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Indirect plant-mediated interactions between herbivores are important drivers of community composition in terrestrial
ecosystems. Among the most striking examples are the strong indirect interactions between spatially separated leaf- and
root-feeding insects sharing a host plant. Although leaf feeders generally reduce the performance of root herbivores, little is
known about the underlying systemic changes in root physiology and the associated behavioral responses of the root feeders.
We investigated the consequences of maize (Zea mays) leaf infestation by Spodoptera littoralis caterpillars for the root-feeding
larvae of the beetle Diabrotica virgifera virgifera, a major pest of maize. D. virgifera strongly avoided leaf-infested plants by
recognizing systemic changes in soluble root components. The avoidance response occurred within 12 h and was induced by
real and mimicked herbivory, but not wounding alone. Roots of leaf-infested plants showed altered patterns in soluble free and
soluble conjugated phenolic acids. Biochemical inhibition and genetic manipulation of phenolic acid biosynthesis led to a
complete disappearance of the avoidance response of D. virgifera. Furthermore, bioactivity-guided fractionation revealed a
direct link between the avoidance response of D. virgifera and changes in soluble conjugated phenolic acids in the roots of
leaf-attacked plants. Our study provides a physiological mechanism for a behavioral pattern that explains the negative effect of
leaf attack on a root-feeding insect. Furthermore, it opens up the possibility to control D. virgifera in the field by genetically

mimicking leaf herbivore-induced changes in root phenylpropanoid patterns.

Insect herbivores constantly compete for plants as a
primary terrestrial source of organic carbon and nitrogen
(Denno et al., 1995). Consequently, resource competition
is thought to be a major determinant of the distribution
and abundance of insects in natural and agricultural
systems (Begon et al., 2006). Recent evidence suggests,
however, that in many cases, insect herbivore competi-
tion may not follow the traditional theoretical assump-
tions of direct interference and/or resource exploitation,
but may be determined by indirect plant-mediated effects
(Kaplan and Denno, 2007; Poelman et al., 2008). Among
the most striking examples of indirect plant-mediated
interactions is the interplay between root- and leaf-
feeding insects (Blossey and Hunt-Joshi, 2003). Despite
their nonoverlapping feeding niches, leaf and root her-
bivores determine each other’s performance through
shared host plants (Bezemer and van Dam, 2005). Al-
though root feeders can have positive or negative effects
on leaf feeders (van Dam and Heil, 2011), the effect of leaf
herbivores on root consumers is predominantly negative
(Johnson et al., 2012; Huang et al., 2014).

Despite the increasing number of examples demon-
strating negative effects of leaf attack on root herbivores

(Tindall and Stout, 2001; Blossey and Hunt-Joshi, 2003;
Soler et al., 2007; Gill et al., 2011), the mechanisms un-
derlying this form of systemic induced resistance re-
main poorly understood (Erb et al., 2008; Rasmann and
Agrawal, 2008). Pieris brassicae, for instance, was found
to increase glucosinolate levels in the roots, which
correlated with a reduced survival of the root feeder
Delia radicum (Soler et al., 2007). Understanding why
root feeders perform worse on leaf-infested plants
would allow for more detailed investigations regarding
the adaptive and evolutionary context of the phenom-
enon, and may allow for its exploitation in agriculture
(for instance, by triggering root resistance through tar-
geted leaf treatments).

A promising system to study the mechanisms and
agroecological consequences of plant-mediated interac-
tions between herbivores is maize (Zea mays) and its
associated pests. In the field, maize is attacked by a suite
of herbivores, including leaf feeders, stem borers, and
root feeders. The highly specialized root-feeding larvae
of the western corn rootworm Diabrotica virgifera virgifera
cause significant plant damage and yield loss in the
United States and Eastern Europe. Earlier studies
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demonstrated that D. virgifera attack increases leaf re-
sistance against Spodoptera spp. by triggering drought
stress responses (Erb et al., 2009, 2011b). In the opposite
direction, leaf feeding by Spodoptera spp. caterpillars
reduces D. virgifera growth and development in a
sequence-specific manner in the laboratory and the field
(Erb et al., 2011c; Gill et al., 2011). D. virgifera was sub-
sequently demonstrated to avoid leaf-infested plants by
detecting and responding to a reduction in root ethylene
emissions (Robert et al., 2012). However, it remains un-
clear whether nonvolatile chemical changes in the roots
of leaf-infested maize plants affect D. virgifera foraging
and performance. In this study, we explored the hy-
pothesis that leaf infestation by Spodoptera spp. cater-
pillars triggers a short-range avoidance response in
D. virgifera. Through a combination of bioactivity-guided
fractionation of root extracts and biochemical and mo-
lecular manipulation, we show that systemic changes
in soluble phenylpropanoid derivatives trigger a strong
avoidance response in D. virgifera. We furthermore
demonstrate that this avoidance response is mediated
by systemic internal signals and is triggered specifically
by herbivory, suggesting that D. virgifera actively and
specifically recognizes and avoids leaf-infested plants.

RESULTS

D. virgifera Specifically Recognizes and Avoids
Leaf-Infested Plants

To test whether D. virgifera is able to distinguish be-
tween infested and noninfested plants in the soil, we

! This work was supported by the Swiss National Science Founda-
tion (grant nos. FN 107974 and FN 152613 to M.E., GR.D., N.V., and
T.C.J.T.); the National Centre of Competence in Research “Plant
Survival,” a research program of the Swiss National Science Founda-
tion; and the Max Planck Society. Mention of trade names or commer-
cial products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or endorse-
ment by the U.S. Department of Agriculture. The U.S. Department of
Agriculture is an equal-opportunity provider and employer.

2 These authors contributed equally to the article.

3 Present address: Faculté de Pharmacie-Université Paul Sabatier-
Toulouse III, UMR-152 IRD-UPS, Chemin des Maraichers, 31400 Tou-
louse, France.

* Present address: Institute of Insect Sciences, Zijingang Campus,
Zhejiang University, Hangzhou 310058, China.

* Address correspondence to matthias.erb@ips.unibe.ch.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Matthias Erb (matthias.erb@ips.unibe.ch).

M.E. conceived the project; M.E., C.AM.R,, and G.M. planned the
experiments; CAMR., GM.,, M.E, GR.D,, J.L, and N.V. performed
the experiments; M.E., ].-L.W., T.C.].T.,].G., and C.A.M.R. supervised
the experiments; B.W.F. and Y.B. provided technical assistance; M.E.,
C.AMR, GM, and G.D. analyzed the data; M.E. wrote the article
with contributions of all the authors.

[OPENT Articles can be viewed without a subscription.

www.plantphysiol.org/cgi/doi/10.1104/pp.15.00759

Plant Physiol. Vol. 169, 2015

Leaf Attack Triggers Root Herbivore Avoidance

offered maize seedlings that were infested in the leaves
by Spodoptera littoralis or were herbivore free to the root-
feeding larvae of D. virgifera in a two-arm belowground
system (Robert et al., 2012; Fig. 1). After 48 h of foraging
activity, significantly more larvae were recovered on
control plants than infested plants (Fig. 1A). As root
volatiles may mediate D. virgifera foraging behavior
(Robert et al., 2012), we conducted an additional ex-
periment in which root systems of leaf-infested and
noninfested plants were intertwined and offered to D.
virgifera together in a single petri dish, so that larvae
could not distinguish between the root systems of in-
dividual plants by using volatiles as long-distance cues.
Again, D. virgifera showed a pronounced preference to
feed on noninfested plants (Fig. 1B), indicating that
changes in root volatiles are not necessary to trigger the
avoidance response. A time course revealed that the
avoidance response started 24 h after the beginning of
leaf attack by S. littoralis and was most pronounced
after 48 h (Fig. 1C). To test whether D. virgifera responds
specifically to herbivore-induced changes in the plants,
we wounded leaves and treated a subset of them with
S. littoralis regurgitant, which induces a plant response
similar to real herbivory (Erb et al., 2009). Wounding
and leaf removal did not trigger an avoidance re-
sponse (Fig. 1D). By contrast, adding regurgitant to the
wounds elicited a behavioral response similar to a real
S. littoralis attack, demonstrating that D. virgifera spe-
cifically recognizes leaf-infested plants. The response to
a single, artificial elicitation event started 12 h after
treatment and subsided between 24 and 48 h (Fig. 1E),
suggesting a slow and transient change in root chem-
istry upon a single leaf elicitation. To understand
whether internal leaf-to-root signals are responsible for
the elicited behavior, or whether signals pass externally
from the aboveground atmosphere through the rhizo-
sphere, we sealed off the soil and root system from the
aboveground atmosphere with an air-tight agarose/
aluminum seal so that the only shoot-root contact was
via the plant interior. D. virgifera responded by avoid-
ing S. littoralis-infested plants irrespective of direct
contact between the phyllosphere and the rhizosphere
(Fig. 1F), demonstrating that a systemic change in the
roots mediated by internal signaling is responsible for
the reduction in attractiveness of the roots. To evaluate
whether the systemic changes are due to water-soluble
or nonsoluble substances, we obtained liquid fractions
from the roots and mixed them with agarose to test the
feeding preference of D. virgifera in an agarose cube
choice assay. D. virgifera larvae preferred to feed on
control fractions over leaf-induced fractions (Fig. 1G),
showing that nonstructural chemical changes in the
roots are sufficient to explain the observed behavior.

Leaf Infestation Changes Root
Phenylpropanoid Accumulation

As phenolic compounds have been associated with
changes in root herbivore performance in other plant
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species (Johnson et al., 2011), we hypothesized that
changes in the phenylpropanoid pathway may be re-
sponsible for the change in D. virgifera behavior. To
evaluate whether leaf infestation changes root phenolic
acids, we analyzed crown and primary roots of leaf-
infested plants by HPLC-tandem mass spectrometry.
Based on the results of our choice experiments, we fo-
cused on soluble rather than cell wall bound phenolic
acids. As soluble phenylpropanoids can be conjugated
to proteins and other metabolites and may thereby es-
cape detection (Nicoletti et al., 2013), we subjected sol-
uble extracts to acid and basic hydrolysis to release
ester- and ether-bound soluble phenolic acids. Both
hydrolysis protocols resulted in the release of signifi-
cant quantities of phenolic acids. Compared with free
phenolic acids, which were found in concentrations

2886

between 1 and 70 ng g~ ' fresh weight, soluble hydro-
lyzed phenolic acids were up to 100 times more abun-
dant in the roots, with concentrations ranging from 0.1
to 8 ug g ! fresh weight (Fig. 2). Primary and crown
roots differed in their phenylpropanoid patterns, with
primary roots containing higher amounts of basic hy-
drolyzable caffeic acid, free and acid-hydrolyzable
ferulic acid, and acid-hydrolyzable sinapic acid. Pri-
mary roots also had lower concentrations of basic
hydrolyzable p-coumaric acid (CA), acid-hydrolyzable
caffeic acid, and basic hydrolyzable ferulic acid than
crown roots. Leaf infestation by S. littoralis reduced the
concentrations of all basic and acid-hydrolyzable phe-
nolic acids as well as free caffeic acid in the roots (Fig. 2).
By contrast, we observed a small but consistent average
increase in soluble ferulic acid in the roots of leaf-infested
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Figure 2. Leaf infestation alters soluble free and conjugated phenolic acids in the roots. Average concentrations of different
phenolic acids in control roots (gray bars) and roots of leaf-infested plants (purple bars) are shown for crown and primary roots
(=sg). Shading indicates a significant overall treatment effect determined by ANOVA (P < 0.05). Asterisks indicate significant
pairwise differences between treatments within root types (Holm-Sidak post hoc tests: *, P < 0.05; **, P < 0.01; and ***, P <
0.001). COMT, Caffeic acid O-methyl transferase; PAL, phenylalanine lyase; C, control; S.1., S. littoralis.

plants. Pairwise comparisons revealed that different
phenolic acids were reduced in primary and crown roots,
even though the overall trends stayed the same, and no
significant interactions between root type and leaf treat-
ment were detected by two-way ANOVA (P > 0.05).

Manipulating the Phenylpropanoid Pathway Disrupts D.
virgifera Host Choice

To test whether the leaf herbivore-induced changes
in root phenolic acids are responsible for the reduced
attractiveness of maize roots to D. virgifera, we per-
formed a series of manipulative experiments (Fig. 3).
First, we treated maize roots with PA, which inhibits
the conversion of cinnamic acid to CA through com-
petitive inhibition of C4H (Schalk et al., 1998). To

Plant Physiol. Vol. 169, 2015

confirm the efficacy of the treatment, we measured
cinnamic acid accumulation in the roots following PA
application. As expected, we observed a strong accu-
mulation of soluble free and conjugated cinnamic acid
(Supplemental Fig. S1). Furthermore, we observed a
slight reduction in free sinapic acid. However, contrary
to what has been reported in other plant species (Schalk
et al., 1998; Naseer et al., 2012), we did not observe a
depletion of CA, caffeic acid, or ferulic acid. Soluble
acid, hydrolyzable caffeic acid, ferulic acid, and sinapic
acid even increased in concentration in C4H-inhibited
plants, suggesting that they are formed and induced
by PA through a C4H-independent pathway, such as
through the production of CA from Tyr (Rosler et al.,
1997). As the PA treatment significantly changed the
synthesis of free and conjugated phenolic acids, we
concluded that this treatment is nevertheless suitable to
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Figure 3. Manipulating the biosynthesis of phenolic acids through
cinnamate 4-hydroxylase (C4H) inhibition leads to the disappearance
of the D. virgifera avoidance response toward leaf-infested plants. A,
Preference for roots of buffer-treated and C4H-inhibited control and S.
littoralis-infested plants (n=12). B, Preference for roots of buffer-treated
and C4H-inhibited control and artificially induced plants (n = 12).
C, Preference for roots of buffer-treated, C4H-inhibited, and CA-
complemented control and artificially induced plants. C4H was
inhibited by application of the selective inhibitor piperonylic acid (PA;
n=23). Preference is expressed as percent choice corresponding to the
proportions of independent replicates in which a given preference was
observed (no choice, <10%). Asterisks indicate significant differences
between treatments (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).

gain first insights into the potential involvement of this
metabolite class in leaf herbivore-induced root resis-
tance. When D. virgifera larvae were offered a choice
between buffer-treated control and S. litforalis-infested
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plants, they showed the usual preference for control
plants. However, when C4H was inhibited, no choice
was observed (Fig. 3A). A similar result was obtained
with plants that were elicited by wounding and appli-
cation of regurgitant (Fig. 3B). To understand this pat-
tern in more detail, we complemented inhibited and
noninhibited control and induced plants with a 5.5-mm
solution of CA. CA complementation in the absence of
induction did not elicit a preference response in D.
virgifera (Fig. 3C). However, complementing a C4H-
inhibited, leaf-induced plant restored the preference
pattern of the larvae, suggesting that C4H-dependent
CA is necessary for the repellent effect of the roots, and
that induction by leaf herbivory is specifically required
to elicit this response.

In maize, several mutants have been characterized
that are defective in their capacity to produce CA-
derived phenolic acids and lignin (Halpin et al., 1998).
We used two brown-midrib mutants, bm1 and bm3, to
further understand the importance of phenolic acid
derivatives for D. virgifera host choice (Fig. 4). bm1 is
defective in cinnamyl alcohol dehydrogenase activity
required to convert phenolic aldehydes into their alco-
holic forms (Halpin et al., 1998). The bm3 mutant has a
defective caffeic acid O-methyl transferase, which is
necessary for the production of sinapic acid-type phe-
nolics and lignin (Vignols et al., 1995). Both mutations
exert feedback effects on phenylpropanoid biosynthesis
(Guillaumie et al., 2007). Our own analyses showed
that, compared with the near-isogenic wild-type line F2
(Guillaumie et al., 2007), the bm1 mutant is depleted in
most soluble free phenolic acids, but overaccumulates
soluble hydrolyzable ferulic acid and sinapic acid,
whereas the bm3 mutant is depleted in free phenolics
without showing an overaccumulation of hydrolyzable
compounds (Supplemental Fig. S2). Furthermore, both
mutants accumulated slightly higher levels of caffeic
acid. No phenotypic differences in root system archi-
tecture were observed between wild-type and mutant
lines (Supplemental Fig. S3). Lignin levels at the seed-
ling stage are low, as most lignin deposition occurs after
the end of internode elongation (Miise et al.,, 1997;
Riboulet et al., 2009). When given a choice between S.
littoralis-infested and control F2 wild-type plants, D.
virgifera exhibited a strong preference for the controls.
In both bm1 and bm3 mutants, however, D. virgifera was
no longer able to distinguish leaf-infested from control
plants (Fig. 4A). When leaves were elicited by wound-
ing and regurgitant, D. virgifera chose the control side in
the F2 and bm1 background, but no longer showed any
preference in the bm3 mutant (Fig. 4B). The differential
preference between real and simulated herbivory in the
bm1 mutant was confirmed in a supplemental exper-
iment that directly compared the two treatments
(Supplemental Fig. S4). These data confirm that an
intact phenylpropanoid pathway is required for the
negative effect of leaf herbivory on root attractiveness.
Furthermore, they illustrate that bm1 is required for D.
virgifera to recognize S. littoralis-infested, but not arti-
ficially elicited, plants.
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Figure 4. Genetic modification of the phenylpropanoid pathway leads
to the disappearance of the D. virgifera avoidance response toward leaf-
infested plants. A, Preference of D. virgifera for roots of control and leaf-
infested wild-type (WT) plants, cinnamyl alcohol dehydrogenase (bm1)
mutant plants, and caffeic acid O-methyl transferase (bm3) mutant
plants (n=12-13). B, Preference of D. virgifera for roots of control and
artificially induced wild-type, bm1, and bm3 plants (n=12). Preference
is expressed as percent choice corresponding to the proportions of in-
dependent replicates in which a given preference was observed (no
choice, <10%). Asterisks indicate significant differences between
treatments (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).

Bioactivity-Guided Fractionation Associates D. virgifera
Choice with Differential Accumulation of Conjugated
Phenolic Acids

To further confirm the role of phenolic acids in leaf
herbivore-induced root resistance, we collected soluble
root fractions from control and S. littoralis-infested plants,
redissolved them in 50% MeOH, and fractionated them
further by reverse-phase semipreparative HPLC. Each
fraction was then tested for activity by mixing it with
agarose and offering it to D. virgifera in a choice assay
(Fig. 5). Two nonpolar fractions (VIII and IX) were
identified to exhibit activity and elicit a significant pref-
erence for control over S. littoralis-infested extracts (Fig.
5A). As conventional metabolomics fingerprinting by
ultra-HPLC time-of-flight (TOF)-mass spectrometry (MS)

Plant Physiol. Vol. 169, 2015

Leaf Attack Triggers Root Herbivore Avoidance

did not reveal any differentially accumulating peaks in
the active fractions (Supplemental Fig. S5), we conducted
a second fractionation run and analyzed the active frac-
tion for free and hydrolyzable phenolic acids by HPLC-
tandem MS. This approach enabled us to separate
conjugated phenolic acids in intact form and assess their
abundance in each fraction individually through hy-
drolysis. Free phenolic acids were mostly contained in
the polar fractions (Fig. 5B), whereas conjugated pheno-
lics occurred across the entire polarity gradient (Fig. 5, C
and D). In the bioactive fraction VIII-IX, hydrolysis
revealed an herbivore-induced increase in acid hydro-
lyzable and a decrease in basic hydrolyzable CA (Fig. 5, C
and D). Decreasing concentrations of free and hydro-
lyzable phenolic acids were observed in several inactive
fractions. These data support the hypothesis that leaf
herbivory changes the pattern of phenolic acid conjugates
in the roots, and that these changes are associated with a
decreased attractiveness of the roots for D. virgifera.

DISCUSSION

Although leaf herbivory often reduces the fitness of
root feeders (Blossey and Hunt-Joshi, 2003; Johnson
et al., 2012), the physiological and behavior mecha-
nisms behind this phenomenon are poorly understood.
Our results link systemic changes in conjugated phe-
nolic acids to a strong avoidance response of a root
feeder and thereby provide a physiological and be-
havioral explanation for the reduced abundance of D.
virgifera larvae on the roots of leaf-attacked plants.

In the field, D. virgifera commonly co-occurs with
many lepidopteran leaf feeders, including Spodoptera
spp. (O'Day, 1998). Previous studies show that feeding
by Spodoptera frugiperda on the leaves reduces the sur-
vival of late-arriving D. virgifera larvae in the roots (Erb
et al., 2011c; Gill et al., 2011), especially in the upper
layers of the rhizosphere (Erb et al., 2011d). As D. vir-
gifera, which is highly specialized in maize (Clark and
Hibbard, 2004), can migrate up to 1 m in the soil to find
new host plants (Hibbard et al., 2003), it is conceivable
that it may have developed the capacity to assess the
quality of different plant roots. In vitro assays have
demonstrated that maize root extracts are strong ar-
restants of D. virgifera larvae (Bernklau and Bjostad,
2005), and that monosaccharides as well as free and
Gal-linked fatty acids (monogalactosyldiacylglycerols)
stimulate their feeding (Bernklau and Bjostad, 2008;
Bernklau et al., 2015). Interestingly, it has also been
demonstrated that contact with an inferior host plants
(e.g. soybean [Glycine max]) changes the behavior of D.
virgifera neonates from localized to wider-ranging
search behavior (Strnad and Dunn, 1990). Our experi-
ments show that, if given a choice, D. virgifera larvae can
also assess qualitative differences within genotypes and
avoid inferior leaf-infested plants.

Theoretically, D. virgifera may use different cues to
avoid leaf-infested plants. Possibilities include direct
cues from the phyllosphere-like leaf volatiles, larvae, or
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their frass; changes in root exudates or root volatile
patterns; modification of the root-associated bacterial
community; structural changes on the root surface; and
changes in the root metabolite profile. In an earlier
study, we found that D. virgifera can use changes in
volatile organic compounds to avoid leaf-infested
plants (Robert et al., 2012). The experiments presented
here show that, in addition, changes in soluble root
chemicals are sufficient to dramatically reduce the at-
traction of D. virgifera. The following findings supports
this conclusion. First, D. virgifera distinguished infested
from noninfested plants even when the roots of the two
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types of plants are tightly intertwined and presented to-
gether in the same volatile headspace, and when above-
ground cues were physically blocked by isolating the soil
with agar and aluminum foil. Second, the preference was
maintained in liquid extracts of the root metabolome,
even after evaporation and resolubilization. Third, the
active metabolites could be separated from nonactive
compounds by fractionation using conventional reverse-
phase HPLC. Interestingly, the preference patterns were
less strong when using root extracts compared with in-
tact roots. It is therefore possible that short-range volatile
and nonvolatile cues act in a synergistic manner.
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Despite the evidence pointing to stable, soluble root
chemicals as causal factors in the interaction, our earlier
attempts to identify root metabolites that respond to
leaf infestation through an ultra-HPLC-TOF-based
metabolomics approach did not yield any clear candi-
date features (Marti et al., 2013). Here, using more tar-
geted methods, we provide several lines of evidence
that phenolic acid conjugates can play a central role in
mediating the preference of D. virgifera larvae for non-
infested plants. First, our profiling assays demonstrate
that the abundance of several hydrolyzable phenolic
acids in the roots decrease in leaf-infested plants. Sec-
ond, chemical and molecular interference with phenolic
acid biosynthesis led to the disappearance of the dif-
ferential preference exhibited by D. virgifera. Third, the
bioactive fraction of root extracts contained significant
amounts of hydrolyzable phenolic acids, of which the
abundance strongly changed with leaf infestation.
However, despite the presented evidence, several open
questions regarding the biosynthesis, regulation, and
identity of the foraging cues remain. Phenolic acids, a
majority of which are derived from coumaric acid,
can be conjugated to other phenylpropanoids, sugars,
proteins, fatty acids, and terpenoids (Shimizu and
Ohta, 1960; Hoff et al., 1994; Koetter et al., 1994;
Quideau et al., 2011; Cheynier et al., 2013), resulting in
a large number of possible soluble and insoluble struc-
tures, many of which are biologically active (Cheynier
et al., 2013). Our fractionation/hydrolysis approach
reveals that conjugated phenolic acids are both highly
abundant and diverse. Orthogonal approaches,
including, for instance, hyphenated NMR, will be nec-
essary to identify the actual metabolites that are rec-
ognized by D. virgifera. Phenylpropanoid derivatives
are known to serve as signaling molecules (Brown et al.,
2001) and enzymatic cofactors (Sukalovic et al., 2005).
Furthermore, despite the bioactivity of our HPLC
fractions pointing at a direct effect, the possibility that
changes in D. virgifera preference are not due to changes
in phenolic acid content, but rather due to other me-
tabolites that are regulated by phenolic acids, cannot be
fully excluded at this point (Maag et al., 2015). Another
interesting observation concerns the fact that the bm1
mutation made it impossible for D. virgifera to distin-
guish control from S. littoralis-infested plants, but still
allowed it to distinguish control from artificially elicited
seedlings. This finding suggests that the application of
oral secretions to wounded leaves does not fully mimic
the systemic changes in the roots that are elicited by real
herbivory. Further experiments will be necessary to
determine whether the intensity and speed of wound-
ing or labile elicitors in the oral secretions of S. littoralis
are responsible for this remarkable degree of specificity.

Host plant selection in phytophagous insects is a key
process shaping plant-insect interactions. Although much
is known about how leaf feeders find and choose their
food source (Bernays and Chapman, 1994), it remains
poorly understood how root herbivores accomplish this
task. So far, it is not known if root herbivores might escape
plant-mediated competition with aboveground feeders
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by specifically recognizing systemic changes in the roots
of leaf-infested plants. Our experiments show that root-
feeding D. virgifera larvae actively engage in host selec-
tion, and that leaf herbivory specifically influences their
host choice by altering phenylpropanoid patterns in the
roots. This implies that aboveground herbivores may
have a strong effect on the distribution and abundance
of soil-dwelling organisms via systemic changes in root
metabolites and could thereby shape entire belowground
food webs.

From an applied point of view, our findings open up
two potential strategies to improve the management of
one of the world’s most damaging maize pests. First, by
altering root phenylpropanoid biosynthesis, D. virgifera
may be tricked into feeding on inferior (i.e. leaf-
infested) host plants, which may reduce its perfor-
mance and overall damage in the field. Second, it may
eventually be possible to mimic leaf infestation at a
genetic level and thereby produce maize plants that D.
virgifera larvae will avoid. The currently available bm
mutants may be a good starting point to assess whether
changes in phenylpropanoid and lignification patterns
can be used to alter the behavior of D. virgifera and re-
duce its damage under field conditions. Root-specific
silencing of the corresponding genes could be a next
step to harness the positive effect of these alterations
without compromising the resistance of the plants to
leaf pests and pathogens.

MATERIALS AND METHODS
Plants and Insects

Maize (Zea mays) plants were grown as described previously (Erb et al.,
2011c). Unless otherwise indicated, the hybrid Delprim (Delley DSP, Delley)
was used for experiments. The bml and bm3 mutants were bred at INRA
Lusignan as described (Barriére et al., 2004). Plants for experiments were 10 to
12 d old and had two to three fully expanded leaves. The herbivores Diabrotica
virgifera virgifera and Spodoptera littoralis were reared following previously
established protocols (Robert et al., 2012). Third instar D. virgifera and second-
instar S. littoralis larvae were used in all experiments. All plants were covered
with 1.5-L polyethylene bottles as described (Erb et al., 2011a) to prevent leaf
herbivore escape.

Root Herbivore Choice Patterns in the Soil

To assess the choice of D. virgifera when exposed to leaf-infested and
herbivore-free plants, we used several different behavioral setups. First, we
developed a system composed of two L-shaped glass pots to assess D. virgifera
choice in the soil. The pots were 5 cm in diameter and 10 cm deep. At the bottom
of the pots, an open glass tube (4 cm long, 1.5-cm i.d.) extended the rhizosphere
system horizontally. The lowest 2 cm of the pots (including the glass tubes) was
filled with soil, before individual plants, together with the soil and sand me-
dium from their cultivation system, and were transferred carefully into the
vessels. After 24 h of acclimatization in a temperature- and light-controlled
environment (23°C, 16/8 h of light/dark, 90 umol mfz), 1.5-L polyethylene
bottles with their bottoms removed were attached to the glass pots upside
down. One-half of the plants were then infested with 20-s instar S. littoralis
larvae over 48 h, whereas the other one-half was left herbivore free. After this
period, during which the leaves were damaged but still had ample leaf biomass
(>50%), 6-s instar D. virgifera larvae were introduced into the horizontal glass
tubes (three on each side). The openings of the glass tubes of a control and a leaf-
infested plant were then connected and sealed using plastic film (1 = 15). In this
way, the root herbivores had access to the differentially treated plants via a
10-cm glass tube filled with soil. D. virgifera larvae were left to move freely
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between the two plants for 48 h, after which the system was disassembled, and
the position of the root herbivores was recorded.

Root Herbivore Choice Patterns with Superposed
Root Systems

To assess whether D. virgifera can use tactile cues to distinguish leaf-infested
from uninfested plants, we developed a petri dish assay. First, maize seedlings
were treated in their normal growth environment (see below). Plants were then
removed from their pots, and the roots were gently washed under a stream of
warm water. The root systems of two plants (control versus treatment; see
below) were laid out on moist filter paper embedded in a large petri dish (12-cm
diameter). Roots were mixed to create a random pattern of roots from the two
plants. The petri dish had a cavity on the side, into which the stems were laid,
leaving the leaves of the plant free in the air. Six-second instar D. virgifera larvae
were then introduced into the dish, which was sealed with its lid and laid out on
an experimental bench supplied with plant growth lights (23°C, 16/8 h of light/
dark, 90 umol m~?). To guarantee moisture-saturated air around the exposed
roots, water-drenched paper tissue was wrapped around the petri dish, fol-
lowed by a layer of aluminum foil to shade the roots from light. The position of
the larvae was recorded 30 min, 1 h, 2 h, 3 h, and 4 h after introduction into the
choice arena. Using this setup, 11 different experiments were conducted. First,
maize seedlings were infested with 20-s instar S. littoralis larvae for 48 h. The
herbivores were removed after this period, and roots from a control plant and
an infested plant were offered to D. virgifera (n = 19). Second, plants were
infested in the same manner, but offered to D. virgifera at different time points
ranging from 8 to 48 h (n = 12). Third, leaf herbivory was simulated using three
different treatments: (1) scratching of approximately 1 cm? of leaf tissue six
times over 48 h, until all leaves were damaged; (2) additional application of
10 uL of S. littoralis regurgitant to the scratched surfaces, as described in Erb
et al. (2009); and (3) removal of leaf area by sequentially cutting off 50% of each
leaf over 48 h. All treatments started at the lowest leaf and ended with the
youngest, freshly developed leaf, which corresponds to the order of attack by S.
littoralis (Kohler et al., 2014). Plants of each treatment were paired with un-
treated control plants, and the superposed roots were offered to D. virgifera
larvae (n = 12). Fourth, leaves were induced by scratching and application of S.
littoralis regurgitant and offered to the larvae at different time points after in-
duction (n = 12-14). Fifth, plants were induced by S. littoralis, but the root
system and soil were sealed off from the aboveground environment of the plant
by pouring a 2-cm layer of solidifying agar (2% [w/w] agarose in water, 45°C)
onto the soil in the pots, resulting in an air-tight seal around the stem. Fur-
thermore, the stem was sealed off by two layers of tightly wrapped aluminum
foil, ensuring that the stem was the only physical connection between leaves
and roots. After removing the agar seal and aluminum from the plants, roots
were washed and exposed to D. virgifera as described above. A control set of
plants without seal was included in the assay (1 = 12). Sixth, the potential effect
of phenylpropanoids was investigated by C4H inhibition with PA. Plants were
either infested with 20 S. littoralis larvae or left uninfested for 48 h. One-half
of the control and infested plants were treated with PA (Sigma-Aldrich) by
adding 10 mL of 75 um PA in 10% ethanol solution to the soil every 24 h over the
48-h infestation period (three times in total). The other one-half of the plants
were treated with buffer (10% ethanol). After this time, the preference of six
D. virgifera larvae for control or leaf-infested plants within PA- or buffer-treated
plants was evaluated (1 = 12). Seventh, the same setup as for experiment 6 was
used, with the only difference being that the plants were elicited by repeated
wounding and regurgitant application over 48 h (n = 12). Eighth, PA-treated
plants were complemented with 5.5 mm CA (Sigma-Aldrich). In this experi-
ment, we simultaneously tested the preference of D. virgifera as follows (1 =23
for each experiment): (1) control versus leaf-elicited plants, both treated with
PA; (2) control versus leaf-elicited plants, both treated with PA and com-
plemented with CA; (3) control plants treated with buffer versus control plants
complemented with CA, both treated with PA; and (4) control plants treated
with buffer versus control plants complemented with CA. Maize leaves were
induced as described above. Control plants remained undamaged. PA treat-
ment was performed as described above. Complementation with CA was
achieved by watering the plants with 10 mL of 5.5 mm CA in 1% ethanol so-
lution every 24 h over 48 h (two times in total). Noncomplemented plants were
watered with 10 mL of 1% ethanol solution. Ninth, the choice of D. virgifera was
evaluated for three different maize genotypes: the near-isogenic line F2 and the
mutants bml and bm3 (Guillaumie et al., 2007). Plants were infested with S.
littoralis as described (n = 12-13). Tenth, the preference of D. virgifera was
tested in the three genotypes using artificial induction by wounding and re-
gurgitant as described above (1 = 12). Finally, in the last choice experiment, the
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choice of D. virgifera on S. littoralis-infested and artificially induced bm1 mu-
tants was compared directly using conditions and treatments as described
above (n = 15).

Root Herbivore Choice Patterns with Plant Extracts

To test whether D. virgifera can detect leaf herbivore-induced, systemic
metabolic changes in root extracts, we conducted a separate experiment using
root extracts in agarose. For this, roots of control plants and plants infested with
20 S. littoralis larvae were removed from the pots, washed gently, and flash
frozen in liquid nitrogen. After grinding the roots to a fine powder with mortar
and pestle in liquid nitrogen, the root material was centrifuged (2 min at
17,500g), and the supernatant was recovered and stored at —80°. In this way, we
recovered about 50% of the root fresh mass in liquid form. During our assays,
we found that filling root material into a 5-mL syringe tube and pressing it with
the plunger was equally effective and much faster to extract root liquid, and we
used this technique for large-scale isolation (see below). For behavioral assays,
agarose solutions were prepared (2% agarose in water). Just before solidifica-
tion of the solutions (45°C), we added different root extracts and stirred the mix.
The solutions were then poured into petri dishes and left to solidify. From the
different gels, cubes (5 X 5 X 5 mm) were cut and placed into new petri dishes
(two per dish with different treatments). Six-second instar D. virgifera larvae
were then introduced to each dish, and the dishes were placed in a humidity-
controlled phytotron (23°C, 95% relative humidity, no light). For 4 h, the po-
sition of the root herbivores in the dishes was recorded every 30 min. Using this
procedure, we offered cubes containing extracts from control and infested
plants (diluted 1:1 in water) to the root herbivores (1 = 15). In a second exper-
iment, we tested 10 fractions of control and induced root extracts from 400
plants for each treatment obtained from semipreparative HPLC runs (see be-
low). For each pair of fractions, we evaporated the solvents, resuspended the
fractions in 10 uL acetonitrile, and diluted the dissolved fractions in 0.5 mL of
agarose (4%). This mixture was then diluted with 0.4 mL of water to reach
concentrations that were equivalent to root concentrations and the 50% dilution
of crude root extracts in agarose. To provide a metabolite background for the
choice experiments, 125 uL of crude root extract of noninfested plants was
added to each test fraction. S. littoralis choice was then assessed for each pair of
fractions (n = 15).

Fractionation of Root Extracts by Semipreparative HPLC

To facilitate the identification of the metabolites that are used by D. virgifera
larvae to distinguish between leaf-damaged and control plants, we carried out
two fractionation runs using semipreparative reverse-phase HPLC (Marti et al.,
2013). For the choice assay, extracts from the roots of 400 control and 400 S.
littoralis-infested plants were lyophilized to yield 50 mg of dry matter per
treatment. The extracts were redissolved in 500 uL of 50% MeOH (v/v) and
fractionated using a semipreparative C18 column (C18, 250- X 10-mm i.d.,
5 um, XBridge; Waters) connected to a Varian 9012 Solvent Delivery System
operating at a flow rate of 10 mL min". The injection volume was 250 uL. The
solvent gradient started with 90% water and 10% can (both with 0.1% [v/v]
formic acid) for 2 min, followed by a ramp to 50:50 over 20 min and a ramp to
5:95 over 70 min. The 5:95 mix was held for 12 min, followed by a post-
equilibration at 90:10 for 10 min. Fractions were collected at 6-min intervals
between 2 and 62 min. After pooling the fractions from two different runs per
treatment, they were lyophilized and evaporated to dryness under nitrogen
flow before being redissolved for biological experiments. Dry weights for the
different fractions were between 0.1 and 0.9 mg. For phenolic acid analysis,
pools of 18 control, 18 S. littoralis-infested, and 18 artificially induced plants were
fractionated using the same setup, with the only difference being that, instead of 11
fractions, five different fractions were collected, with fraction VII-IX corresponding
to the bioactive window as determined by biological experiments.

Metabolomic Fingerprinting of Active Root Fractions

Metabolic fingerprinting of the active fractions was carried out as described
previously (Marti et al., 2013). In brief, the fingerprints of each extract were
obtained using a short UPLC BEH C18 Acquity column (50- X 1.0-mm i.d.,
1.7 wm; Waters). The mobile phase consisted of 0.1% formic acid in water
(phase A) and 0.1% formic acid in acetonitrile (phase B). The linear gradient
program was as follows: 98% A over 0.2 min, to 100% B over 4.9 min, held at 100%
B for a further 1.1 min, then returned to initial conditions (98% A) in 0.1 min for 1.1

min of equilibration before the next analysis. The flow rate was 0.3 mL min "}
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column temperature was kept at 40°C. Detection was performed by TOF-MS
(LCT Premier; Waters) in W-mode in both electrospray negative- and positive-ion
modes in independent runs over a mass-to-charge ratio range of 100 to 1,000 D.
The MS was calibrated using sodium formate, and Leu-enkephalin was used as an
internal reference. The injection volume was 1 uL, and all samples were diluted at
0.5 mg mL ™. The recorded profiles were normalized to 1,000 counts, and peaks
were extracted using MZmine v 2.12 (Pluskal et al., 2010) followed by univariate
data analysis with Microsoft Excel.

Root Phenolic Acid Profiling of Leaf-Infested Plants

Soluble free and hydrolyzable root phenolic acids were profiled in three
different experiments. To evaluate changes in root phenolic acids upon leaf
infestation, maize seedlings were infested with 20 S. littoralis larvae. Control
plants remained uninfested. After 48 h, maize primary and crown roots were
collected separately, washed in a stream of tap water, immediately frozen in
liquid nitrogen, and stored at —80°C until use (1 = 12). The extraction procedure
was adapted from de Ascensao and Dubery (2003). In brief, all samples were
ground in nitrogen to a fine powder using a mortar and a pestle. Six hundred
microliters of 100% MeOH was added to 100 mg of root powder, vortexed, and
centrifuged at 17,500 rpm for 20 min at 4°C. The supernatant was collected and
used for the next extraction steps. For each biological replicate, extracts of three
plants were pooled and separated into three aliquots. First, 1-mL aliquots were
evaporated to dryness under a flow of nitrogen (Glas-Col, catalog number 099A
EV9624S) and resuspended in 50 uL of 50% MeOH for the analysis of free
phenolic acids. Second, 50-uL aliquots were mixed with 50 L of concentrated
HCI (37%; Sigma-Aldrich) and heated for 1 h at 80°C for acid hydrolysis. One
milliliter of diethyl ether was added, and the organic phase was collected and
evaporated to dryness under a flow of nitrogen (Glas-Col, catalog number 099A
EV9624S) before resuspension in 50 uL of 50% MeOH. Third, 50-uL aliquots
were mixed with 100 #L of 2 M NaOH (Sigma-Aldrich) and left to stand for 3h
atambient temperature for basic hydrolysis. The samples were then mixed with
50 pL of concentrated HCI (37%; Sigma-Aldrich) and 1 mL of diethyl ether
(Glas-Col, catalog number 099A EV9624S), and the organic phase was recov-
ered and evaporated under a nitrogen stream (Glas-Col, catalog no. 099A
EV9624S) before resuspension in 50 uL of 50% MeOH. The three different types
of extracts were then analyzed by HPLC as described below.

HPLC-MS Analysis of Phenolic Acids

Chromatography was conducted on a 1260 Infinity HPLC system (Agilent
Technologies) coupled to an API 5000 tandem mass spectrometer (Applied
Biosystems). In brief, the separation was achieved on a Zorbax Eclipse XDB-C18
column (50 X 4.6 mm, 0.5 um; Agilent) using formic acid (1%; Fisher Scientific)
in water and acetonitrile (Fisher Scientific) as mobile phases A and B, respec-
tively. The elution gradient used was as follows: 0 to 0.5 min, 10% B; 0.5 to
4 min, 10% to 90% B; 4 to 4.02 min, 90% to 100%; 4.02 to 4.5 min, 100% B; 4.5 to
4.51 min, 10%; and 4.51 to 7 min, 10% B. The flow rate of the mobile phase was
1.1 mL min"". The column temperature was maintained at 25°C. The instru-
ment parameters were optimized with infusion of pure standards (Sigma-
Aldrich). The ion spray voltage was —4,500 eV. The turbo gas temperature
was 700°C. Nebulizing gas was set at 60°C, curtain gas at 25°C, heating gas at
60°C, and collision gas at 7°C. Multiple-reaction monitoring was used to
measure the parent ion to product ion transitions as described in Supplemental
Table S1. Data acquisition and processing were performed on Analyst 1.5
software (Applied Biosystems). Dilution series of standard mixtures of each
phenolic acid (purchased from Sigma-Aldrich) were used for quantification.
Peak areas of cis and trans isomers were summed up for quantification.

Data Treatment and Statistical Analysis

To test the preference of D. virgifera in the two-arm belowground system, we
used the statistical procedure outlined previously (generalized linear model
with quasi-poisson distribution to take into account overdispersal, followed by
ANOVA; Robert et al.,, 2012) using the R Project for Statistical Computing
(version 3.2.1.). To assess larval choice in petri dish assays, a choice differential
was calculated from each replicate by subtracting the average number of larvae
on the control side from the average number of larvae on the treatment side. The
differentials were then compared against the null hypothesis (equal preference
for both sides, resulting in a differential of 0) using ANOVA in R. Differences in
phenolic acid profiles were evaluated by ANOVAs followed by Holm-Sidak
post hoc tests in Sigma Plot 12.5.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. C4H inhibition alters the accumulation of soluble
free and conjugated phenolic acid in the roots.

Supplemental Figure S2. Genetic modification of the phenylpropanoid
pathway alters the accumulation of soluble free and conjugated phenolic
acid in the roots.

Supplemental Figure S3. Genetic modification of the phenylpropanoid
pathway does not alter root architecture of maize seedlings.

Supplemental Figure S4. The bml-dependent preference pattern of D.
virgifera differs between S. littoralis-infested and artificially elicited
plants.

Supplemental Figure S5. Metabolomic fingerprints of active root fractions.

Supplemental Table S1. Multiple reaction monitoring parameters for phe-
nolic acid analysis.

ACKNOWLEDGMENTS

We thank Roland Reist from Syngenta (Stein, Switzerland) for providing S.
littoralis eggs, Chad Nielson (Agricultural Research Service U.S. Department of
Agriculture, Agricultural Research Service Brookings) for D. virgifera rearing,
and Michael Reichelt for HPLC-MS support.

Received May 21, 2015; accepted September 28, 2015; published October 1,
2015.

LITERATURE CITED

Barriere Y, Ralph J, Méchin V, Guillaumie S, Grabber JH, Argillier O,
Chabbert B, Lapierre C (2004) Genetic and molecular basis of grass cell
wall biosynthesis and degradability. II. Lessons from brown-midrib
mutants. C R Biol 327: 847-860

Begon M, Townsend CR, Harper JL (2006) Ecology: From Individuals to
Ecosystems, Ed 4, Wiley-Blackwell, Malden, MA.

Bernays EA, Chapman RF (1994) Host-Plant Selection by Phytophagous
Insects, Vol 2. Chapman & Hall, New York.

Bernklau EJ, Bjostad LB (2005) Insecticide enhancement with feeding
stimulants in corn for western corn rootworm larvae (Coleoptera:
Chrysomelidae). ] Econ Entomol 98: 1150-1156

Bernklau EJ, Bjostad LB (2008) Identification of feeding stimulants in corn
roots for western corn rootworm (Coleoptera: Chrysomelidae) larvae. J
Econ Entomol 101: 341-351

Bernklau EJ, Hibbard BE, Dick DL, Rithner CD, Bjostad LB (2015) Mo-
nogalactosyldiacylglycerols as host recognition cues for western corn
rootworm larvae (Coleoptera: Chrysomelidae). ] Econ Entomol 108:
539-548

Bezemer TM, van Dam NM (2005) Linking aboveground and below-
ground interactions via induced plant defenses. Trends Ecol Evol 20:
617-624

Blossey B, Hunt-Joshi TR (2003) Belowground herbivory by insects: in-
fluence on plants and aboveground herbivores. Annu Rev Entomol 48:
521-547

Brown DE, Rashotte AM, Murphy AS, Normanly J, Tague BW, Peer WA,
Taiz L, Muday GK (2001) Flavonoids act as negative regulators of auxin
transport in vivo in Arabidopsis. Plant Physiol 126: 524-535

Cheynier V, Comte G, Davies KM, Lattanzio V, Martens S (2013) Plant
phenolics: recent advances on their biosynthesis, genetics, and eco-
physiology. Plant Physiol Biochem 72: 1-20

Clark TL, Hibbard BE (2004) Comparison of nonmaize hosts to support
western corn rootworm (Coleoptera: Chrysomelidae) larval biology.
Environ Entomol 33: 681-689

de Ascensao AR, Dubery IA (2003) Soluble and wall-bound phenolics and
phenolic polymers in Musa acuminata roots exposed to elicitors from
Fusarium oxysporum f.sp. cubense. Phytochemistry 63: 679-686

Denno RF, McClure MS, Ott JR (1995) Interspecific interactions in phy-
tophagous insects: competition reexamined and resurrected. Annu Rev
Entomol 40: 297-331

2893

Downloaded from www.plantphysiol.org on February 24, 2016 - Published by www.plant.org
Copyright © 2015 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00759/DC1
http://www.plantphysiol.org/
http://www.plant.org

Erb et al.

Erb M, Balmer D, De Lange ES, Von Merey G, Planchamp C, Robert CA,
Réder G, Sobhy I, Zwahlen C, Mauch-Mani B, et al (2011a) Synergies
and trade-offs between insect and pathogen resistance in maize leaves
and roots. Plant Cell Environ 34: 1088-1103

Erb M, Flors V, Karlen D, de Lange E, Planchamp C, D’Alessandro M,
Turlings TCJ, Ton J (2009) Signal signature of aboveground-induced
resistance upon belowground herbivory in maize. Plant J 59: 292-302

Erb M, Kéllner TG, Degenhardt J, Zwahlen C, Hibbard BE, Turlings TCJ
(2011b) The role of abscisic acid and water stress in root herbivore-
induced leaf resistance. New Phytol 189: 308-320

Erb M, Robert CA, Hibbard BE, Turlings TC (2011c) Sequence of arrival
determines plant-mediated interactions between herbivores. J Ecol 99: 7-
15

Erb M, Robert CAM, Turlings TCJ (2011d) Induction of root-resistance by
leaf-herbivory follows a vertical gradient. J Plant Interact 6: 133-136

Erb M, Ton J, Degenhardt J, Turlings TCJ (2008) Interactions between
arthropod-induced aboveground and belowground defenses in plants.
Plant Physiol 146: 867-874

Gill TA, Sandoya G, Williams P, Luthe DS (2011) Belowground resistance
to western corn rootworm in lepidopteran-resistant maize genotypes. J
Econ Entomol 104: 299-307

Guillaumie S, Pichon M, Martinant JP, Bosio M, Goffner D, Barriére Y
(2007) Differential expression of phenylpropanoid and related genes in
brown-midrib bm1, bm2, bm3, and bm4 young near-isogenic maize
plants. Planta 226: 235-250

Halpin C, Holt K, Chojecki J, Oliver D, Chabbert B, Monties B, Edwards
K, Barakate A, Foxon GA (1998) Brown-midrib maize (bm1)-a mutation
affecting the cinnamyl alcohol dehydrogenase gene. Plant J 14: 545-553

Hibbard BE, Duran DP, Ellersieck MR, Ellsbury MM (2003) Post-
establishment movement of western corn rootworm larvae (Coleop-
tera: Chrysomelidae) in central Missouri corn. ] Econ Entomol 96: 599—
608

Hoff WD, Diix P, Hard K, Devreese B, Nugteren-Roodzant IM, Crielaard
W, Boelens R, Kaptein R, van Beeumen J, Hellingwerf KJ (1994) Thiol
ester-linked p-coumaric acid as a new photoactive prosthetic group in a
protein with rhodopsin-like photochemistry. Biochemistry 33: 13959-
13962

Huang W, Siemann E, Xiao L, Yang X, Ding J (2014) Species-specific de-
fence responses facilitate conspecifics and inhibit heterospecifics in
above-belowground herbivore interactions. Nat Commun 5: 4851

Johnson SN, Barton AT, Clark KE, Gregory PJ, Mcmenemy LS, Hancock
RD (2011) Elevated atmospheric carbon dioxide impairs the perfor-
mance of root-feeding vine weevils by modifying root growth and sec-
ondary metabolites. Glob Change Biol 17: 688-695

Johnson SN, Clark KE, Hartley SE, Jones TH, McKenzie SW, Koricheva J
(2012) Aboveground-belowground herbivore interactions: a meta-
analysis. Ecology 93: 2208-2215

Kaplan I, Denno RF (2007) Interspecific interactions in phytophagous in-
sects revisited: a quantitative assessment of competition theory. Ecol
Lett 10: 977-994

Koetter U, Kaloga M, Schilcher H (1994) Isolation and structure elucida-
tion of p-hydroxycinnamic acid esters from the rhizom of Agropyron
repens, Part II. Planta Med 60: 488-489

Kohler A, Maag D, Veyrat N, Glauser G, Wolfender J, Turlings TC, Erb M
(2014) Within-plant distribution of 1,4-benzoxazin-3-ones contributes to her-
bivore niche differentiation in maize. Plant Cell Environ 38: 1081-1093

Maag D, Erb M, Kéllner TG, Gershenzon J (2015) Defensive weapons and
defense signals in plants: some metabolites serve both roles. BioEssays
37: 167-174

Marti G, Erb M, Boccard J, Glauser G, Doyen GR, Villard N, Robert
CAM, Turlings TCJ, Rudaz S, Wolfender JL (2013) Metabolomics

2894

reveals herbivore-induced metabolites of resistance and susceptibility in
maize leaves and roots. Plant Cell Environ 36: 621-639

Miise G, Schindler T, Bergfeld R, Ruel K, Jacquet G, Lapierre C, Speth V,
Schopfer P (1997) Structure and distribution of lignin in primary and
secondary cell walls of maize coleoptiles analyzed by chemical and
immunological probes. Planta 201: 146-159

Naseer S, Lee Y, Lapierre C, Franke R, Nawrath C, Geldner N (2012)
Casparian strip diffusion barrier in Arabidopsis is made of a lignin
polymer without suberin. Proc Natl Acad Sci USA 109: 10101-10106

Nicoletti I, Martini D, De Rossi A, Taddei F, D’Egidio MG, Corradini D
(2013) Identification and quantification of soluble free, soluble conju-
gated, and insoluble bound phenolic acids in durum wheat (Triticum
turgidum L. var. durum) and derived products by RP-HPLC on a
semimicro separation scale. ] Agric Food Chem 61: 11800-11807

O'Day M (1998) Corn Insect Pests: A Diagnostic Guide, Vol 1358. MU
Extension, University of Missouri-Columbia, Columbia, MO.

Pluskal T, Castillo S, Villar-Briones A, Oresic M (2010) MZmine 2:
modular framework for processing, visualizing, and analyzing mass
spectrometry-based molecular profile data. BMC Bioinformatics 11: 395

Poelman EH, Broekgaarden C, Van Loon JJ, Dicke M (2008) Early season
herbivore differentially affects plant defence responses to subsequently
colonizing herbivores and their abundance in the field. Mol Ecol 17:
3352-3365

Quideau S, Deffieux D, Douat-Casassus C, Pouységu L (2011) Plant
polyphenols: chemical properties, biological activities, and synthesis.
Angew Chem Int Ed Engl 50: 586-621

Rasmann S, Agrawal AA (2008) In defense of roots: a research agenda for
studying plant resistance to belowground herbivory. Plant Physiol 146:
875-880

Riboulet C, Guillaumie S, Méchin V, Bosio M, Pichon M, Goffner D,
Lapierre C, Pollet B, Lefevre B, Martinant JP, et al (2009) Kinetics of
phenylpropanoid gene expression in maize growing internodes: rela-
tionships with cell wall deposition. Crop Sci 49: 211-223

Robert CAM, Erb M, Duployer M, Zwahlen C, Doyen GR, Turlings TCJ
(2012) Herbivore-induced plant volatiles mediate host selection by a
root herbivore. New Phytol 194: 1061-1069

Rosler J, Krekel F, Amrhein N, Schmid J (1997) Maize phenylalanine
ammonia-lyase has tyrosine ammonia-lyase activity. Plant Physiol 113:
175-179

Schalk M, Cabello-Hurtado F, Pierrel MA, Atanossova R, Saindrenan P,
Werck-Reichhart D (1998) Piperonylic acid, a selective, mechanism-
based inactivator of the trans-cinnamate 4-hydroxylase: a new tool to
control the flux of metabolites in the phenylpropanoid pathway. Plant
Physiol 118: 209-218

Shimizu M, Ohta G (1960) Studies on the constituents of rice bran oil. V.
Reexamination of oryzanol-b. Chem Pharm Bull (Tokyo) 8: 108-111

Soler R, Bezemer TM, Cortesero AM, Van der Putten WH, Vet LE, Harvey
JA (2007) Impact of foliar herbivory on the development of a root-
feeding insect and its parasitoid. Oecologia 152: 257264

Strnad SP, Dunn PE (1990) Host search behaviour of neonate western corn
rootworm (Diabrotica virgifera virgifera). ] Insect Physiol 36: 201-205

Sukalovié¢ VH, Vuleti¢ M, Vu¢inié Z (2005) The role of p-coumaric acid in
oxidative and peroxidative cycle of the ionically bound peroxidase of the
maize root cell wall. Plant Sci 168: 931-938

Tindall KV, Stout MJ (2001) Plant-mediated interactions between the rice
water weevil and fall armyworm in rice. Entomol Exp Appl 101: 9-17

van Dam NM, Heil M (2011) Multitrophic interactions below and above
ground: en route to the next level. J Ecol 99: 77-88

Vignols F, Rigau J, Torres MA, Capellades M, Puigdomeénech P (1995)
The brown midrib3 (bm3) mutation in maize occurs in the gene encoding
caffeic acid O-methyltransferase. Plant Cell 7: 407-416

Plant Physiol. Vol. 169, 2015

Downloaded from www.plantphysiol.org on February 24, 2016 - Published by www.plant.org
Copyright © 2015 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

0.1
0.08
0.06
0.04
0.02

0

1.2

1
0.8
0.6
0.4
0.2

0

0.025
0.02
0.015
0.01
0.005

[ng*gt FW]

0.6
0.5
0.4
0.3
0.2
0.1

0.5
0.4
0.3
0.2
0.1

0

Free
0.04
**%k%*
0.03
*kk 0.02
0.01
] — 0
Buf PA Buf PA
Primary = Crown
2.5
2
1.5
1
0.5
0
Buf Buf PA
Primary Crown
0.4

0.3
0.2
0.1

0

Buf PA Buf PA

Primary  Crown

0 ié

Primary Crown

04
0.3
|_X—‘ 0.2
KKk 0.1
Fle=
Buf PA Buf PA

Primary Crown

Acid hydrolysable Basic hydrolysable
1d nydroly IC nyaroly l PAL

0.2
*%%k 015 iy 0
*kk 0.1 *kk @/\)\OH
0 —E= PR
Buf PA Buf PA Buf PA Buf PA Cinnamic acid
Primary  Crown Primary  Crown l C4H
10
8 0
6
; /WOH
2 HO
0 p-Coumaric acid
Buf PA  Buf PA Buf PA Buf PA lC3H
Primary =~ Crown Primary ~ Crown
0.2
0.15 O
= OH
0.05
= = . .
OH p-Caffeic acid
Buf PA Buf PA Buf PA Buf PA
Primary Crown Primary  Crown l COMT
6
** i O
H5CO
3 2 x"oH
2
1 HO
0 p-Ferulic acid
Buf PA Buf PA
Primary Crown Primary Crown + FSH
v COMT
0.8
0.6 0
0.4 H,CO
3 "“0H
|—I—| 0.2
— === 0 p-Sinapic acid
Buf Buf PA Buf PA Buf PA OCHjs
Primary Crown Primary Crown

|:| Treatment effect: P<0.05

Fig. S1: Cinnamate 4-hydroxylase inhibition alters the accumulation of soluble free and conjugated phenolic acid in the

roots. Average concentrations of different phenolic acids in buffer treated roots (Buf) and piperonylic acid treated, C4H

inhibited roots (PA) are shown for crown and primary roots (+ SE). Shading indicates a significant overall treatment

effect determined by analysis of variance (p<0.05). Stars indicate significant pairwise differences between treatments

within root types (Holm-Sidak post-hoc tests: *p<0.05, **p<0.01, ***p<0.001).
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Fig. S2: Genetic modification of the phenylpropanoid pathway alters the accumulation of soluble free and conjugated
phenolic acid in the roots. Average concentrations of different phenolic acids wild type (F2), bm1 and bm3 mutants are
shown for crown and primary roots (+ SE). Shading indicates a significant overall treatment effect determined by
analysis of variance (p<0.05). Stars indicate significant pairwise differences between treatments within root types
(Holm-Sidak post-hoc tests: *p<0.05, **p<0.01, ***p<0.001).



Fig. S3: Genetic modification of the phenylpropanoid pathway does not alter root architecture of

maize seedlings. Pictures of wild type (F2), bml and bm3 roots of 12-day-old maize seedlings are

shown.
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Table S1. Multiple reaction monitoring parameters for phenolic acid analysis. Q1: Parent ion > Q3: product

ion: mass to charge ratio [m/z]. ID: compound name; DP: Declustering potential; CE: Collision energy.

Q1 mass Q3 mass

(Dalton) (Dalton) ID DP (Volts) CE (Volts)
147 102.8 Cinnamic acid -65 -16
163 118.9 Coumaric acid -60 -20
179 134.9 Caffeic acid -55 -22
193.1 133.9 Ferulic acid -75 -22
223 149 Sinapic acid -65 -26
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