previous studies have shown that the synchronization between plant
inducible secondary metabolites (glucosinolates) and herbivore activity
increase plant resistance (Goodspeed et al., 2012, 2013). As inducible
resistant metabolites, glucosinolates require myrosinase to be acti-
vated (Howe & Jander, 2008). However, it is still unknown whether
plant-inducible defense metabolites can synchronize with herbivore
activity under continuous herbivore attack. The robustness of the
plant circadian clock is often decreased by environmental factors, for
example, cold temperatures (Bieniawska et al., 2008) and fungal infec-
tion (Wang et al., 2011). Exogenous treatment with phytohormones
also affects the robustness of the plant circadian rhythm in different
ways (Hanano et al., 2006). Because herbivory profoundly affects
levels of phytohormones, and the transcriptome and metabolome in
plants (Halitschke et al., 2001, 2003; Gaquerel et al., 2009), herbivory
could affect the plant circadian clock as well. Here, we showed that
the rhythm of circadian clock gene transcripts was altered during her-
bivore feeding, and that circadian-regulated metabolites became
arrhythmic (Figure 7). Therefore, current assumptions (Goodspeed
et al, 2012, 2013) about the role of the plant circadian clock in
defense may need to be reconsidered. Taken together, these results
suggest the role of the circadian clock in herbivore resistance can be
separated into three phases: before herbivore attack, early phase after
herbivore attack, and late phase after herbivore attack. Control by the
circadian clock may be greater during the first phase, and its impor-
tance may decrease with time during a plant-herbivore interaction
because herbivore attack strongly disrupts the clock system and acti-
vates induced responses. In other words, the clock seems to be
hijacked by herbivore-associated elicitors during the activation of
induced defenses. It remains an open question how predictable these
dynamics are during herbivore feeding; for example, does this overlay
of induced responses on circadian basal processes result in predictable
dynamics, or does the interaction of two signaling systems generate
stochasticity, resulting in something closer to the “moving target”
model of plant defense (Adler & Karban, 1994)?

In summary, here, we show that GLV biosynthesis has a circadian
rhythm. Although the biosynthesis of GLVs is JA-dependent,
herbivore-associated elicitors suppress GLV biosynthesis. Moreover,
the rhythm of circadian gene transcripts was strongly altered by her-
bivory treatment in a manner that was also both elicitor-specific and
time-dependent. We found that both the circadian clock and herbiv-
ory interactively regulated GLV biosynthesis. This study provides evi-
dence of how a plant shapes the temporal dynamics of GLVs by

integrating both circadian control, and induced responses to herbivory.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Treatment with wounding and herbivore regurgitant elic-
ited transient GLV emission, but the emissions of GLVs do not have
a circadian rhythm (A, B) WT plants were grown in a climate chamber
to identify circadian-regulated GLVs. WT plants were entrained in LD

and transferred to LL. Plant volatiles were sampled by Poropak-Q

filters and analyzed by TD-GC-MS (mean + SE, n = 5 for LD and 6
for LL samples). The release of wounding plus regurgitant elicited
GLVs did not have circadian rhythm. Indicated p-values are from
one-way ANOVA analyses. Black arrow represents time of W + R elic-
itation. IS, internal standard; LD, light/dark cycle (12 h day/12 h night);
LL, free-running condition (24 h day)

Figure S2. NaHPL is involved in time-dependent accumulation of total
GLVs. (A) Mean (= SE, n = 6) accumulation of the total internal GLV
pools were measured in EV and irRCA plants at different times; ZT8,
ZT12, and ZT16.Asterisks indicate significant differences between
treatments within time points (*, P < 0.05; **, P < 0.01; ***,
P < 0.001). RCA, RUBISCO ACTIVASE

Figure S3. Basal transcript abundance of NaHPL is JA-dependent but
the wound-induced reductions are time-dependent. Leaves (n = 3,
1/plant) were wounded with a pattern wheel and diluted regurgitant
from M. sexta larvae (W + R) or water (mock, W + W) was immediately
applied to the resulting puncture wounds; control leaves remained
undamaged (Con). Mean transcript abundances (+ SE) of NaHPL were
measured in the morning (ZT1) in EV and irAOC plants.

Figure S4. Transcriptional rhythm of CAB2 and correlations between
two circadian clock components are altered by M. sexta feeding. (A)
Three M. sexta neonates were placed per plant (1/leaf) and leaf sam-
ples were collected every 4 h for 2 days. Mean (+ SE, n = 3) transcript
abundances of NaCAB2 were measured in leaves attacked by M. sexta
larvae. (B) A regression analysis conducted between NalHY and
NaTOC1 with and without herbivory. Asterisks indicate significant dif-
ferences between treatments within time points (*, P < 0.05; **,
P < 0.01; ***, P < 0.001). P-values were produced by an ANCOVA test
and t tests.

Figure S5. Elicitations did not change the transcript abundances of
NaLHY. Mean transcript abundance (+ SE) of NaLHY was measured
at ZT15 and ZT1 in plants subjected to W + W and W + R elicitation
treatments. Different letters indicate significant differences among
leaves determined by two-way ANOVAs with post-hoc tests with
Tukey correction.

Table S1. Primers used in this study
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