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Insect damage to plants is known to up-regulate defense and
down-regulate growth processes. While there are frequent reports
about up-regulation of defense signaling and production of defense
metabolites in response to herbivory, much less is understood about
the mechanisms by which growth and carbon assimilation are
down-regulated. Here we demonstrate that insect herbivory
down-regulates the 2-C-methyl-D-erythritol-4-phosphate (MEP)
pathway in Arabidopsis (Arabidopsis thaliana), a pathway making
primarily metabolites for use in photosynthesis. Simulated feeding
by the generalist herbivore Spodoptera littoralis suppressed flux
through the MEP pathway and decreased steady-state levels of
the intermediate 1-deoxy-D-xylulose 5-phosphate (DXP). Simulated
herbivory also increased reactive oxygen species content which
caused the conversion of p-carotene to p-cyclocitral (3CC). This vol-
atile oxidation product affected the MEP pathway by directly inhib-
iting DXP synthase (DXS), the rate-controlling enzyme of the MEP
pathway in Arabidopsis and inducing plant resistance against S.
littoralis. pCC inhibited both DXS transcript accumulation and DXS
activity. Molecular models suggested that pCC binds to DXS at the
binding site for the thymine pyrophosphate cofactor and blocks
catalysis, which was confirmed by direct assays of pCC with the
purified DXS protein in vitro. Another intermediate of the MEP
pathway, 2-C-methyl-D-erythritol-2, 4-cyclodiphosphate, which is
known to stimulate salicylate defense signaling, showed greater
accumulation and enhanced export out of the plastid in response
to simulated herbivory. Together, our work implicates CC as a
signal of herbivore damage in Arabidopsis that increases defense
and decreases flux through the MEP pathway, a pathway involved
in growth and carbon assimilation.
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hen attacked by herbivores, plants react by generating a

variety of chemical signals to induce local and systemic
defense responses. Early signaling events include Ca®* influx which
depolarizes the cell membrane (1). Elevated Ca** together with
calcium-dependent protein kinases increases the accumulation of
membrane-localized NADPH oxidase and leads to the accumula-
tion of reactive oxygen species (ROS) (2). ROS include peroxides,
superoxides, hydroxyl radicals, and singlet oxygen ('0,). 'O, is a
strong electrophile that oxidizes different classes of biomolecules
(3). Chloroplasts initiate ROS-dependent stress signaling in re-
sponse to herbivory (4). In addition, to counteract the detrimental
effects of ROS, chloroplasts synthesize antioxidant compounds,
including carotenoids, which quench 'O, (5).

Carotenoids belong to the isoprenoids, a major family of plant
metabolites involved in defense and defense signaling. All isoprenoids
are derived from isopentenyl diphosphate (IDP) and its isomer
dimethylallyl diphosphate (DMADP). Plants use two independent
pathways to synthesize IDP and DMADP. One is the cytosolic
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mevalonate (MVA) pathway that produces IDP and DMADP
from acetyl-CoA and provides precursors for sterols, dolichols,
sesquiterpenes, and other cytosolic and peroxisomal isoprenoids
(6). The remaining plant isoprenoids are synthesized through the
plastid-localized 2-C-methyl-D-erythritol-4-phosphate (MEP)
pathway that synthesizes IDP and DMADP from pyruvate and
D-glyceraldehyde 3-phosphate (GAP) (7-9). The MVA pathway
is the only source of isoprenoid precursors in animal cells (10), and
so its metabolic regulation is generally well understood, partly due
to its close relationship with coronary disease in humans (11). In
contrast, our understanding of the regulation of the MEP pathway
is still in an early stage.

The MEP pathway (Fig. 1) starts with the synthesis of 1-
deoxy-D-xylulose-5-phosphate (DXP), catalyzed by 1-deoxy-D-xylulose
S-phosphate synthase (DXS) from pyruvate and GAP (12, 13). In the
second step, DXP reductoisomerase (DXR) transforms DXP to
MEP. A cytidyl moiety is then introduced to C4 of MEP via
a diphosphate bridge to produce 4-(cytidine 5’-diphospho)-2-
C-methyl-D-erythritol (CDP-ME), catalyzed by MEP-cytidyltransferase
(MCT). In the next step, CDP-ME is phosphorylated at C2
by CDP-ME kinase (CMK) to form CDP-ME-2-phosphate
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Fig. 1. Outline of the MEP pathway. Intermediates: GAP, D-glyceraldehyde
3-phosphate; PEP, phosphoenol pyruvate; DXP, 1-deoxy-D-xylulose 5-phosphate;
MEP, 2-C-methyl-D-erythritol 4-phosphate; MEcDP, 2-C-methyl-D-erythritol-2,4-
cyclodiphosphate; HMIBDP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate;
IDP, isopentyl diphosphate; and DMADP, dimethylallyl diphosphate. En-
zymes: DXS, 1-deoxy-D-xylulose 5-phosphate synthase; DXR, 1-deoxy-D-xylulose
5-phosphate reductase; MCT, MEP cytidylyltransferase; CMK, 4-(cytidine-5'-
diphospho)-2-C-methyl-D-erythritol kinase; MDS, MEcDP synthase; HDS,
HMBDP synthase; and HDR, HMBDP reductase.

(CDP-MEP). CDP-MEP is then cyclized after loss of the cytidyl
group to produce 2-C-methyl-D-erythritol-2, 4-cyclodiphosphate
(MEcDP), an intermediate that may accumulate under certain
conditions (14, 15). MEcDP, which is formed by MEcDP synthase
(MDS), is then reduced in the final steps to IDP and DMADP by
1-hydroxy-2-methyl-(E)-butenyl 4-diphosphate (HMBDP) syn-
thase (HDS) and HMBDP reductase (HDR). The first step of the
pathway, DXS, was recently demonstrated to control the flux
through the MEP pathway in photosynthetic tissue of Arabidopsis
thaliana (Arabidopsis) under normal growth conditions despite the
fact that its product is sometimes present at a higher steady-state
concentration than other measured pathway intermediates (16).
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The A. thaliana genome encodes one DXS gene (A4g15560)
and two DXS-like genes of currently unknown function (DXLI,
At3g21500 and DXL2, At5g11380) (17). The accumulation of
isoprenoid end products such as carotenoids, chlorophyll a and
b, and tocopherols is sensitive to up- or down-regulation of DXS
activity in transgenic plants (18). DXS may be regulated at the
transcriptional level (19-21) or through substrate supply (22).
Negative feedback can also occur via IDP or DMADP which
compete with thiamine pyrophosphate (TPP) at the DXS co-
factor binding site (23). This feedback mechanism has been de-
scribed in poplar but is presumably less important in Arabidopsis
because IDP and DMADP levels are much lower (16).

The MEP pathway is influenced by different forms of abiotic
stress such as high light (24, 25), drought (22), and mechanical
wounding (26, 27). However, little is known about the effect of
herbivory although Spodoptera exigua feeding was shown to
suppress DXS and DXR transcript accumulation in Medicago
truncatula (28). After being wounded or attacked by herbivores,
plants typically induce defense responses by activating the jas-
monic acid (JA) signaling network (29, 30). However, defense
signals can also arise from the MEP pathway. For example, the
intermediate MEcDP is a well-known retrograde (plastid-to-
nucleus) signal that elicits specific stress genes (31) and other
defense responses (32, 33), but its precise role is still not well
understood. The volatile isoprene, an immediate product of the
MEP pathway, deters the larvae of tobacco hornworm from
feeding on tobacco plants (34), perhaps also as a defense signal.

Herbivory not only signals the induction of plant antiherbivore
defenses but also causes the suppression of photosynthetic ac-
tivity beyond what might be predicted from the loss of photo-
synthetically active surface area (35). Such suppression may act
to divert resources from growth or photosynthesis to defense at a
time when the plant is threatened by further herbivory (36).
However, very little is known about the mobile signals that or-
chestrate resource allocation after herbivory. Recently, short-
chain volatiles have been reported as modulators of defense
responses. For example, (E)-2-hexenal and (E)-2-butenal induce
the expression of abiotic stress—related transcription factors in
Arabidopsis, while the apocarotenoid a-ionone induces resistance
against thrips in tomato and Arabidopsis (37, 38). Here we report
the activity of the cyclic apocarotenoid p-cyclocitral (BCC), an
oxidation product of p-carotene elevated after herbivory, in-
creasing defense and suppressing flux through the MEP pathway
in Arabidopsis. BCC inhibits the MEP pathway by down-regulating
DXS activity through decreasing DXS transcript levels and direct
inhibition of the enzyme. In addition, herbivory causes increased
abundance and export of another MEP pathway intermediate,
MEcDP, which also stimulates defense.

Results

Wounding and Simulated Herbivory Decrease Photosynthetic Rate.
Herbivory has been reported to specifically reduce the levels of
gene transcripts and proteins related to photosynthesis (39, 40).
Therefore, we began by determining the effect of herbivory on
photosynthetic rate in Arabidopsis using the leaves of rosette
stage wild-type plants that were wounded with a fabric pattern
wheel and treated with Spodoptera littoralis oral secretion or with
sterile water as a control (Fig. 24). Photosynthetic rates were
measured under three conditions: in wounded plants treated
with oral secretions (simulated herbivory), in wounded plants
treated with water (mechanical wounding), and in untreated
plants. Simulated herbivory was used instead of actual herbivores
to reduce variation and allow for a precise experimental time
course (41). Photosynthetic rates in simulated herbivory— and
mechanical wounding-treated plants declined significantly over a
three-hour period compared with those of untreated plants,
declining by 17 to 20% (simulated herbivory) and 20 to 25%
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Fig. 2. Mechanical wounding and simulated herbivory decrease photosynthetic rate, DXP pool size, steady-state flux through the MEP pathway, transcript
abundance, and activity of DXP synthase, the first step of the MEP pathway in A. thaliana. (A) Experimental outline showing treatments, timing of measurements,
and tissue harvest. Rosette stage A. thaliana plants were wounded with a fabric pattern wheel and treated with either sterile water or oral secretion from S.
littoralis larvae. Photosynthetic rate was measured 30, 60, 90, and 180 min after the experiment began. A second set of similarly treated plants were harvested 30,
60, 90, and 180 min after the experiment began for DXP pool measurement; untreated plants served as controls. For '>CO, labeling, plants were treated as
mentioned previously; 60 min after treatment, plants were labeled with 3co, for 6, 12, 15, 18, 21, 24, 30, 36, or 42 min. Gray arrows signify harvesting time. Black
arrows signify photosynthesis and DXP pool measurement times. (B) Mechanical wounding (wounding) and simulated herbivory (herbivory) significantly reduced
photosynthetic rate compared to untreated plants (two-way ANOVA; Freatmentxtime) 2,30 = 2.619; P = 0.026). (C) Mechanical wounding and simulated herbivory
reduced DXP pool size as compared to untreated plants (two-way ANOVA; Fiireatmentxtime) 2,30 = 5.23; P = 0.0003). (D) MEP pathway flux was significantly reduced
after simulated herbivory as compared to untreated or mechanically wounded plants (one-way ANOVA; F,,; = 6.733; P = 0.004; Pyntreated vs. w+os = 0.003).
Transcript level of DXS and enzyme activity of DXS were measured 30, 60, 90, and 180 min after mechanical wounding and simulated herbivory treatment on
rosette stage A. thaliana plants and compared with that of untreated plants. (E) DXS transcript accumulation (two-way ANOVA; Fiyreatmentxtime) 2,30 = 3.32; P =
0.007) and (F) DXS activity (two-way ANOVA,; Freatmentxtime) 2,30 = 3.58; P = 0.004) were significantly reduced at various time points after treatment as compared to
untreated plants. Values are means (+ SE) of three replicate plants for DXP pool size, DXS relative transcript abundance, and DXS activity and 10 replicate plants
for flux measurement. Significant differences were determined by two-way ANOVA with Tukey’s post hoc test in B, C, E, and F and by one-way ANOVA with
Tukey’s post hoc test in D. In two-way ANOVA, since the interaction terms were found to be significant, we refrained from interpreting the main effects of
treatment and time. Asterisks indicate significant differences between different treatments at the same time interval at *P < 0.05; **P < 0.005; ***P < 0.0005.

(mechanical wounding) (Fig. 2B). No change was observed in
untreated plants over this same period.

Wounding and Simulated Herbivory Reduce DXP Concentration by
Decreasing the Enzyme Activity of DXP Synthase and Expression of
the Corresponding Gene. DXP, the first intermediate of the MEP
pathway, is formed from the condensation of pyruvate and GAP
(Fig. 1), both derived from the Calvin-Benson cycle of photosynthetic
carbon fixation. Therefore, impaired photosynthesis could directly
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affect the MEP pathway by restricting the supply of substrates. As
mechanical damage and simulated herbivory reduced photosyn-
thetic rate, we measured DXP accumulation 30, 60, 90, and
180 min after simulated herbivory or mechanical wounding to
determine the impact of these treatments on the MEP pathway.
We found that the DXP level decreased significantly 60 min after
mechanical wounding but already at 30 min after simulated her-
bivory (Fig. 2C). The maximum decrease in DXP levels was 61%
and 65% after 180 min for mechanical wounding- and simulated
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herbivory-treated plants, respectively. Therefore, these treat-
ments significantly affect the pool size of the first MEP pathway
intermediate.

To determine the impact of mechanical wounding and simu-
lated herbivory on the entire MEP pathway, flux measurements
were made one hour after treatment. Flux was measured by la-
beling with '*CO, since freshly fixed carbon enters the MEP
pathway, which is localized in the chloroplast, within minutes in
Arabidopsis leaves (16). Calculations were performed using *C
incorporation into DXP and the DXP pool size as previously
described (16). Although DXP and MEcDP were both readily
detected as single intermediates, MEcDP was also shown to
occur in a pool outside the pathway; hence, DXP was selected
for flux measurements. After simulated herbivory, flux through
the MEP pathway decreased by 24.3%, but no significant change
was elicited by mechanical wounding (Fig. 2D). These results
suggest that mechanical damage alone was sufficient to reduce
photosynthetic rate and DXP pool size but insufficient to reduce
flux through MEP pathway, whereas herbivore damage caused
declines in all three parameters.

Herbivory triggers large-scale transcriptional changes in many
plant species (42, 43), and so we investigated whether transcrip-
tional regulation might be responsible for the metabolic effects we
observed. Decreases of nearly 50% in DXS transcripts were found
for the mechanical wounding and simulated herbivory treatments
relative to unwounded controls 3 h following treatment, and sig-
nificant decreases were evident at even earlier time points for the
simulated herbivory treatment (Fig. 2E). DXS enzyme activity
measured in crude plant extracts was reduced 60 min after simu-
lated herbivory and remained decreased throughout all time points
measured for this treatment (Fig. 2F). Mechanical wounding de-
creased DXS activity significantly only at the 3 h time point.

Wounding and Simulated Herbivory Increase MEcDP Levels and Cause
Export from the Chloroplast. Abiotic stress has been reported to
alter both MEP pathway flux and the concentration of pathway
intermediates (25, 31), but the effect of herbivory on these meta-
bolic parameters is unknown. Following the results for DXP, we
examined the effect of simulated herbivory on the pool sizes of several
other MEP pathway intermediates: MEcDP and IDP+DMADP
(measured together) at 0, 30, 60, 90, and 180 min following the above-
described treatments or controls. The MEcDP concentration was
30 to 40% higher after 90 and 180 min in both mechanical
wounding— and simulated herbivory—treated plants as compared
to control plants (Fig. 34), while the level of IDP+DMADP was
largely unaltered after these treatments except for a slight re-
duction 90 min after simulated herbivory (Fig. 3B).

Previous studies suggest that levels of MEcDP could build up
under oxidative stress because the downstream enzyme, HDS, is
highly sensitive to ROS. The accumulated MEcDP is then
exported from the site of the MEP pathway in the plastid to other
parts of the cell resulting in the formation of a substantial
extraplastidic pool of MEcDP under certain stress conditions (14,
16, 31). In our study, the plastidic MEcDP pool decreased in size
by 18.3% and 26.2% after mechanical wounding and simulated
herbivory, respectively, as compared to untreated plants (Fig. 3 4,
Inset). However, the extraplastidic MEcDP pool of mechanically
wounded- and simulated herbivory-treated plants contained 7.5
and 9.0 pmol - mg™" dry weight MEcDP, respectively, representing
16.1% and 20.5% of the total cellular MEcDP in these treatments.
No MEcDP was detected outside the plastid in untreated plants;
given the similar effects of mechanical wounding and herbivory,
we infer that wounding alone is sufficient to cause MEcDP export
out of the chloroplast.

Mechanical Wounding and Simulated Herbivory Reduce Certain
Isoprenoid End Products. The most abundant end products of
the MEP pathway are the pigments involved in photosynthesis,
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Fig. 3. Mechanical wounding and simulated herbivory increase MEcDP pool
size and change its subcellular distribution, while the IDP+DMADP pool is not
affected. (A) In rosette stage A. thaliana plants, mechanical wounding and
simulated herbivory substantially increased MECDP levels (two-way ANOVA;
Fitreatmentx time) 2,30 = 10.54; P = 6.769 x 1077) and (Inset) increased occurrence in
the cytosol versus the chloroplast as compared to untreated plants. Since the
interaction terms were found to be significant, we refrained from interpreting
the main effects of treatment and time. (B) The level of IDP+DMADP slightly
decreased 90 min after simulated herbivory but was unchanged at other times
and after mechanical wounding (two-way ANOVA; Fyreatmentxtime) 2,30 = 1.4; P =
0.2). As two-way ANOVA showed no significant interaction between treatment
and time, we proceeded to interpret the main effects and found that there were
significant effects of treatment (F; 30 = 5.94, Pyeatment = 0.006) but no significant
effects of time (F530 = 0.775, Pyme = 0.55). Values are means (+ SE) of three
replicate plants for MEcDP and IDP+DMADP pool measurement and 10 replicate
plants for chloroplast and cytosol MEcDP measurement. Asterisks indicate a
significant difference at P < 0.05 by two-way ANOVA with Tukey’s post hoc
test. Wounding, mechanical wounding; herbivory, simulated herbivory; and
ND, not detected.

namely, chlorophylls (side chain is MEP pathway derived) and
carotenoids. The latter are C4 primary metabolites with im-
portant roles in photosynthesis and protection against ROS.
Carotenoids are participants in the xanthophyll cycle that protect
plant cells against oxidative stress generated by factors such as an
excess of light, drought, chilling, heat, senescence, or salinity
stress. Therefore, we measured the levels of the xanthophyll
cycle carotenoids neoxanthin and violaxanthin as well as their
precursor p-carotene and chlorophyll ¢ and b after mechanical
wounding and simulated herbivory treatments (Fig. 44). Carot-
enoid levels generally declined after both mechanical wounding
and simulated herbivory as compared to untreated plants over
the three-hour time course measured (Fig. 4 B-D). For example,
the level of p-carotene dropped by up to 40% (Fig. 4B) while the
levels of violaxanthin and neoxanthin displayed decreases of 30
to 80% depending on time point and treatment (Fig. 4 C and D).
Meanwhile, the levels of chlorophyll @ and b decreased by 15 to
30%. (Fig. 4 E and F).

Reduced f-Carotene Levels in Plants Treated by Mechanical Wounding
and Simulated Herbivory Are the Result of Its Oxidation. The levels
of B-carotene declined ~40% within 30 min after wounding and
simulated herbivory, but it seemed unlikely that these decreases
were a result of reductions in the supply of MEP pathway pre-
cursors since pathway flux declined at a substantially lower rate
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over the same time span. In many plant species, wounding and
herbivory elicit the production of ROS (44-49), such as 10, which
are known to cause rapid oxidation of carotenoids (50) (Fig. 54).
We therefore hypothesized that simulated herbivory—induced 'O,
had degraded p-carotene and analyzed the accumulation of total
ROS using the 2’ 7'-dichlorofluorescein diacetate (DCFDA) as-
say. We found ROS accumulation to be ~3-fold higher in
mechanically wounded plants after 90 min in comparison to un-
treated controls (Fig. 5B) Consistent with our other observations,
simulated herbivory produced similar effects, but on a shorter time
scale (i.e., a threefold increase in ROS after 60 min) (Fig. 5B).

Since the DCFDA assay does not identify the ROS involved,
we monitored the transcript accumulation of 10, and H,0, marker
genes. We saw a two- to threefold induction of two 'O, responsive
genes, Touch (AtTCH4) and BON2-associated protein 1(AtBAPI),
at early time points (Fig. 5 E and F). Expression of a marker gene
encoding an H,O,-responsive gene (AtHPI: At1g49150) (50)
remained unaltered at the early time points (Fig. 5E), increasing
only 180 min after mechanical wounding and simulated herbivory
treatment (Fig. 5G). These marker gene measurements imply that
decreases in p-carotene levels following wounding treatments may
be the result of 'O,-catalyzed breakdown.

Oxidation of B-Carotene Forms the Volatile Product CC. Oxidative
cleavage of B-carotene produces a number of volatile apocar-
otenoids such as pCC and B-ionone (BI) (50). BCC has previously
been proposed as a stress signal that is sensitive to 1O,. Based on
the apparent generation of 'O, and observed reduction in
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B-carotene under our treatment regimes, we next measured pCC
and Bl accumulation. In control plants, CC and pI were de-
tected at ~60 and 50 ng - g~' FW, respectively. However, pCC
rose by about 25% 90 min after mechanical wounding and in-
creased nearly 35% in only 30 min after simulated herbivory
(Fig. 5F), maintaining this level through the last time point
sampled. On the other hand, the level of I increased by 63% at
60 min after mechanical wounding but remained unaltered after
simulated herbivory treatments as compared to untreated plants
(Fig. 5G). Based on these observations, we further investigated
the role of BCC in regulating flux through the MEP pathway.

BCC Application Decreases Pool Sizes of MEP Pathway Intermediates
In Vivo. The possibility that CC down-regulates the MEP path-
way (Fig. 64), it was evaluated by measuring the concentration of
MEP pathway metabolites in plants treated with different con-
centrations of pCC or water as a control. We found that DXP,
MEcDP, and IDP+DMADP levels all decreased following ex-
ogenous BCC treatment (Fig. 6 B-D). We found a negative
correlation between the level of MEP pathway intermediates and
BCC concentration. When BCC treatment was coupled with
mechanical wounding or simulated herbivory, decreases in DXP
were even more pronounced than plants treated with fCC alone
(SI Appendix, Fig. S1). This additive effect indicates that
herbivory-induced pCC negatively regulates the accumulation of
DXP. MEcDP concentration decreased significantly when pCC
treatment was coupled with simulated herbivory treatment, but
there was no effect when BCC was coupled with mechanical
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Fig. 4. Mechanical wounding and simulated herbivory decrease accumulation of photosynthetic pigments. (A) Outline of metabolic connections between
MEP pathway and photosynthetic pigment biosynthesis. Rosette stage A. thaliana plants were wounded with a fabric pattern wheel and treated with either
sterile water or oral secretion from S. littoralis larvae and the accumulation of pigments were measured. The levels of carotenoids, namely, (B) p-carotene
(two-way ANOVA; Ftreatmentx time) 2,30 = 4.2; P =0.001), (C) violaxanthin (two-way ANOVA; Fiireatmentxtime) 2,30 = 1.6; P = 0.14; Fireatment) 2,30 = 23.99; P =5.978 x
1077; Faime) 2,30 = 33.15; P = 1.293 x 107'°), (D) neoxanthin (two-way ANOVA; Fyreatmentxtime) 2,30 = 7-46; P = 1.939 x 107>), and () chlorophyll a (two-way
ANOVA; Fireatmentxtime) 2,30 = 5.74; P = 0.0001) were significantly decreased after mechanical wounding (wounding) and simulated herbivory (herbivory)
treatments. However, the levels of (F) chlorophyll b were decreased only 90 min after mechanical wounding (wounding) (two-way ANOVA; Fireatmentxtime) 2,30 = 1.2;
P =0.29; Fireatment) 2,30 = 15.7; P=2.158 x 107%; Ftime) 2,30 = 3.42; P=0.02). Values are means (+ SE) of three replicate plants. Asterisks indicate significant difference at

P < 0.05 by two-way ANOVA with Tukey's post hoc test.
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Fig. 5. Mechanical wounding and simulated herbivory oxidize f-carotene and increase the accumulation of BCC. (A) Schematic showing the hypothesis that
10, arising from mechanical wounding (wounding) and simulated herbivory (herbivory) imposed by mechanical wounding and addition of insect oral se-
cretion causes oxidation of p-carotene and accumulation of BCC. (B) Accumulation of ROS was increased 90 min after mechanical wounding and 60 min after
simulated herbivory (two-way ANOVA; Freatmentxtime) 2,30 = 16.54; P = 4.641 x 1079). Of the two major p-carotene oxidation products measured, the level of
(C) pCC was significantly increased after simulated herbivory (two-way ANOVA; Fireatmentxtime) 2,30 = 2.46; P = 0.03), but the level of (D) pl was not (two-way ANOVA;
Fitreatmentxtime) 2,30 = 4.02; P = 0.002). The expression of the 0, marker genes (E) AtTCH4 (two-way ANOVA; Fitreatmentxtime) 2,30 = 4.36; P = 0.001) and (F) AtBAP1 were
significantly increased 30 min after mechanical wounding and simulated herbivory treatment (two-way ANOVA; Fireatmentxtime) 2,30 = 26.82; P = 1.213 x107");
however, the expression of the H,O, marker gene (G) AtHP1 was significantly increased only 180 min after mechanical wounding and simulated herbivory treatment
(two-way ANOVA; Fireatmentxtime) 2,30 = 5.7; P = 0.0001). Values are means (+ SE) of three replicate plants for fluorescence and gene expression analysis and four

replicate plants for CC and fI analysis. Asterisks indicate a significant difference at P < 0.05 by two-way ANOVA with Tukey’s post hoc test.

wounding or applied to untreated plants (SI Appendix, Fig. S1).
From these observations, we conclude that PCC application
specifically targets DXP levels.

BCC Down-Regulates DXS Transcript Accumulation and DXS Enzyme
Activity. To reveal how BCC causes a drop in DXP pool size, we
examined the transcript accumulation and activity of DXS as
well as the overall photosynthetic rate in A. thaliana plants after
exposure to CC. We found that the photosynthetic rate remained
unaltered in PCC-treated plants as compared to water controls
(Fig. 6E). However, the transcript level of DXS and activity of
DXS were reduced in pCC-treated plants as compared to controls
(Fig. 6 F and G), decreasing by up to 25% and 50%, respectively.

In the MEP pathway, MDS is responsible for the formation of
MECcDP, and then HDS and HDR sequentially convert MEcDP
to IDP and DMADP (17). Transcriptional control of the genes
encoding these downstream pathway enzymes could produce the
observed changes in MEcDP and IDP+DMADP levels in pCC-

6 0of 12 | PNAS
https:/doi.org/10.1073/pnas.2008747118

treated plants. However, transcript levels of MDS, HDS, and
HDR did not change upon pCC application (Fig. 6 H-J) as DXS did
in a manner commensurate with the metabolite changes (Fig. 6 B—
D). Therefore, we conclude that BCC treatment specifically affects
the levels of DXS transcripts and not the transcripts for genes
encoding these downstream steps of the MEP pathway.

BCC Inhibits DXS Catalysis Based on the Results of Molecular
Modeling and In Vitro Assays. The potential for direct interaction
between DXS and BCC was first evaluated by molecular mod-
eling. While no three-dimensional structure is available for A.
thaliana DXS, the crystal structure of Escherichia coli DXS has
been published with a resolution of 2.4 A. Using the E. coli
structure, we predicted the molecular structure of A. thaliana
DXS dimer (4fDXS) by homology modeling and inserted the
cofactor TPP into the catalytic site (SI Appendix, Fig. S3). The
possible binding sites of TPP were first evaluated computation-
ally (SI Appendix, Fig. S44). The alpha triangle algorithm was
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Fig. 6. BCC down-regulates the MEP pathway by decreasing accumulation of pathway intermediates, DXS transcript levels, and DXS enzyme activity. (A)
Schematic showing the hypothesis that pCC negatively regulates the accumulation of MEP pathway intermediates by reducing DXS activity but not pho-
tosynthesis. Depicted are the major intermediates of the MEP pathway, DXP, MEcDP, and IDP/DMADP, and the genes encoding the enzymes that produce
them, DXS, MDS, HDS, and HDR. Arrows qualitatively depict the flux conditions following treatment of BCC (gray) or water (black) as a control. Thicknesses of
the arrows are proportional to the level of metabolites. pCC treatment significantly decreased the accumulation of the intermediates (B) DXP (one-way
ANOVA,; F3,1> = 5.548; P=0.012), (C) MECDP (one-way ANOVA; F3,1> = 9.312; P = 0.00185), and (D) IDP/DMADP (Welch's ANOVA; F3¢.362 = 38.74; P < 0.00017).
BCC treatment did not alter (E) photosynthetic rate [measured under photosynthetically active radiation (PAR) 500 pmol - m™2 . s~", CO, concentration
400 pmol - mol™", and 21 °C] (Student's t test; ¢z = 0.401; P = 0.701). However, BCC treatment significantly reduced both (F) DXS expression (one-way ANOVA;
F3g=17.32; P=0.0007) and (G) DXS activity (one-way ANOVA; F3 1, = 29.02; P < 0.0001). Levels of (H) MDS (one-way ANOVA; F3 1, = 36.24; P < 0.0001), (/) HDS
(one-way ANOVA,; F3 1, = 20.25; P < 0.0001), and (J) HDR (one-way ANOVA; F3 1, = 6.927; P = 0.0058) transcripts were not correlated with the accumulation
patterns of MEcDP and IDP/DMADP. Values are means (+ SE) of three replicate plants for F and four replicate plants for all others. Asterisks indicate significant

difference at P < 0.05 by one-way ANOVA or Welch’s test with Tukey’s post hoc test.

used in the blind docking process for the placement of 200
interacting conformations (500,000 iterations for each pose)
using London dG as the scoring function. The best 100 confor-
mations were refined and their binding energy estimated by the
GBVI/WSA dG scoring function. The resulting conformations
could be grouped into eight main clusters (SI Appendix, Fig.
S4B). As expected, conformations with highest affinity values
corresponded to binding pockets abutting the dimer interface
which would not be accessible to the ligand and so were not
further considered. The interactions between the AtDXS-TPP
complex and ligands (the substrate pyruvate and the potential
inhibitor BCC) were then predicted by flexible protein docking.
Both ligands were able to interact in the active site previously
described, abutting the TPP cofactor, and stabilize their pose by
hydrogen bonding with Tyr472. However, the molecular stability
of the protein-ligand complexes, as assessed by molecular dy-
namics simulations, suggested a difference between pyruvate and
BCC interaction. PCC altered the local stabilization of Tyr368
leading to the blockage of the active site (Fig. 7 A-D).

To confirm the results of the molecular modeling, the inhibition
of BCC was tested directly in an in vitro assay with heterologously
expressed and purified A. thaliana DXS. The K, values for pyruvate
(158 uM), GAP (27 uM), and TPP (35 pM) were determined first
and these concentrations used for the pCC inhibition assays. The
activity of DXS was then found to be reduced by increasing con-
centrations of pCC (Fig. 7E). When mean values were fitted with
the equation y = a*x"b with a = 100; +95% confidence interval,
the specific BCC concentration that was able to inhibit the activity
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of DXS by 50% (ICsp) was found to be 8 mM. This result suggests
that pCC negatively regulates the activity of DXS in planta.

BCC Treatment Reduces Herbivore Performance due to the Induction
of Metabolic Changes in the Plant. Since we showed that BCC is
induced by herbivory, we examined whether this metabolite
might play a role in defense signaling. The performance of a
generalist herbivore, S. littoralis, was evaluated on PCC-treated
plants. S. littoralis larvae gained 23% less mass when fed on pCC-
treated plants as compared with larvae fed on water-treated
controls (Fig. 84). To test if BCC had any direct toxicity or
deterrency toward S. littoralis larvae, larvae were tested on an
artificial diet containing different concentrations of CC. How-
ever, S. littoralis larvae gained similar mass when fed on an arti-
ficial diet containing BCC or a solvent control (Fig. 8B), suggesting
that decreased larval performance may be attributed to pCC-
mediated metabolic changes in plants rather than the effects of
direct ingestion of pCC.

Discussion

Herbivore attack can trigger both the activation of plant defense
pathways and the suppression of pathways involved in growth
and photosynthesis. In this study, we demonstrated that an
herbivore-triggered signal in Arabidopsis, pCC, inhibits the first
enzyme of the MEP pathway whose major products are photo-
synthetic pigments. The resulting decrease in flux through the
MEP pathway is accompanied by a rise in plant defense capacity
against a chewing herbivore (Fig. 9).
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Herbivory Decreases Flux through the Arabidopsis MEP Pathway via
Down-Regulating DXS, the First Step of the Pathway. After herbivory,
plants are known to increase their commitment to antiherbivore
defenses and decrease their investment in other processes such as
growth and carbon assimilation. For example, after being fed upon
by Manduca sexta larvae, Nicotiana attenuata down-regulates the
formation of proteins needed for photosynthesis (40). Herbivory
on Arabidopsis by different herbivorous insects decreased the ex-
pression of genes encoding many types of proteins involved in
photosynthesis and other pathways of primary metabolism (51).
The MEP pathway in Arabidopsis could also be down-regulated
upon herbivory as its major end products are carotenoids and the
prenyl side chain of chlorophylls. Formation of photosynthetic
pigments might be expected to have a lower priority than defense
after herbivore attack.

To study the effect of herbivory on the MEP pathway in
Arabidopsis, we first established that simulated herbivory de-
creased the rate of photosynthesis which occurred within 30 min
(Fig. 2). Next, we determined the flux through MEP pathway and
levels of DXP, the first intermediate of the pathway. Flux through
MEP pathway can be altered by a number of methods including
the use of inhibitors that target the first two enzymes of the
pathway, namely, DXS and DXR (52). However, the use of in-
hibitors may interfere with assessing the effects of herbivory. La-
beling with stable isotopes allows precise flux measurements,
especially when label is supplied to an intact plant from a natural
substrate like CO, rather than from sugars administered to de-
tached organs (53). Since the products of the MEP pathway form
so many different products, determining accurate flux rates would
be simplified by measuring the incorporation of isotopic label not
into pathway products but into intermediates which can be sen-
sitively measured using liquid chromatography-mass spectrometry
(LC-MS) (54). Measuring >CO, incorporation into pathway in-
termediates, herbivory was found to decrease flux through the

B

MEP pathway by 25% within 1 h with the first enzyme, DXS,
showing reduced activity after herbivory and the corresponding gene
having lower transcript levels (Fig. 2). After mechanical damage, on
the other hand, DXS activity was not significantly reduced by the
same time point. This suggests that though wounding alone can in-
fluence DXS, herbivory enhances the effect. Previous studies on the
MEP pathway in Arabidopsis had shown by metabolic control analysis
that DXS had a very high flux control coefficient under normal
growth conditions (16), so down-regulation by herbivory would be
expected to decrease pathway flux. However, the greater reduction in
the DXP pool (44%) as compared to the decrease in flux (25%)
suggests that the levels of DXP are decreased by more than just a
decline in pathway flux and DXS activity. A reduction in the DXP
pool may also result from a decline in substrate supply to the pathway
as a result of the decrease in photosynthetic rate.

Herbivore-Induced Signaling of the MEP Pathway Proceeds via a
Carotenoid Oxidation Product, CC. The first hint about the mech-
anism by which herbivory could inhibit the MEP pathway was the
observed decline in a MEP pathway product, f-carotene (Fig. 4B),
accompanied by an increase in its oxidation product pCC (Fig. 5C).
Therefore, we hypothesized that herbivore-induced accumulation of
BCC is due to degradation of p-carotene. Found in many plant
species (55), BCC has been shown to serve as an internal signal
regulating root growth (56) and helping plants adjust to oxidative
stress caused by high light conditions (50). As a product of carot-
enoid oxidation by "O,, it seems a good indicator of oxidative stress
and could have many different effects. In fact, BCC treatment of
Arabidopsis had been demonstrated to reprogram expression of
more than 1,000 genes (50). Hence, we examined the effect of BCC
on the MEP pathway. Exposure of Arabidopsis to pCC led to de-
creases in MEP pathway intermediate pools (Fig. 6). The decrease
in DXP accumulation was ascribed to a decrease in DXS transcript
accumulation and DXS enzyme activity. Meanwhile, the expression
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Fig. 7. BCC binds to DXS at the TPP binding site and inhibits DXS activity. (A) Binding mechanism predicted by molecular docking suggests that BCC competes
for the pyruvate binding site of DXS. (B) The mechanism of action of BCC could involve a modification of TPP interactions such that the cofactor no longer
binds to Asp218 but is instead pushed toward Ser189. (C) rmsd of TPP during molecular dynamics simulations conducted alone, complexed with pyruvate, or
complexed with BCC. Higher rmsd values indicate a major change in TPP position. (D) The main effect of BCC on DXS structure results in the modification of
Tyr368, which blocks the entrance to the active site. (E) BCC inhibits DXS activity in an in vitro assay with heterologously expressed and purified DXS. The ICso
value for BCC is 8 mM. Data points are means (+ SE) of three technical replicates.
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Fig. 8. S. littoralis larval growth was reduced when fed on pCC-treated
plants but not on pCC-supplemented artificial diet. S. littoralis larval mass
gain was recorded after 12 d of feeding on BCC-treated A. thaliana
(~40-d-old) plants and on artificial diet containing pCC dissolved in MeOH.
Larvae fed on water-treated plants or on artificial diet that was supple-
mented with MeOH were used as respective controls. (A) Mass of S. littoralis
larvae was significantly decreased when fed on CC-treated plants as com-
pared to water-treated plants (Student’s t test; tpg= 3.634; P = 0.0011).
Values are means (+ SE) of 15 replicate larvae. The asterisk indicates sig-
nificant difference at P < 0.05 by Student'’s t test. (B) S. littoralis larval mass
did not change significantly when fed on artificial diet supplemented with
BCC as compared to control (one-way ANOVA; F;,4 = 0.296; P = 0.828).
Values are means (+ SE) of seven replicate larvae.

of other MEP pathway genes and the rate of photosynthesis were
not affected by pCC treatment. The impact of BCC on DXS fits with
this apocarotenoid serving as a signal in herbivore-triggered down-
regulation of the MEP pathway, which we had already demon-
strated to occur via suppression of DXS activity. Down-regulation
of the MEP pathway over the longer term should eventually reduce
the supply of carotenoids and chlorophylls.

The formation of pCC from p-carotene could result from the
action of carotenoid cleavage dioxygenases (CCD) which cleave
B-carotene at specific sites and produce pCC and other apocar-
otenoids (57-59). However, previous work (50) had shown that
the level of BCC did not change in Arabidopsis CCD mutants.
Photo-oxidation of p-carotene triggered by 'O, is known to
produce PCC as well as other carotenoids such as pI and dihy-
droactinidiolide (50). We measured a sharp rise in ROS following
herbivory, which could be attributed to 'O, by changes in marker
gene expression (Fig. 5). Thus 'O,-driven oxidation of p-carotene
is likely responsible for the BCC produced on herbivory.

BCC Inhibits DXS Catalysis by Binding at the TPP-Binding Site. As an
o,p-unsaturated aldehyde, BCC might act directly on DXS or
another protein because of its reactivity with nucleophilic moieties
such as sulthydryl groups. Electrophiles with a,f-unsaturated car-
bonyl functions have been previously implicated in plant signaling
processes (60, 61). Meanwhile, DXS itself is a protein known to be
influenced by the binding of small ligands. In addition to the TPP
cofactor, the MEP intermediates IDP and DMADP are reported
to be feedback inhibitors of DXS in Populus trichocarpa (23). IDP
and DMADP both compete with TPP for binding to the protein.
Given that BCC application reduces DXS activity in planta, we
applied a molecular modeling approach to determine if this vol-
atile apocarotenoid might also bind to DXS. Interaction mecha-
nisms predicted by molecular docking for pyruvate and pCC
suggested a similar binding site for both molecules involving in-
teraction with Tyr472. This residue corresponds to Tyr392 in
E.coli DXS (identified through sequence alignment), which has
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been described as a key residue for pyruvate binding (62). Mo-
lecular dynamics simulations revealed that fCC also had an im-
pact on the position of TPP as well as on the structure of the DXS
protein. During the simulation, BCC pushed TPP against the back
pocket away from its catalytic position to Ser189 where the py-
ruvate binds (Fig. 7B), a change not observed when simulating the
DXS-TPP complex without BCC or in presence of pyruvate
(Fig. 7C). As a consequence of the new position of TPP, the ge-
ometry of some residues was modified, particularly Tyr368, so that
the entrance to the active site became blocked. Our results
therefore indicated that CC can bind to DXS and inhibit its ca-
talysis by blocking the active site (Fig. 74). Hence pCC has the
potential to profoundly influence DXS activity in planta and so
could regulate MEP pathway flux.

Further evidence for fCC inhibition of DXS came from direct
assay with the heterologously expressed A. thaliana protein in
which BCC reduced DXS activity in vitro. While the ICs, value of
8 mM indicates only weak inhibition, the lipophilicity and vola-
tility of this ligand make it hard to judge its effective concen-
tration in experimental settings. To investigate the in vivo role of
BCC in more detail, future efforts should be made to measure
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Fig. 9. Scheme for down-regulation of MEP pathway in Arabidopsis by in-
sect herbivory. Herbivory decreases photosynthesis and triggers an increase
in ROS accumulation. Among ROS, 'O, then converts -carotene to the ox-
idation product BCC. In turn, BCC inhibits DXS, the rate-controlling enzyme
of the MEP pathway. In previous work, the end products of the pathway, IDP
and DMADP, have also been shown to inhibit DXS activity (23). In addition to
down-regulating the MEP pathway, which is involved in growth and de-
velopment, BCC also triggers increased defense against herbivores. More-
over, the ROS induced by herbivory also induces another defense response
via the MEP pathway. ROS stimulate a build-up of the intermediate MEcDP
due to inhibition of the ROS-sensitive enzyme immediately following. The
accumulated MECDP is then transported out of the chloroplast and into the
nucleus where it has been shown to stimulate the expression of defense
genes (31). Black solid arrows indicate metabolic conversions. Blue dashed
lines indicate regulatory effects, positive with an arrowhead and negative
with an inhibition bar. Intermediates: DMADP, dimethylallyl diphosphate;
DXP, 1-deoxy-D-xylulose 5-phosphate; GAP, D-glyceraldehyde 3-phosphate;
HMBDP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate; IDP, isopentenyl
diphosphate; MEcDP, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate; and Pyr,
pyruvate. Enzymes: DXS, DXP synthase; HDR, HMBDP reductase; HDS, HMBDP
synthase; and MDS, MEcDP synthase.
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the concentration present upon herbivory in the chloroplast, the
site of the MEP pathway, and to determine the mode of inhi-
bition caused by BCC.

Herbivory-Induced Increase in MEcDP Leads to a Comprehensive
Defense Response against Different Types of Herbivores. Unlike
DXP, another later intermediate of the MEP pathway, MEcDP,
increased after herbivory and was exported from the site of the
pathway in the plastid to the cytosol (Fig. 3). In previous *CO,
labeling experiments, MEcDP was shown to form a pool outside
the plastids that was labeled with different kinetics than pools of
other intermediates that remain in the plastids (16). Such an
extraplastidial pool was also described in Arabidopsis mutants
blocked in the next pathway step, HDS (63) (Fig. 1), and in lines
overexpressing the rate-limiting enzyme DXS (16). In our study,
the increase of MEcDP after herbivory may be attributed to the
effect of herbivory-generated ROS on HDS, an enzyme with an
Fe-S cluster that is quite sensitive to ROS (64). Significant re-
duction of HDS activity could lead to a build-up of MEcDP even
when overall pathway flux is reduced, particularly if this inter-
mediate is exported away from the site of the pathway where it
can no longer be used up in later steps. The level of MEcDP is
affected in a different way after pCC treatment in the absence of
herbivory. Here, MEP pathway flux is expected to decline, but
since no increase in ROS was observed (SI Appendix, Fig. S5),
HDS and HDR would be expected to maintain their activity so
MECcDP should not accumulate. This is indeed the case (Fig. 6)
arguing for the ROS sensitivity of downstream enzymes being
responsible for the build-up of MEcDP.

Extraplastidial MEcDP is well established as the source of a
plastid-to-nucleus signal that up-regulates salicylic acid (SA)
signaling (31, 32). This enhancement of SA signaling by MEcDP
export from the plastid has been demonstrated to increase the
resistance of Arabidopsis to phloem-feeding insects, such as the
cabbage aphid Brevicoryne brassicae, but does not decrease JA
signaling, contrary to the typical antagonistic SA-JA crosstalk
frequently reported in Arabidopsis (33). In the present study, we
showed that simulated lepidopteran herbivory increased the
defensive posture of Arabidopsis to a leaf-chewing herbivore, the
larvae of S. littoralis, via BCC signaling (Fig. 7). This simulated
herbivory treatment likely also enhanced SA signaling and trig-
gered defenses against phloem-feeding herbivores since we de-
tected an increase in export of MEcDP from the plastid, although
we did not measure SA or conduct assays with aphids in this study.
The end result of both BCC and MEcDP signaling is thus a
multitiered defense response to different kinds of herbivores more
comprehensive than simple induction of either SA or JA signaling
by itself. Further research is needed to determine how BCC and
MECcDP signaling interact with other defense signaling cascades.

Herbivore-Triggered Suppression of the MEP Pathway Facilitates
Increased Allocation to Antiherbivore Defenses. Whatever the
mechanism, the down-regulation of the MEP pathway by her-
bivory may be part of plant strategy to divert resources from
growth and carbon assimilation toward defense after herbivore
attack. The MEP pathway in Arabidopsis leaves is principally
involved in making metabolites for photosynthesis including the
carotenoid and chlorophyll pigments, the antioxidant tocopherols,
and the prenylquinone electron carriers. The components of the
photosynthetic machinery should be in lower demand after
herbivore damage, since herbivory commonly decreases the rate
of photosynthesis via decreases in the levels of gene transcripts
encoding proteins related to photosynthesis (39, 40). Herbivore-
induced decreases in MEP pathway flux will free resources for
other purposes including defense. Plants commonly exhibit
trade-offs between growth and defense (36), which is frequently
explained as a result of limited resources that constrain their
ability to maximize all functions simultaneously. However, recent
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research suggests that the balance between growth and defense is
not a direct result of limited supplies of fixed carbon, energy, and
other resources. Rather, plants prioritize one process over an-
other under specific environmental conditions as regulated by a
complex signaling network (65). In our study, under conditions
of herbivore attack, Arabidopsis employed a PCC-driven signal-
ing network to suppress the MEP pathway, a nondefense pro-
cess. We also found BCC to trigger an increase in plant defense
against S. littoralis larvae (Fig. 7). Although we did not investi-
gate which specific defenses were activated, pCC treatment of
Arabidopsis has previously been shown to activate genes encod-
ing trypsin proteinase inhibitors and enzymes involved in flavo-
noid glycoside formation (50). Arabidopsis trypsin inhibitors are
reported to confer defense against spider mites (66), while ele-
vated levels of glycosylated flavonoids in Arabidopsis are known
to reduce the growth of Pieris brassicae larvae (67). There are
numerous reports on herbivore induction of plant defenses in
Arabidopsis (68) and many other plant species (69), but much
less is known about how herbivory down-regulates the processes
of growth and assimilation. In addition to the MEP pathway,
future research is likely to discover many other primary meta-
bolic pathways to be modulated by herbivory. In addition to
damping growth, herbivory may also promote storage of plant
resources for increased survival under stress. In fact, BCC, which
we showed to be induced by herbivory, was just recently dem-
onstrated to enhance root growth and branching in Arabidopsis
by promoting cell division in root meristems (56). This may help
plants to store additional carbohydrates and other resources in
roots which may be allocated to this organ after herbivory (70).

Our findings on BCC’s ability to down-regulate the MEP pathway
have practical implications since though the pathway is present
in many bacteria, protozoa, and plants, it is absent in humans.
Therefore, substances that disrupt the MEP pathway could find use
as herbicides or antibacterial and antiprotozoan drugs. For example,
fosmidomycin, a compound isolated from some Streptomyces spe-
cies that inhibits the activity of DXP reductoisomerase (the second
step of the pathway), has potential as an antimalarial compound
(71, 72). The synthetic compound ketoclomazone, which inhibits
DXS, shows antibacterial activity against Haemophilus influenza
(73). Since we showed that pCC could inhibit the whole MEP
pathway, this apocarotenoid could also be a candidate for herbicide
or drug development.

Materials and Methods

Plant Material, Growth Conditions, and Treatments. A. thaliana (Columbia,
Col-0 accession) plants were grown under short-day (10 h light/14 h dark)
conditions at 21 °C and 140 pmol - m~2 - s~ PPFD for 5 wk. Rosette stage
plants 36 to 40 d old were used for all experiments. Plants were wounded
with a fabric pattern wheel and treated with 80 pL sterile distilled water for
the mechanical wounding treatment or oral secretion of S. littoralis (diluted
with 1 vol water) for the simulated herbivory treatment. Plants were harvested
0, 30, 60, 90, and 180 min after the treatment with untreated plants used as
controls. Harvested tissues were stored at —80 °C until further use and used for
all the time series analysis. To investigate the effect of BCC, plants were placed
in a 3-L glass desiccator under the same growth conditions for 4 h. Each des-
iccator contained two plants. Different amounts of pure BCC (50 uL, 250 pL,
and 500 pL) were deposited on a watch glass placed inside the desiccator.
Water was used as a control as described (50). Tissues were harvested imme-
diately after 4 h of the BCC treatment and stored at —80 °C until further use.

Photosynthetic Rate, '>C0O, Labeling, and Flux Analysis. A LI-6400XT Portable
Photosynthesis System (Li-Cor Biosciences) was used together with a custom-
built Arabidopsis cuvette (74) to measure the photosynthetic rate and to
perform in vivo *CO, labeling as described in ref. 16.

Flux through the MEP pathway was calculated from the absolute '3C in-
corporation into DXP in time course labeling assays ranging from 6 to 42 min
in untreated, mechanical wounding-treated, or simulated herbivory-treated
plants. Prior to '*CO, labeling, plants were adapted in the gas exchange
cuvette in a normal atmosphere with an airflow of 500 L - min~" for ~30 min
to achieve a photosynthetic steady state. For each treatment, 10 individual
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plants were labeled in time course experiments. The total labeled fraction of
DXP was calculated as previously described (16).

Extraction of Plant Metabolites. Lyophilized and pulverized plant material (5
mg) was extracted for analysis of MEP pathway intermediates as previously
described (16). The procedure for the analysis of p-carotene and its oxidation
products is provided in S/ Appendlix.

LC-MS/MS Analysis of MEP Pathway Intermediates. MEP pathway intermedi-
ates, including the level of '3C incorporation in DXP and MEcPP were ana-
lyzed on an Agilent 1260 HPLC system (Agilent Technologies) connected to
an API 5000 triple quadrupole mass spectrometer (AB Sciex). The experi-
mental details for the separation of MEP pathway intermediates are pro-
vided in the S/ Appendix.

High-Performance Liquid Chromatography Analysis of Carotenoids and
Oxidation Products. §-Carotene analysis was accomplished using an Agilent
1100 HPLC system equipped with a diode array detector. For separation of
pigments, a Supelcosil LC-18 column (3-um particle size, length x inner
diameter: 75 x 4.6 mm) and for separation of the two major p-carotene
oxidation products, pCC and pl, an Agilent XDB-C18 column (1.8 pm,
4.6 mm x 50 mm) was used. The mobile phases for p-carotene and its
oxidation products are described in the S/ Appendix.

RNA Isolation, ¢DNA Synthesis, and Quantitative RT-PCR. Total RNA was
extracted from rosette stage plants using the RNeasy plant mini kit (Qiagen)
using buffer RLT according to the manufacturer’s instructions. Complementary
DNA (cDNA) was synthesized from 0.5 mg total RNA using SuperScript Ill reverse
transcriptase (Invitrogen, Thermo Fisher). Quantitative RT-PCR was performed by
using the Mx3500P (Stratagene) system and gene-specific primer pairs (S/ Ap-
pendlix, Table S1). Adenine phosphoribosyltransferase 1 (AT1G27450) was used
as a reference gene to normalize cDNA concentration. Transcript fold change
was calculated using the primer efficiency method. All target and reference gene
reactions were performed in three or four technical replicates.

DXS Enzyme Assay. DXS activity was measured in total protein extracts from
untreated, mechanically wounded, and simulated herbivory A. thaliana ro-
sette plants. Harvested tissues were lyophilized, and 5 mg lyophilized tissue
was used for protein extraction. Extraction buffer and assay buffer were
prepared as described (16, 75). The procedure for protein extraction, enzyme
assay, and product quantification are provided in S/ Appendix.

Determination of ROS by Fluorescence. Total ROS was determined by a
modified 2, 7" DCFDA (Sigma Aldrich) assay as described (76). The procedure
is provided in SI Appendix.

Computational Modeling of A. thaliana DXS. The three-dimensional structure
of the A. thaliana DXS dimer was predicted by homology modeling. The
structure of the E. coli DXS protein reported in the Protein Data Bank (PDB
ID: 201S) (77) was used as a template and the AtDXS sequence was retrieved
from Uniprot (ID: Q38854). Sequence alignment, homology modeling, and
de novo modeling of unresolved loops were conducted using Molecular
Operating Environment (MOE) 2019.01 software (Chemical Computing
Group Inc.). The TPP cofactor was initially placed in the AtDXS model
obtained by analogy to the binding mechanism described for the E. coli DXS
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4. G. Bonaventure, |. T. Baldwin, New insights into the early biochemical activation of
jasmonic acid biosynthesis in leaves. Plant Signal. Behav. 5, 287-289 (2010).
5. F. Ramel et al., Chemical quenching of singlet oxygen by carotenoids in plants. Plant
Physiol. 158, 1267-1278 (2012).
6. A. Hemmerlin, J. L. Harwood, T. J. Bach, A raison d'étre for two distinct pathways in
the early steps of plant isoprenoid biosynthesis? Prog. Lipid Res. 51, 95-148 (2012).
7. M. Rohmer, M. Knani, P. Simonin, B. Sutter, H. Sahm, Isoprenoid biosynthesis in
bacteria: A novel pathway for the early steps leading to isopentenyl diphosphate.
Biochem. J. 295, 517-524 (1993).
8. W. Eisenreich et al., The deoxyxylulose phosphate pathway of terpenoid biosynthesis
in plants and microorganisms. Chem. Biol. 5, R221-R233 (1998).
9. E. Cordoba, M. Salmi, P. Leén, Unravelling the regulatory mechanisms that modulate
the MEP pathway in higher plants. J. Exp. Bot. 60, 2933-2943 (2009).

w

Mitra et al.

Negative regulation of plastidial isoprenoid pathway by herbivore-induced p-cyclocitral in

Arabidopsis thaliana

and it was energy minimized, keeping the protein atoms fixed. The resulting
model was therefore refined by molecular dynamics simulations (S/ Appen-
dix, Fig. S3). Since no prior information about the BCC binding site was
available, the most likely pocket was initially assessed by blind docking.
Results suggested that BCC preferably binds DXS near the catalytic site. For
this reason, the binding mechanisms for pyruvate and fCC were predicted by
flexible docking against the catalytic binding site using the MOE software.
Both ligands were docked against the TPP binding site using Triangle
Matcher function for placement and the GBVI/WSA dG scoring function to
estimate the binding affinity. The docking protocols were validated by
reproducing the TPP binding mechanism described in E. coli DXS (rmsd < 2A).
Since the active site is immediately adjacent to the dimer interface, all cal-
culations consider the AtDXS in its dimeric form.

The procedure for molecular dynamics simulations is provided in S/
Appendix.

Heterologous Expression of DXS and In Vitro Assay with BCC. DXS from A.
thaliana was cloned into the pET41a vector (SI Appendix, Fig. $6), and the
resulting plasmids were used for expression in E. coli BL21 under standard
expression conditions (78) yielding ~5 mg of AtDXS from 1 L Luria—-Bertani
medium. The protein was expressed with an N-terminal GST-tag and purified
by ammonium sulfate precipitation followed by glutathione affinity
chromatography.

DXS activity was measured in 50 mM Tris HCl, pH 8.0 with 10 mM MgCl, at
37 °C. Assays were carried out in a total volume of 100 pL and started with
the addition of 0.1 pg enzyme. The reaction was carried out under linear
conditions and stopped after 10 min by the addition of 400 pl quenching solution
(1:1, methanol: acetonitrile). DXP in the samples was quantified following the
method described under LC-MS/MS analysis of MEP pathway intermediates. Finally,
the curve was fitted with a power function and the ICsy of BCC was calculated.

Herbivore Performance on BCC-Treated Plants. Rosette stage A. thaliana were
treated with water or BCC for 4 h in a glass desiccator and allowed to stand
for 1 h. Freshly hatched S. littoralis larvae were then transferred to fCC- or
water-treated plants and allowed to feed for 12 d. Plants were replaced
every day with similarly treated plants.

Statistical Analysis. Data were analyzed with SPSS (version 17.0; SPSS Inc.), Stat
View (Abacus Concepts Inc.), and PAST 3 (version 3.22) freeware for Microsoft
Windows. All quantitative data were analyzed by Student’s t test, one-way
ANOVA, Welch’s test, and two-way ANOVA. Statistical significance was
determined using a Tukey’s honest significant difference or a Games
Howell post hoc test. Origin 8.5 pro was used to fit the DXS enzyme
inhibition data.

Data Availability. All study data are included in the article and/or S/ Appendix.
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