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Herbivore-induced plant volatile
emission is often considered to be

attacker species-specific, but most experi-
mental evidence comes from short lived
herbaceous species. In a recent study we
showed that black poplar (Populus nigra)
trees emit a complex blend of volatiles
from damaged leaves when they are
attacked by generalist gypsy moth
(Lymantria dispar) caterpillars. Minor
nitrogenous volatiles were especially
characteristic of this blend. Here we
show that attack on P. nigra by a beetle
species, Phratora vulgatissima (Coleop-
tera, Chrysomelidae), led to the emission
of the same compounds as already
observed after caterpillar herbivory, but
with striking quantitative changes in the
blend. The consequences for attraction of
herbivore enemies are discussed.

Introduction

When plants are attacked by herbivo-
rous insects, they release specific volatile
blends that quantitatively and qualitatively
differ from the constitutive plant
volatile bouquet. These blends are fre-
quently studied because of their attraction
of herbivore enemies.1 Herbivore-induced
volatiles are released from the actual
site of damage but can also be emitted
systemically from adjacent non-damaged
tissue.2-4 There is convincing evidence in
the recent literature that herbivore-
induced plant volatile emission can be spe-
cific to the attacker species.5 Insects from
different feeding guilds (e.g., sucking,
chewing, mining or galling insects) are
especially reported to induce different vol-
atile blends.6-8 These differential plant
responses are thought to be due to

differences in the elicitors present in insect
oral secretions, in the mode of feeding, or
in the host specificity of the insects or the
timing of attack.9 However, most evidence
for herbivore species-specific volatile emis-
sion comes from short lived herbaceous
species. Woody perennials are barely stud-
ied in this context.

We recently reported that black poplar
(Populus nigra) releases a very complex
blend of volatiles when it is attacked by
generalist gypsy moth (Lymantria dispar)
caterpillars.10 The blend released from
damaged black poplar foliage was qualita-
tively and quantitatively different from
that of undamaged adjacent foliage and
foliage of non-damaged control trees.
Female Glyptapanteles liparidis wasps,
which are parasitoids of Lymantria dispar
caterpillars, were attracted to the volatiles
from damaged leaves, and EAG experi-
ments and behavioral assays revealed that
this species was especially attracted to
minor, nitrogen-containing compounds.10

As members of natural floodplain for-
ests in Europe, black poplar trees harbor
an enormous diversity of arthropods and
are almost constantly under attack by dif-
ferent species of herbivorous insects.
Whether these trees are capable of releas-
ing herbivore species-specific volatiles thus
has important consequences for herbivore
enemy attraction.

To investigate whether the black poplar
volatile emission patterns produced upon
attack by a generalist feeding caterpillar L.
dispar are themselves rather general or
instead a specific tree response to this
attacker species, we have now analyzed the
tree response to a chewing insect that is a
more specialized feeder, the blue
willow beetle (Phratora vulgatissima,
Chrysomelidae).
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Methods

The same experimental set-up as
described in Clavijo McCormick et al.10

was applied but the trees were infested
with Phratora vulgatissima leaf beetles
(Fig. 1A). Forty young Populus nigra
trees were selected of which 20 entered
the beetle-herbivory treatment and 20
functioned as non-damaged control
trees. The foliage of each tree was split
in 2 sections, a basipetal and an adjacent
apical section, each enclosed with PET
film (Toppits� Bratschlauch, Minden,
Germany). Experimental herbivory only
occurred in the basipetal section. In the
beetle-infested trees, 20 individuals of P.
vulgatissima were released in the PET
bags (Fig. 1A). Beetles were allowed to
feed for 41 h before volatiles were col-
lected and analyzed as described in.10

Results

Overall more than 70 compounds
could be identified from the headspace of
beetle-infested young black poplar trees.
The rate of emission of volatiles from
damaged leaves of P. nigra differed signifi-
cantly from the rate of emission from the
equivalent basipetal leaves of untreated
control trees (Fig. 1). This was true for all
7 groups of volatiles, homoterpenoids,
monoterpenoids, sesquiterpenoids, green
leaf volatiles, nitrogenous volatiles, aro-
matic compounds and others (Fig. 1).
Most volatile groups also showed differen-
ces when comparing undamaged leaves on
herbivore-treated plants (adjacent to dam-
aged leaves) to their respective controls on
untreated plants.

The foliage of young black poplar trees
damaged by the blue willow beetle emit-
ted the same volatile blend qualitatively as

already described when the same geno-
types were fed upon by gypsy moth cater-
pillars.9 The total emission rate of beetle-
damaged foliage was »40% lower than
that of caterpillar-damaged foliage. How-
ever, in our experiments beetle feeding
caused »65% less leaf area loss (3.42 §
0.52% vs. 9.85 § 1.40%), so beetle feed-
ing may be considered more volatile-
inducing. Such a difference might be
attributable to differences in feeding pat-
terns: beetles fed toward the center of the
leaf in groups of several insects, whereas
caterpillars started feeding from the outer
rim of leaves, mostly as individuals. Turn-
ing to groups of compounds, the propor-
tion of aromatic compounds emitted from
beetle-damaged foliage was higher than
for caterpillar-damaged leaves.10 In con-
trast, the proportion of green leaf volatiles
was smaller than from caterpillar-damaged
leaves.

Figure 1. Emission of volatile compounds from herbivore-damaged and adjacent undamaged leaves of Populus nigra (black poplar) trees infested with
blue willow beetles (Phratora vulgatissima). (A) The foliage of young trees of 20 different P. nigra genotypes was divided into basal and apical sections
with PET film and 20 adult beetles were released on the basal foliage. A second set of PET film-divided trees was left as controls without beetles. After
41 h, volatiles were collected using a dynamic headspace collection system and analyzed by GC-MS/FID. (B), (C) Emission of major groups of volatiles
was recorded from beetle-damaged and adjacent undamaged foliage in relation to controls- emission from corresponding regions of trees not subject
to P. vulgatissima herbivory. Data are presented as mean § SE, n D 20 (one representative of each of 20 genotypes). Asterisks indicate significant differ-
ences between beetle-infested tress and the controls: *, p< 0.05; ***, P < 0.001; Mann Whitney U-tests. (D), (E) Relative proportion of the major groups
of volatiles presented with respect to the full P. nigra odor blend. A full list of all P. nigra volatiles detected is given in ref. 10.
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To identify the most important com-
pounds that distinguish the caterpillar-
induced from the beetle-induced volatile
blends, we employed the Random Forest
algorithm (Breiman 2001). Among the 10
most important compounds classifying
the 2 different odor blends were mainly
aromatics and monoterpenes, with salicy-
laldehyde being the most important
(Table 1). This aromatic compound was
exclusively measured in the beetle infested
foliage, whereas another aromatic com-
pound, amyl benzoate, was only released
from the caterpillar-infested foliage. The
nitrogen-containing aromatic compound
phenylacetaldoxime,11,12 derived from the
aromatic amino acid phenylalanine was
also among the most distinguishing com-
pounds and mostly released from beetle-
infested leaves. Caterpillar-infested leaves
also emitted higher amounts of the mono-
terpene sabinene (Fig. 2).

Discussion

The overall composition of the volatile
blend from the blue willow beetle

(P. vulgatissima) was similar to the previ-
ously observed blend from gypsy moth
caterpillar (L. dispar)-damaged foliage.10

Notably, nitrogen-containing compounds
were found in both blends from damaged
leaves, released from the actual site of bee-
tle damage, but not in blends from adja-
cent undamaged leaves or leaves of
undamaged control trees. However, there
were major differences in the proportion
of aromatic and green leaf volatiles

released from beetle-damaged vs. caterpil-
lar-damaged leaves. The greater amount
of aromatic volatiles emitted from beetle-
damaged foliage is largely due to the
higher emission of salicylaldehyde
(Table 1, Fig. 2),13 an aromatic com-
pound that is also emitted from larvae of
the closely related beetle species Phratora
vitellinae.14 However, in our study the
emission came predominantly from the
trees as adult P. vulgatissima beetles and

Table 1. The 10 most important Populus nigra volatiles that distinguish between the blends of Lyman-
tria dispar-damaged and Phratora vulgatissima-damaged foliage as determined by the Random Forest
algorithm (Breiman 2001). The volatiles are listed in decreasing relevance based upon mean decrease
in accuracy (MDA). ST, sesquiterpenes

Rank Compound MDA

1 Salicylaldehyde 36.57
2 Amyl benzoate 19.04
3 Phenylacetaldoxime 16.51
4 Sabinene 16.01
5 Linalool 15.07
6 Unknown ST 13.66
7 Myrcene 12.97
8 Isoamyl acetate 12.53
9 Methyl salicylate 11.88
10 Phenylmethyl acetate 10.07
11 (E)-b-Caryophyllene 10.06

Figure 2. Specific emission of individual volatiles from the experiment described in Fig. 1. Volatile compounds that most discriminate between caterpil-
lar- (Lymantria dispar) and beetle- (Phratora vulgatissima) damaged black poplar foliage (as determined by Random Forest analysis, Table 1) were chosen.
White bars D control; black barsD caterpillar damaged; gray bars D beetle damaged. Bars represent means § SEM.
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their frass only released trace amounts
of this compound (Unsicker SB
unpublished).

Li et al. 15 recently documented that
volatile emission in another poplar species
(Populus tremula x tremuloides) differed
quantitatively (but not qualitatively) when
the tree was attacked by 2 different leaf
chewing caterpillar species. We also found
quantitative differences in volatile emis-
sion in black poplar when young trees
were infested by 2 leaf chewing caterpillar
species, Lymantria dispar and the poplar
hawk moth Laothoe populi.15

There are many other examples in the
literature of herbivore specificity in
induced volatile emission pattern depend-
ing on the type of herbivore, its age, and
in particular its feeding guild.4,16-18 In
this study, beetles created more numerous
and smaller lesions in poplar leaves than
the gypsy moth caterpillars did in our pre-
vious work.9 Thus the overall area affected
by beetle damage might be bigger even
though the actual area removed is smaller.
For this reason, it is difficult to directly
compare the amount of volatile emission
caused by insects with very different feed-
ing modes.6 The fact that poplar is host to
many species of herbivores facilitates
future experiments with insects from other
feeding guilds such as aphids and leaf min-
ers, to explore the issue of volatile specific-
ity in more depth. Such specificity is
readily exploited by herbivore enemies in
searching for prey and hosts, depending
on the diet breadth of the enemy.4 Both
predators and parasitoids possess sensory
apparatus that can distinguish between
blends based on qualitative differences or
quantitative ones involving ratio-specific
odor recognition.
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