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• In order to characterize defense responses of hybrid poplar (Populus trichocarpa
× P. deltoides), we profiled leaf transcript patterns elicited by wounding and by
regurgitant from forest tent caterpillar (FTC; Malacosoma disstria), a Lepidopteran
defoliator of poplars.
• Macroarrays were used to compare transcript profiles. Both FTC-regurgitant (FTC-R)
and mechanical wounding with pliers elicited expression of a variety of genes, and
for these genes our analysis indicated that these treatments induced qualitatively
similar responses.
• Similarily, a comparison of responses of directly treated and systemically induced
leaves indicated extensive overlap in the sets of induced genes. FTC-R was found to
contain the insect-derived elicitor volicitin.
• The simulated herbivory treatments resulted in the induction of genes involved in
poplar defense and secondary metabolism. We also identified wound-responsive
genes with roles in primary metabolism, including a putative invertase, lipase, and
acyl-activating enzyme; some of these genes may have roles in defense signaling.
In addition, we found three unknown genes containing a ZIM motif which may
represent novel transcription factors.
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Introduction
Under selective pressure by herbivores, plants have evolved
a variety of physical and biochemical defense mechanisms. A
common defense strategy is the active deployment of inducible
defenses, which can include both proteins and secondary
metabolites whose synthesis is triggered by herbivore damage
(Walling, 2000; Baldwin et al., 2001; Gatehouse, 2002;
Kessler & Baldwin, 2002). Inducible defenses often act as
toxins, antifeedants, or antinutrients; for example, many plants
synthesize herbivore-induced proteinase inhibitor proteins
which inhibit insect digestive enzymes and have directly toxic
effects (Ryan, 1990). Other antinutritive defenses include the
oxidative enzymes polyphenol oxidase (PPO), peroxidase
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and lipoxygenase, thought to act by destroying or modifying
essential amino acids and fatty acids (Duffey & Felton, 1991).
In some species, the induced defense arsenal includes secondary
metabolites such as alkaloids, terpenoids, or phenolics (reviewed
in Walling, 2000; Kessler & Baldwin, 2002). Herbivory also
stimulates the synthesis and release of terpenoid, aromatic and
aliphatic volatiles, potential signals which can attract predators
and parasitoids of the herbivore and thus contribute to
defense (Arimura et al., 2005). It is significant that herbivore
defenses are often induced beyond the site of insect feeding,
in undamaged leaves of damaged plants. These leaves thus
gain considerable resistance to herbivory despite not being
directly damaged (Havill & Raffa, 1999). This systemic
defense response and its regulation has been especially well
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characterized in tomato, where it is now known that jasmonic acid
( JA) has a prominent role in systemic signaling (Bergey et al.,
1996; Ryan, 2000; Howe, 2004; Schilmiller & Howe, 2005).
A number of insect-derived elicitors that are recognized by
plant cells and trigger defense reactions have been discovered
in insect regurgitants. They include both proteins, such as
β-glucosidase, or fatty acid-amino acid conjugates (FACs)
(Tumlinson & Lait, 2005). The first FAC with elicitor activity
to be identified was N-hydroxylinolenoyl-L-glutamine and
named volicitin based on its ability to trigger volatile release
(Alborn et al., 1997). Other potent FAC elicitors are Nlinolenoyl-L-glutamine and N-linolenoyl-L-glutamic acid
(Tumlinson & Lait, 2005). FACs have since been shown to
be widespread among all caterpillar species examined to date,
including species of the families Noctuidae (e.g. Spodoptera
spp.), Geometridae and Sphingidae (e.g. Manduca spp.)
(Pohnert et al., 1999; Halitschke et al., 2001; Mori et al.,
2001, 2003). They induce various defense reactions, including changes in gene expression and volatile release (Alborn
et al., 1997; Halitschke et al., 2001; Alborn et al., 2003;
Halitschke et al., 2003; Roda et al., 2004).
Transcript profiling using DNA arrays is a powerful tool
that is now being applied to investigate plant responses to
insect feeding and wound signaling. DNA array studies have
compared mechanical wounding and insect feeding, or
damage by different insect feeding guilds (Heidel & Baldwin,
2004; Reymond et al., 2004; Voelckel & Baldwin, 2004). In
Arabidopsis, arrays showed that the vast majority of herbivoreinducible transcripts are also up-regulated by wounding
(Reymond et al., 2000; Reymond et al., 2004). Similar experiments revealed that many wound-induced genes are induced
by both osmotic stress and heat shock, or have led to the
discovery of novel defense genes and biochemical pathways
that respond to wounding and herbivory (Reymond et al.,
2000; Cheong et al., 2002; Halitschke et al., 2003).
In hybrid poplar, wound-induced gene expression was
first described by Gordon and coworkers, who isolated genes
encoding an inducible Kunitz trypsin inhibitor (TI), several
chitinases, and a vegetative storage protein (Parsons et al., 1989;
Davis et al., 1991a, 1993). We subsequently identified PPO
as an inducible defense protein in this system (Constabel et al.,
2000; Haruta et al., 2001b). Additional studies further characterized poplar-induced defenses at the transcript, protein,
and enzyme activity levels (Clarke et al., 1998; Constabel et al.,
2000; Haruta et al., 2001a,b; Wang & Constabel, 2003). The
efficacy of hybrid poplar-induced defense has been directly
demonstrated; poplar saplings previously subjected to herbivory, wounding, or caterpillar regurgitant are subsequently
poorer hosts for gypsy moth larvae (Havill & Raffa, 1999).
Moreover, the antiherbivore effects of poplar PPO has been
directly shown for forest tent caterpillar (FTC; Malacosoma
disstria) using transgenic poplar overexpressing this protein
(Wang & Constabel, 2004). Induced synthesis of poplar
terpenoids, which may contribute to indirect defense, has also
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been described (Arimura et al., 2004). Furthermore, in Populus
tremuloides, herbivore- and wound-stress induces the expression
of flavonoid biosynthesis genes, which is correlated with induced
proanthocyanidin accumulation (Peters & Constabel, 2002).
Populus has become a major focus of plant genomics research.
The P. trichocarpa genome is now fully sequenced (Brunner
et al., 2004; Tuskan et al., 2004), and large expressed sequence
tag (EST) collections are available. These provide a key
resource that can be used for digital analysis of gene expression,
gene discovery (Sterky et al., 2004), and to construct DNA
microarrays. Poplar cDNA arrays are presently being used to
investigate a variety of processes relevant to woody plants and
perennials, including autumn senescence and wood development (Andersson et al., 2004; Schrader et al., 2004; Moreau
et al., 2005), as well as abiotic and biotic stress resistance (Gu
et al., 2004; Smith et al., 2004; Ralph et al., 2006). The large
number of naturally occurring poplar insect herbivores make
Populus a powerful system in which to study plant–herbivore
interactions at the molecular and genomic levels. Previously,
we undertook a small-scale EST sequencing project in hybrid
poplar (P. trichocarpa × P. deltoides) to provide a set of defenserelated genes and to obtain a broader view of the transcriptome
in leaves undergoing a defense response (Christopher et al.,
2004). A substantial number of ESTs were found to encode
proteins involved in defense or secondary metabolism, and
many were up-regulated after wounding. Here, we report on
the use of macroarrays constructed from this EST set to examine
the poplar leaf response to insect-derived cues from FTC. Our
analysis revealed that for this collection of wound-induced
genes, the responses to FTC-regurgitant and wounding are
qualitatively similar, though quantitatively distinct.

Materials and Methods
Plant material
Poplar hybrid H11-11 (P. trichocarpa × P. deltoides), originating from the University of Washington/Washington State
University Poplar Research Program, were propagated
from greenwood cuttings in Sunshine Mix #4 (Sungro,
Seba Beach, AB, Canada) in 0.25 l propagation containers
(RootMaker, Huntsville, AL, USA). After plantlets had rooted
and reached a height of approx. 10 cm, they were transplanted
into 15-cm-diameter pots containing Sunshine Mix #4 plus
slow-release nutrients (8.9 g l−1 controlled release 8-6-12 NPK
plus micronutrients (Acer, Delta, BC, Canada), 0.458 g l−1
superphosphate 0-20-0 (Green Valley, Surrey, BC, Canada),
1.21 g l−1 Micromax Micronutrients (Scotts-Sierra, Marysville,
OH, USA), and 4.75 g l−1 Dolomite lime (IMASCO, Surrey,
BC, Canada)). Plants were maintained in the Bev Glover
Greenhouse at the University of Victoria. All experiments were
conducted between March and May. Supplemental lighting
from 600 W high-pressure sodium lamps was used to extend
the photoperiod to 16 : 8 h, and the temperature within the
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greenhouse was maintained at 25 : 18°C. Plants were watered
daily with a solution containing 0.1 g l−1 20-20-20 PlantProd
fertilizer (Plant Products, Brampton, ON, Canada). All lateral
shoots were pruned as they developed so that each plant consisted
of a single main stem, no less than 2 wk before wounding.
FTC-regurgitant collection
Regurgitant was collected from fourth- and fifth-instar FTC
larvae found on aspen foliage (P. tremuloides) near Drayton
Valley (AB, Canada). FTC-R was collected by micropipette,
immediately frozen on dry ice, and stored at −80°C. The
preparations were incubated at 100°C for 20 min to eliminate
potential enzyme activity or enzymatic degradation of elicitors
(Mattiacci et al., 1995; Mori et al., 2001; Alborn et al., 2003),
and then filter-sterilized to eliminate microbial activity. FTC-R
was analyzed by LC-MS for the presence of chemical elicitors
by Dr Amy Roda, Dr Bernd Krock and Dr Ian Baldwin (Max
Planck Institute for Chemical Ecology, Jena, Germany).
Wounding and FTC-R treatments
Plants were 12 wk old and 1 m tall with approx. 30 leaves when
used for experiments. Leaves were mechanically wounded
by crushing the margins of leaf blades, while for FTC-R
treatments, FTC-R was applied to leaf punctures made
with a fabric tracing wheel. A total of 100 µL of FTC-R was
applied to 100 punctures (1 µL per puncture) over 10 rows
per leaf. We first tested inducing activity of a range of
FTC-R-dilutions to establish an appropriate concentration
for further experiments. Leaves corresponding to LPI 10 (leaf
plastochron index) (Larson & Isebrands, 1971) were treated
with sterile ddH2O or FTC-R diluted 1 : 1, 1 : 5, 1 : 20,
1 : 60, and 1 : 180 (v/v) with water, and harvested after 24 h
for analysis. For subsequent experiments, FTC-R was diluted
1 : 5 (v/v) with sterile ddH2O. FTC-R-treatment was compared
between leaves treated with FTC-R and leaves treated with
sterile ddH2O (mock control). For macroarray experiments
studying local responses, leaves of LPI 9–17 were treated three
times, at 1 h intervals, with either wounding or FTC-R. Leaves
LPI 9–11 were harvested 24 h after start of the treatment,
frozen in liquid nitrogen, and stored at −80°C until analyzed.
For studying systemic responses, leaves of LPI 12–17 were
treated three times (1 h intervals), and untreated leaves of
LPI 9–11 were harvested 24 h after start of the treatment.
This design ensured that leaves designated as systemic were
induced equally (see Davis et al., 1991b), and were equivalent
in age to directly treated leaves.
RNA extraction and hybridization
Total RNA was isolated from hybrid poplar leaves, quantified
by UV absorbance, and quality verified on ethidium bromidestained agarose gels as previously described (Haruta et al.,

2001a). RNA (10 µg per lane) was loaded on to 1.2% (w/v)
agarose-formaldehyde gels, and blotted overnight onto HybondN+ nylon membranes (Amersham Biosciences, Baie d’Urfé, PQ,
Canada). RNA blots were probed with cDNA clones labeled with
[α-32P]dCTP (Rediprime II kit, Amersham). Hybridizations
were performed at 65°C and were washed at high stringency
according to Church & Gilbert (1984). The blots were detected
with a Storm PhosphorImager (Amersham) and signal intensities
were quantified using ImageQuant (Amersham). Ethidium
bromide staining of RNA or blot hybridization with an actin
cDNA probe were used to verify equal loading of lanes.
Macroarray analysis
For macroarray construction, 580 cDNA inserts were amplified
by PCR. The majority of the cDNAs (569) were amplified
from the unigene set of our EST library (Christopher et al.,
2004), generated from systemic leaves of wounded hybrid
poplar saplings (Constabel et al., 2000). The remaining 11
cDNAs were derived from a suppression subtractive hybridization (SSH) library generated from systemic leaves of hybrid
poplar saplings challenged by FTC (Malacosoma disstria Hübner)
( J. Patton & C. P. Constabel, unpublished). A total of 10 ng
of DNA for each clone was spotted in duplicate onto prewet
nylon membranes (Hybond N+ Amersham) using a handheld
multiblot replicator as per the manufacturer’s instructions
(VP Scientific, San Diego, CA, USA). Care was taken to
spot equal amounts of DNA so that we could gain additional
information about transcript abundance from our macroarray
analysis. Membranes were incubated DNA side up on 0.2 N
NaOH for 10 min, followed by 0.5 M Tris-HCl (pH 7.4)/0.5
M NaCl for 5 min, and cross-linked using a low-energy UV
cross-linker (Stratagene, La Jolla, CA, USA). Membranes
were rinsed in 2 × SSPE/0.1% (w/v) SDS before air drying.
For array analysis, total RNA was isolated from three pooled
leaves of each of three independent biological replicates (trees)
for all four treatments (local wounding, systemic wounding,
local FTC-R, systemic FTC-R) as well as the corresponding
controls for each. Each replicate was analyzed on an individual
macroarray. For synthesis of 33P-labeled cDNA, poly(A)+
RNA was isolated from 37.5 µg total RNA using Dynabeads
Oligo (dT)25 (Dynal Biotech, Lake Success, NY, USA), reverse
transcribed using Superscript II (Invitrogen, Burlington,
ON, Canada) and labeled with 33P using a Rediprime II kit
(Amersham). Macroarrays were hybridized at 65°C, washed
at high stringency according to Church & Gilbert (1984),
and exposed to PhosphoImager screens for 48 h. Images were
scanned with a Storm PhosphoImager (Amersham), and the
signals were quantified using ArrayVision 7.0 (Imaging Research,
St Catherines, ON, Canada). Background intensity surrounding
each spot was calculated and subtracted from each spot. The
average of duplicate spots was used for all downstream analyses.
Signal values < 1% of mean signal intensity were manually
raised to avoid extreme expression ratios. Corrected spot
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Fig. 1 Analysis of forest tent caterpillarregurgitant (FTC-R) and FTC-R-induced
expression of defense-related Kunitz trypsin
inhibitor. (a) Accumulation of PtdTI3 (Kunitz
trypsin inhibitor 3) transcripts in poplar leaves
in response to a gradient of FTC-R-dilutions.
Dilutions of regurgitant were added to
tracing wheel-punctures on leaves of LPI 10.
Leaves were harvested at 24 h and analyzed
by Northern blot. EtBr, ethidium bromidestained gel used as a loading control.
(b) LC-MS analysis of fatty acid-amino acid
conjugates (FACs) from the regurgitant of
Manduca sexta (Ms), Spodoptera exigua
(Se), and Malacosoma disstria (Md). 1,
N-hydroxylinolenoyl-L-glutamine (volicitin);
2, N-linolenoyl-L-glutamine; 3,
N-linolenoyl-L-glutamate.

intensities were normalized to the standard deviation of
the entire array (Richmond & Somerville, 2000). Relative
transcript abundance was calculated directly from intensities
of the normalized signals. Test hybridizations comparing
control plant mRNAs gave a correlation coefficient of 0.982.
Normalized intensities from the three biological replicates
were used to calculate average expression ratios.
A Student’s t-test (paired, one-tailed) on log2-transformed
data was used to determine statistical significance of expression ratios of each treatment and control pair. Q-values were
calculated using R (http://www.r-project.org/; Storey &
Tibshirani, 2003). Hierarchical clustering was performed
with EPCLUST (http://ep.ebi.ac.uk/EP/EPCLUST/). Heat
maps of P-values and transcript abundance were generated with
Treeview (http://rana.lbl.gov/EisenSoftware.htm). χ2 analyses
were performed to assess significance of differences in the proportions of functional classes, as carried out in Smith et al. (2004).
Sequence analysis and data management were performed
with Vector NTI Advance 9.0 (Invitrogen). To confirm the
identity of genes, 20 of the most highly induced genes
were confirmed by re-sequencing. To obtain full-length
sequences for candidate genes, the JGI poplar genome database
(http://genome.jgi-psf.org/Poptr1/Poptr1.home.html) was
queried. Annotations of candidate genes were improved with
similarity searches through BLASTP (Altschul et al., 1997) against
the NCBI non-redundant protein database (http://www.ncbi.
nlm.nih.gov/), the UniProt knowledgebase at EXPASY (http://
www.expasy.org/), and the AGI protein database at TAIR
(http://www.arabidopsis.org/). Conserved domains and motifs
of unknown genes were identified through queries against the
conserved domain database (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). Predictions of nuclear localization
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signals were made with Prosite (http://www.expasy.org/prosite/)
and PredictNLS (http://cubic.bioc.columbia.edu/predictNLS/).

Results
FTC-regurgitant induces poplar trypsin inhibitor
gene expression
We previously demonstrated that mechanical wounding or
feeding by FTC triggers the hybrid poplar defense response. To
establish if FTC-regurgitant elicits a defense response in poplar
leaves and if it could be used as an insect-derived cue for expression
profiling, we collected regurgitant from FTC feeding on native
Populus foliage. We applied a range of FTC-R dilutions to leaves
using a tracing wheel, and measured transcript abundance of
a Kunitz trypsin inhibitor (PtdTI3), a robust marker of the
poplar and aspen defense response (Haruta et al., 2001a;
Christopher et al., 2004). These experiments showed that
PtdTI3 transcripts accumulated in a concentration-dependent
manner in response to FTC-R, reaching maximum induction
at a 1 : 5 dilution (Fig. 1a). This concentration was therefore
chosen for all subsequent FTC-R-treatments.
The response of poplar leaves to FTC-R suggested that it
must contain potent chemical elicitors that trigger defense
responses in poplar cells. The regurgitant of other caterpillar
species has been found to contain FACs which act as elicitors
(Tumlinson & Lait, 2005). FTC-R was therefore tested for
the presence of such FACs, together with regurgitant from
Manduca sexta and Spodoptera exigua for comparison. LCMS analysis revealed that volicitin (N-hydroxylinolenoyl-Lglutamine) was the major FAC in FTC-R, although minor peaks
may represent additional FACs (Fig. 1b). Consistent with
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previous reports, volicitin was also detected in the regurgitant
of S. exigua (Alborn et al., 1997; Pohnert et al., 1999), but only
N-linolenoyl-L-glutamic acid and N-linolenoyl-L-glutamine
were present in M. sexta (Halitschke et al., 2001; Alborn et al.,
2003). Thus, these experiments revealed that volicitin is a
component of FTC-R and could be a key elicitor of the
poplar defense response during herbivory by FTC.
Expression profiling reveals that FTC-regurgitant elicits
a strong defense response
To study the transcriptional response of hybrid poplar leaves
to FTC-R further, we constructed macroarrays containing
580 cDNAs from an EST library, generated from induced
hybrid poplar leaves (Constabel et al., 2000; Christopher
et al., 2004). In addition to the FTC-R treatment, we also
subjected leaves to mechanical damage using a tracing
wheel or by crushing leaf margins with pliers (see below). We
separately analyzed the response in treated leaves (local response)
and untreated leaves on treated saplings (systemic response).
Each control and induction treatment was analyzed using
three independent biological replicates, and in addition
each sample consisted of three pooled mature leaves. To be
considered as differentially expressed between treated and
control leaves, genes were required to meet two criteria: a
≥ twofold change in expression (either up- or down-regulation),
and a significance of P < 0.05 as determined by the Student’s
t-test for the three independent replicates. While a significant
P-value alone has often been used to determine differential
expression, a twofold expression threshold provides greater
confidence that the expression ratios are meaningful. These
relatively stringent criteria, however, may lead to conservative
estimates of the extent of differential gene expression.
Compared with unwounded control leaves, FTC-R significantly up-regulated 36 genes from our array. An additional
13 genes were induced by at least twofold, but had P-values >
0.05. Some of the induced genes encoded previously identified
wound-responsive genes. We therefore tested if the observed
changes in gene expression could be the result of the wounding
caused by the tracing wheel during application of FTC-R
(see Materials and Methods), and analyzed the gene expression ratios in tracing wheel/water-treated leaves relative to
unwounded leaves. Only three genes were slightly but significantly up-regulated in this comparison, confirming that
the tracing wheel alone had only very minor effects on gene
expression. Therefore, we were able to analyze the array data
by calculating gene expression ratios of FTC-R treatment
relative to the tracing wheel/water control treatment; this should
provide an accurate representation of the effects of FTC-R alone
and without the potential confounding effects of wounding.
This analysis determined that 40 genes met our criteria for
significant up-regulation by FTC-R (Fig. 2a; see Table S1
(supplementary material online)). Thus our experiments clearly
demonstrated that FTC-R induced a poplar defense response

Fig. 2 Summary of changes in gene expression in response to
induction treatments as measured by macroarray analysis. Volcano
plots with gene expression ratios (log2 fold change) plotted against
the negative log10-transformed P-values from a t-test calculation. (a)
Gene expression ratios of forest tent caterpillar-regurgitant (FTC-R)treated to water-treated leaves; (b) expression ratios of mechanical
wounding to untreated leaves. Vertical dashed lines represent a twofold change in gene expression threshold (induction or repression).
Horizontal dashed line represents a significance level of P = 0.05.
Black circles and squares represent genes with a statistically significant
(P < 0.05) fold change of > 2 or < 0.5, respectively. All treatments
were performed on leaves of LPI 9–17, and after 24 h leaves of LPI
9–11 were harvested. Experimental treatments and corresponding
controls were harvested concurrently.

without significant mechanical wounding, presumably
caused by the volicitin and other chemical elicitors present.
One of our objectives was to compare the effects of FTCR and mechanical wounding on gene expression. Since the
tracing wheel caused almost no gene induction, we also
performed a more severe wound treatment by crushing the
leaf margins with pliers. This method was previously shown
to cause a strong defense response in hybrid poplar leaves
(Constabel et al., 2000; Christopher et al., 2004). Macroarray
analysis of plier-wounded leaves determined that more than
100 genes were induced by this fairly severe wound stress
(Fig. 2b, see Table S1). This response was intense, as reflected
in expression ratios of as high as 256-fold for defense genes
such as chitinases and PPO. In both intensity and number of
induced genes, the plier-wounding resulted in a stronger
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Fig. 3 Validation of macroarray data using Northern blot analysis. (a) Accumulation of transcripts encoding selected genes, 24 h after wounding
with pliers (W) or untreated control plants (C). Northern analyses were performed for three biological replicates with similar results; a
representative Northern blot is shown. Fold induction ± standard error is shown for macroarray data. Asterisks denote significance of induction
calculated from a t-test (*, P < 0.05; **, P < 0.01). Annotations of ESTs used as probes are as follows: H272 (CN193029), carbonic anhydrase;
H583 (CN193162), unknown gene, ZIM motif; H641 (CN193209), Rubisco; H892 (CN193384), unknown gene, DUF946 domain; H1078
(CN192556), endochitinase win6.2C; H1233 (CN192638), 11S cupin plant seed storage protein; H1441 (CN192724), apyrase; H1644
(CN192786), class 3 lipase. Actin is shown as a loading control. Numbers refer to EST identifiers, with GenBank accessions in parentheses.
(b) Accumulation of PtdTI3 (Kunitz trypsin inhibitor 3) mRNA in leaves of plants wounded with pliers (W) or treated with regurgitant (R).
Leaves were harvested after 24 h from treated leaves (local) or untreated leaves on treated plants (systemic). Controls (C) were unwounded
plants for wounding treatments, or plants mock treated with water for forest tent caterpillar-regurgitant treatments. The top panel shows
representative Northerns from three biological replicates of all four treatments. The lower two panels show quantified transcript abundance from
Northerns and macroarrays, respectively. Error bars display standard error.

response than the FTC-R treatment (compare Fig. 2a,b).
However, both treatments led to significant up-regulation of
many genes, and provided the basis for a more in-depth comparison of these stresses (discussed later). Only two genes were
found to be repressed by wounding or FTC-R (Fig. 2a,b, top
left quadrants). Other workers have reported a much larger
number of genes that are down-regulated by simulated or
actual herbivory (Cheong et al., 2002; Halitschke et al., 2003;
Roda et al., 2004; Smith et al., 2004; Voelckel & Baldwin,
2004; Ralph et al., 2006). However, Reymond et al. (2004)
also reported only three out of ∼12 000 ESTs to be repressed
after feeding by Pieris rapae.
Northern blots probed with a series of genes with distinct
expression patterns validated our macroarray data; strongly
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induced (e.g. H1078), unaltered (e.g. H641), and mildly
repressed (e.g. H272) expression patterns corresponded well
between macroarray and Northern data (Fig. 3a). Macroarray
data were likewise validated across the treatments using PtdTI3
as a probe (Fig. 3b). Further confirmation came from the
replication of some genes on the macroarrays, which displayed
a highly similar expression profile (data not shown). Because
we standardized the quantity of DNA spotted on the
macroarrays, we were also able to use the arrays to obtain
a measure of total transcript abundance. Using this measure,
macroarray- and Northern-derived expression patterns
were found to correlate well for PtdTI3 and other genes
(Fig. 3b). Thus we are confident our macroarrays provided a
reliable measure of gene expression, and that they accurately
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captured the induction of genes by both mechanical wounding
and FTC-R.
Comparative analysis of simulated herbivory
treatments reveals that FTC-R induces many
wound-induced genes
We compared our macroarray data from the four treatments
(local wounding, systemic wounding, local FTC-R, systemic
FTC-R) by cluster analysis for all genes whose expression was
significantly regulated (P < 0.05, irrespective of fold change)
in at least one treatment (Fig. 4); this set of genes encompassed
approximately one-half of the ESTs spotted on our macroarrays.
We generated color-coded ‘heat maps’ for gene expression
ratios (degree of induction, left panel), t-test significance (Pvalue, middle panel) and transcript abundance (right
panel). The heat maps provide a graphical comparison of the
expression data; differences in color intensity are observable
between the four treatments. All induced genes clustered
together at the top of the panel, as seen by the most intense
color pattern in this zone. Inspection of this set of genes
revealed that plier wound-treatments showed more intense
color, indicating stronger induction, greater significance, and
higher transcript abundance than FTC-R-treatments (compare
color intensities of two leftmost lanes and two rightmost lanes
in each panel). Thus the plier wound-treatments stimulated a
stronger response than FTC-R-treatments, as already observed
in Figs 2 and 3. The group of genes at the top of the cluster
contained the known poplar defense-related genes, including
win6.2C and win8 endochitinases (Davis et al., 1991a),
PtdPPO1 (Constabel et al., 2000), vegetative storage proteins
(VSPs) win4.5 and pni288 (Davis et al., 1993; Lawrence
et al., 2001), and trypsin inhibitors (TIs) (Christopher
et al., 2004) (discussed later). Other genes found in this
cluster included those for jasmonate biosynthesis (allene
oxide synthase, AOS; 13-lipoxygenase, 13-LOX) and genes
likely involved in secondary metabolism (phenylalanine
ammonia lyase, PAL; cytochromes P450) (Fig. 4). We
previously identified some of these genes in the poplar
wound-response (Christopher et al., 2004). In addition, the
genes in this group were both the most strongly FTC-R- and
wound-induced genes; thus there was an excellent correlation between both treatments for individual genes (discussed
later).
Below the highly induced genes seen in Fig. 4, the majority
of genes showed variable degrees of expression (right panel)
and nonsignificant P-values (left and center panels), as well as
apparent down-regulation. However, only seven genes showed
significant repression in any of the treatments at P < 0.05.
Among these were genes encoding peroxidase, catalase,
ferredoxin, and a putative thiamine biosynthetic enzyme
(Table S1), but these need to be corroborated. Interestingly,
genes with putative roles in photosynthesis were clustered at
the bottom with the repressed genes, although none of these

were significant (Fig. 4, arrows). The repression of photosynthetic genes as a component of the defense response has been
reported by expression profiling studies (Hermsmeier et al.,
2001; Halitschke et al., 2003; Heidel & Baldwin, 2004; Qu
et al., 2004; Smith et al., 2004; Voelckel & Baldwin, 2004;
Ralph et al., 2006). This may be related to accumulation of
JA during the defense response, since JA has been shown to
down-regulate expression of photosynthetic genes (Creelman
& Mullet, 1997).
The pattern of transcript abundance confirmed that both
plier wounding and FTC-R had strong effects on the leaf
transcriptome; the transcript abundance of several woundinducible genes was among the highest of any transcript in the
leaves (Fig. 4, right panel). For example, transcripts encoding
chitinase win6.2C, VSP win4.5, PtdTI3, stress-related protein
Pop3/SP1-like, and several unknown proteins were among
the 95th percentile in transcript abundance of all genes present
on our macroarrays. These were comparable in strength to
signals obtained for photosynthetic genes such as chlorophyll
a/b binding proteins, Rubisco, carbonic anhydrase, Rubisco
activase, and photosystem I subunits.
Poplar responses to severe wounding and FTC-R
are similar
Previous studies in other species have suggested that some plant
defense genes may be responsive to insect feeding but not to
physical damage alone (Hermsmeier et al., 2001; Reymond
et al., 2004), and that such responses can often be mimicked
with insect-derived cues found in regurgitant (Schittko et al.,
2001; Halitschke et al., 2003; Roda et al., 2004). Thus, we
hypothesized that FTC-R may elicit an insect-specific defense
response in poplar leaves. To further dissect differences between
wound- and FTC-R-induced responses, we directly plotted
the intersection of all genes that our criteria defined as induced
by mechanical wounding or FTC-R using Venn diagrams. For
this analysis, only expression data from local responses were used.
We found that the transcriptional response following FTC-R
was a subset of the response induced by mechanical wounding,
as this analysis showed that 38 of 40 (95%) FTC-R-inducible
genes were also wound-inducible (Fig. 5a). The remaining
two FTC-R-inducible genes (6%) were tentatively considered to
be FTC-R-specific. In addition, the majority of wound-inducible
genes (70 of 108, 65%) were not classified as induced by FTC-R
and thus appeared to be wound-specific; however, this may
reflect our threshold for defining induction (discussed later).
We examined the expression of those genes tentatively
classified as wound- or FTC-R-specific further by hierarchical
clustering (Fig. 5b). The generation of heat maps was carried
out as before. The top panels represent those genes classified as wound-specific while the bottom panels represent
potential FTC-R-specific genes. Comparison of right and
left lanes of each panel indicated that the majority of woundspecific genes also appeared to be induced by FTC-R but with
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lower or non-significant inductions (< twofold, or P > 0.05);
they thus did not meet the threshold for differential expression (Fig. 5b, top panels). Moreover, the pattern of transcript abundance of these genes as seen by the overall banding
pattern was roughly similar in both treatments (Fig. 5b, top
right panel). Two subgroups of genes appeared to exhibit
strong wound-inducibility with no apparent response to
FTC-R (Fig. 5b, asterisks). Subsequent Northern analysis,
however, showed that these genes exhibited a very low degree
of FTC-R-inducibility (data not shown). Thus, these genes
should be considered to be preferentially expressed by wounding,
perhaps with differences in induction kinetics that masked
FTC-R-induced gene expression on the array. More detailed
time course experiments will have to be carried out to test this.
Two genes, encoding mannose pyrophosphorylase and a
Pop3/SP1-like protein, showed stronger induction by FTC-R
than by wounding, and are thus potential FTC-R-specific genes
(Fig. 5b, bottom panels). Northern analysis again showed
that wounding did in fact weakly induce these genes (data
not shown). Thus our analysis failed to detect any exclusively
wound-induced or FTC-R-induced genes, although several
genes appeared to be preferentially induced by either stress.
Overall, we conclude that the responses to FTC-R and
wounding, as monitored by our suite of genes, differ quantitatively but are qualitatively similar.
Induced gene expression patterns in local and systemic
leaves show extensive overlap
Upon insect challenge, hybrid poplar saplings induce defense
genes such as PPO and chitinases systemically (Parsons et al.,
1989; Constabel et al., 2000). Therefore we investigated
induced gene expression patterns in systemically induced
leaves. Much like the directly treated leaves, systemic leaves of
wounded saplings showed a strong transcriptional response,
and we identified 91 genes as significantly induced in these
leaves. Fewer genes (22) met our criteria for induction in
systemic leaves of FTC-R-treated saplings (see Tables S1 and
S2), and thus we did not include FTC-R treatments in this
analysis. To compare the local and systemic wound-responses
of poplar, we plotted the intersection of genes found to be
induced in both local and systemic leaves, and found an
extensive overlap between local and systemic responses: 85

genes, comprising 79% of locally inducible genes and 93%
of systemically inducible genes, were induced in both types of
leaves (Fig. 6a). Inspection by cluster analysis of the subsets of
potential local-specific and systemic-specific genes emphasized
the similarity of both responses (Fig. 6b). It also revealed that
no genes were uniquely induced in local or systemic leaves,
although some may be preferentially expressed in either group.
Therefore, we conclude that for our set of genes there are no
major qualitative differences in the defense response of local
and systemic leaves.
The most highly FTC-R- and wound-induced genes are
involved in defense, secondary metabolism and primary
metabolism
A major objective of this study was the identification of
novel-induced defense genes from poplar leaves, as part of our
long-term aim of a global characterization of poplar defense.
Expression profiling studies in other plants have successfully
identified many wound- or herbivore-induced genes and
pathways, particularly during early events in the defense
response. By studying the defense response at a 24 h time
point, we aimed to focus on later events and to identify genes
directly responsible for insect resistance.
A list of combined FTC-R- and wound-induced genes with
the highest fold induction demonstrated that known defenserelated poplar genes, including endochitinases, PPO, TIs and
the VSP win4.5, are the most strongly FTC-R-induced genes
(Table 1). Genes encoding enzymes for octadecanoid synthesis,
phenylpropanoid metabolism, or cytochrome P450 were also
strongly induced and comprised functional categories which
were well represented in our EST set (Christopher et al.,
2004). In addition, we identified a number of very responsive
genes with putative roles in primary metabolism and not
previously known to be involved in defense, although many
were also identified by Ralph et al. (2006) in their study of
FTC-induced gene expression. These include genes encoding
enzymes of carbohydrate, lipid, and phosphate metabolism,
as well as genes of unknown function (Table 1). Comparison
of the FTC-R- and wound-induced rankings revealed that
they are generally similar. For example, the seven top genes are
ranked within 1–10 for both FTC-R and wound inductions.
This supports our earlier conclusion that the FTC-R and

Fig. 4 Heat map representing expression of all genes responding to wounding or forest tent caterpillar-regurgitant (FTC-R). Hierarchical
clustering was performed for all genes significantly regulated (P < 0.05) for at least one treatment. Heat maps illustrate fold induction, P-values,
and absolute expression levels. Genes clustered at the top are strongly induced (magenta) and putative defense genes, while those clustered at
the bottom (green) are potential repressed genes. A discontinuous discretization was introduced for the repressed genes to highlight the genes
repressed twofold. Black arrowheads denote known or suspected poplar defense genes; orange and magenta arrowheads denote highly induced
genes annotated for primary metabolism and unknown function, respectively (see Tables 2 and 3); green arrowheads denote genes with
predicted functions in photosynthesis; and blue arrowheads denote genes that were repressed twofold by one of the treatments. Poplar defense
genes are labeled with brackets, indicating the position of the genes on the heat map. win6, endochitinase win6.2C; win8, endochitinase win8;
PtdPPO1, polyphenol oxidase 1; VSP win4.5, vegetative storage protein win4.5; PtdTI3, Kunitz trypsin inhibitor 3; PtdTI4, Kunitz trypsin
inhibitor 4; PtdTI5, Kunitz trypsin inhibitor 5; AOS, allene oxide synthase; PAL, phenylalanine ammonia lyase; 13-LOX, 13-lipoxygenase; VSP
pni288, vegetative storage protein pni288.
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Fig. 6 Comparison of local and systemic gene expression. (a) Venn
diagram representing the distribution of significantly induced transcripts
in treated (local) or untreated (systemic) leaves on macroarrays; for
clarity, only the analysis of gene expression from mechanical wounding
is shown. (b) Heat map of hierarchical clustering performed for genes
classified as induced locally only or systemically only. Representation
of average fold induction, P-values, and transcript abundance for
wounding and forest tent caterpillar-regurgitant (FTC-R) are as
described in Fig. 4.

Fig. 5 Comparison of gene expression after wounding or forest tent
caterpillar-regurgitant (FTC-R) treatment. (a) Venn diagram
representing distribution of transcripts significantly induced by plier
wounding or FTC-R on macroarrays; for clarity, only the analysis of
gene expression in local leaves is shown. (b) Heat map of hierarchical
clustering performed for genes classified as induced by wounding
only or regurgitant only. Representation of average fold induction, Pvalues, and transcript abundance for local and systemic data are
as described in Fig. 4. Asterisks represent genes apparently
preferentially induced by wounding.

New Phytologist (2006) 172: 617–635

wound responses are qualitatively similar for this set of genes.
A significant exception appeared to be the TI genes (PtdTI3
and PtdTI4) and the pni288 VSP, which were both strongly
induced by wounding but less so by FTC-R (Table 1). While
FTC-R did induce PtdTI4 and pni288, these inductions were
not significant; if the P-values for PtdTI4 and pni288 are disregarded, their fold inductions by FTC-R rank as 20 and 29,
respectively. These genes may thus be preferentially induced
by wounding or their induction blocked by FTC-R. This will
require more detailed experiments to be corroborated.
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Table 1 Comparison of most strongly forest tent caterpillar-regurgitant (FTC-R)- and wound-induced genes from macroarray analyses a

Putative function

GenBank
accession

JGI gene modelb

AGI
accessionc

E-valued

FTC-R
ranke

Wound
ranke

Endochitinase win6.2C
Lipase, class 3
Endochitinase win8
Apyrase
Vegetative storage protein win4.5
Polyphenol oxidase PtdPPO1
Unknown
Kunitz trypsin inhibitor PtdTI5
Acid phosphatase, class B
Pop3/SP1
Pop3-/SP1-like
Acyl-activating enzyme
Kunitz trypsin inhibitor PtdTI3
Kunitz trypsin inhibitor PtdTI4
β-glucosidase
β-amylase
Unknown
Allene oxide cyclase
Cytochrome P450
Cytochrome P450
18S rRNA gene
Cytochrome P450
Unknown protein (MOSC domain)
Phenylalanine ammonia lyase
Cytochrome P450
Lipolytic enzyme, G-D-S-L
Cinnamyl alcohol dehydrogenase
Esterase/Lipase
Unknown (DUF946 domain)
Cytochrome P450
Pop3-/SP1-like
HVA22-related protein
13-Lipoxygenase
Vegetative storage protein pni288
Anthocyanidin synthase
ADP-glucose pyrophosphorylase
Neutral invertase

CN192741
CN192786
CN192595
xxxxxxxx
CN192930
CN193334
CN192936
CN192805
CN193016
xxxxxxxx
xxxxxxxx
CN192663
CN192549
CN193330
CN192799
CN192760
CN193014
CN193019
CN193274
CN193412
CN192944
CN193236
CN193222
CN192894
CN193273
CN193295
CN192800
CN192875
CN193384
CN193433
CN192903
CN192744
CN192531
CN193425
CN192891
CN192812
CN193364

grail3.0001024001
estExt_Genewise1_v1.C_LG_IV2794
estExt_fgenesh1_pg_v1.C_LG_IV1440
eugene3.00190357
eugene3.00130800
eugene3.00110805
eugene3.00870012
eugene3.00190800
estExt_Genewise1_v1.C_LG_I0437
estExt_fgenesh1_pm_v1.C_LG_X0481
estExt_Genewise1_v1.C_LG_X0703
eugene3.00040736
estExt_Genewise1_v1.C_LG_XIX2762
eugene3.00040289
estExt_fgenesh1_pm_v1.C_LG_X0568
grail3.0064001202
estExt_fgenesh1_pg_v1.C_LG_XII0482
eugene3.00040854
eugene3.00030238
eugene3.00030238
xxxxxxxxxxxxxxxxxx
eugene3.00030242
grail3.0047000902
estExt_Genewise1_v1.C_280661
eugene3.00280025
eugene3.00121141
estExt_fgenesh1_pm_v1.C_LG_II1065
eugene3.00090620
eugene3.00180760
estExt_Genewise1_v1.C_LG_IV4159
estExt_fgenesh1_pm_v1.C_LG_X0482
estExt_Genewise1_v1.C_LG_XII0452
xxxxxxxxxxxxxxxxxx
eugene3.00190336
estExt_fgenesh1_pm_v1.C_LG_XVI0363
eugene3.00120693
estExt_Genewise1_v1.C_LG_VIII2120

At3g12500
At4g18550
At3g12500
At5g18280
At4g24340
At2g20590
At3g03150
At1g73325
At4g25150
At3g17210
At3g17210
At1g65890
At1g73325
At1g17860
At5g36890
At4g15210
At2g37010
At1g13280
At5g07990
At5g07990
At3g41768
At5g07990
At1g30910
At2g37040
At5g07990
At5g45670
At4g39330
At3g48690
At2g44260
At3g25180
At3g17210
At1g74520
At3g45140
At4g24340
At5g05600
At1g74910
At1g56560

10−100
10−105
5 × 10−87
10−116
3 × 10−49
0.14*
2 × 10−26
1 × 10−9
2 × 10−67
4 × 10−21
6 × 10−18
0
2 × 10−9
4 × 10−28
0
0
0.76*
2 × 10−69
10−102
10−102
10−125
10−104
10−128
0
10−100
3 × 10−79
10−112
2 × 10−59
0
10−144
4 × 10−20
7 × 10−71
5 × 10−5
2 × 10−39
10−137
0
0

1
2
6
4
3
10
5
–8
7
11
9
–15
17
–26
8
19
12
21
28
25
20
16
15
13
26
22
14
–33
24
27
29
18
–49
–
–
23
–

1
5
2
6
8
3
9
7
14
13
17
12
11
4
22
15
26
18
16
19
24
29
31
34
23
27
39
20
37
35
41
52
28
10
21
–
25

Genes significantly induced (twofold induction, P < 0.05) by FTC-R or wounding were ranked by induction; the 30 most strongly FTC-Rinduced genes and the 30 most strongly wound-induced genes were combined in a dually ranked list and shown.
b
JGI gene model from the P. trichocarpa genome (http://genome.jgi-psf.org/Poptr1/Poptr1.home.html) that corresponds to the EST.
c
AGI (Arabidopsis Genome Initiative) code for best match of poplar gene (JGI gene model) to Arabidopsis thaliana determined by BLASTX of
TAIR (http://www.arabidopsis.org/). For 18S rRNA gene (CN192944), the A. thaliana gene that is most similar to the EST determined by
BLASTN is shown.
d
Expect value of best match of poplar gene to A. thaliana from BLASTX (BLASTN for rRNA gene). Asterisks indicate genes for which significant
similarity were not found in the A. thaliana genome.
e
Genes were ranked by level of induction. Genes with no ranking were not significantly induced. Superscript numbers denote ranking if the
P-value is ignored; these genes were induced, but with a non-significant P-value.
a

Further inspection of Table 1 indicated that genes classified
into defense or secondary metabolism, including several cytochromes P450, were over-represented among genes induced
by both simulated herbivory treatments. These differences in
representation were significant, except for the FTC-R-response
in systemic tissues (because of small sample size, n = 22).
While the macroarrays contained only approx. 4% each of

defense or secondary metabolic genes, defense-related genes
represented 9–15% of induced genes (χ2 analysis, P < 0.01)
and secondary metabolism represented 11–21% (χ2 analysis,
P < 0.01) of induced genes. Ralph et al. (2006) also observed
that secondary metabolism genes are activated in FTC-treated
poplar leaves. Thus it appears that secondary compounds are
likely important for poplar defense.
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FTC-R and wounding strongly induced several genes
annotated for roles in primary metabolism as well as
genes of unknown function
Several of the most strongly wound- and FTC-R-inducible genes
had predicted functions in primary metabolism, and others
encoded proteins with no known functions. To confirm our
annotation and gain additional information on possible functions,
we searched the recently sequenced genome of P. trichocarpa
(http://genome.jgi-psf.org/Poptr1/Poptr1.home.html) to obtain
full-length sequences. Public databases (NCBI, UniProt,
AGI) and databases for conserved domains (CDD, Interpro,
ProSite) were then re-queried with these full-length genes in
order to refine the earlier annotation and to ensure that
no potential motifs or functions had been overlooked. As a
functional group, primary metabolism encompassed 17.6%
of the genes represented on the macroarrays, but up to 29%
of the wound- and FTC-R-inducible gene set (not significant,
χ2 analysis, P > 0.1). This set of genes thus represents a
substantial component of the herbivory-induced transcriptome.
We found 24 ESTs corresponding to 17 unique genes with
putative functions in primary metabolism that were strongly
wound-induced (fivefold induction, P < 0.05; Table 2). Previous
expression profiling of plant defense has suggested that the
induction of primary metabolic genes is required for resource
or nutrient reallocation during the defense response (Reymond
et al., 2004). However, considering their strong induction by
wounding and FTC-R, these primary metabolic genes could
play more direct roles in defense (see Discussion). Among
these genes was a group of carbohydrate-related enzymes,
including a β-amylase, β-glucosidase, and neutral invertase.
A second group of FTC-R- and wound-induced genes has
putative functions in lipid metabolism, including several
lipases and a gene belonging to the acyl-activating enzyme
(AAE) superfamily, recently described for Arabidopsis (Shockey
et al., 2003). Smith et al. (2004) had identified both of these
types of lipid metabolism-related genes in a microarray
analysis of abrasion wound-induced genes of poplar leaves,
which supports the idea they may be of general importance.
The gene represented by H1644 encodes a class 3 lipase and
was extremely responsive to our simulated herbivory treatments,
ranking second for FTC-R induction and fifth for wound
induction (Table 2). Lipases belonging to the class 3 family
have been previously identified with roles in defense signaling
(see Discussion). We also identified genes encoding storage
proteins that were FTC-R- and wound-induced. The wound
inducibility of two of these VSPs, win4.5 and pni288, has
been described previously (Davis et al., 1993; Lawrence et al.,
2001). Our analysis also identified two wound-inducible
genes encoding novel storage proteins annotated as 11S cupin
and embryo-specific 3. The roles of wound-inducible storage
proteins may be related to allocation of resources for defense,
but their exact role is unknown (Christopher et al., 2004).
Seven highly wound- and FTC-R-inducible genes (fivefold
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induction, P < 0.05; Table 3) encoded proteins of unknown
function. Two such unknowns (H241, H1958) are among the
most strongly induced genes and showed the most abundant
cellular transcripts in response to wounding or FTC-R (95th
percentile in transcript abundance). Database searches for
conserved domains revealed that three unknowns (H81, H522,
H583; Table 3) contained the ZIM motif; this is a short motif
found in many GATA-type Zn-finger plant transcription
factors. All three genes are significantly induced by wounding,
and preliminary analysis of the kinetics of H583 induction
indicated that expression is induced as early as 1 h (data not
shown). This would be consistent with a role as a novel transcription factor involved in defense signaling (see Discussion).

Discussion
In order to characterize the hybrid poplar response to insect
herbivory, we used macroarrays to investigate gene expression
after treatment with FTC-R and mechanical wounding. Our
experiments demonstrated that FTC-R-application induces
a strong defense response in poplar leaves. Comparative
macroarray analyses showed that severe mechanical wounding
with pliers could elicit even higher amounts of expression
and larger numbers of significantly induced genes. Moreover,
our analyses showed that the response induced by FTC-R is a
substantive subset of the wound-induced response, and that
while the gene expression patterns between wound and FTCR induction differed in intensity, they were qualitatively
similar. In addition, we found extensively overlapping patterns
of gene expression in local and systemic leaves, indicating a
broad systemic response in poplar.
Induction of defenses by FTC-R and wounding
Forest tent caterpillar-regurgitant is a potent inducer of
herbivore defenses of poplar leaves, and it contains the FAC
volicitin (N-hydroxylinolenoyl-L-glutamine; Fig. 1). The
presence of volicitin in FTC-R suggests that it contributes
to the elicitor activity of FTC-R. However, it is possible
that FTC-R contains additional elicitors, and the efficacy of
volicitin in poplar will have to be verified directly. In other
plants, regurgitant from a variety of caterpillar species has been
shown to induce many plant responses elicited by herbivory,
including defense gene expression in tobacco (Halitschke
et al., 2001, 2003; Schittko et al., 2001; Roda et al., 2004)
and volatile release in corn, cotton, maize, tobacco, and alfalfa
(Alborn et al., 1997, 2003; Halitschke et al., 2001; Roda
et al., 2004). Thus, caterpillar regurgitant appears to be an
excellent proxy for herbivory.
Both FTC-R and wounding induced strong defense responses,
and, in general, inducible genes present on the array were
up-regulated by both treatments. Moreover, we did not find
any genes which were exclusively induced by either treatment
(Fig. 5). It is possible that our array was simply too small to
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Table 2 Macroarray data for selected induced genes with putative functions in primary metabolism
Induction factord
Putative function

E-valuec

CN193183

eugene3.00660027

At1g08250

10−172

7.77** ± 1.53

CN192760
CN192799
CN193364
CN192888

grail3.0064001202
estExt_fgenesh1_pm_v1.C_LG_X0568
estExt_Genewise1_v1.C_LG_VIII2120
estExt_Genewise1_v1.C_LG_IV1582

At4g15210
At5g36890
At1g56560
At1g11840

0
0
0
10−139

21.68** ± 4.15
14.16** ± 3.49
12.00** ± 1.73
5.68** ± 0.37

CN192670

eugene3.00160092

At1g07250

10−106

7.05** ± 1.70

CN192786
CN192663
CN192875
CN193295

estExt_Genewise1_v1.C_LG_IV2794
eugene3.00040736
eugene3.00090620
eugene3.00121141

At4g18550
At1g65890
At3g48690
At5g45670

10−105
0
2 × 10−59
3 × 10−79

97.79** ± 26.44
25.52* ± 20.08
14.56* ± 7.22
11.81** ± 3.02

9.57** ± 1.43
3.93 ± 2.46
2.60 ± 0.77
2.74** ± 0.16

CN193208

eugene3.00190357

At5g18280

10−116

55.00** ± 18.66

6.84** ± 1.76

CN193016

estExt_Genewise1_v1.C_LG_I0437

At4g25150

2 × 10−67

22.72** ± 4.76

6.66* ± 2.56

CN192930
CN193425
CN192638
CN192906

eugene3.00130800
eugene3.00190336
eugene3.01070077
eugene3.00151111

At4g24340
At4g24340
At1g07750
At5g62200

3 × 10−49
2 × 10−39
2 × 10−88
3 × 10−37

55.41** ± 19.13
30.36** ± 4.77
11.10** ± 2.61
9.87* ± 6.03

8.21** ± 0.94
1.77 ± 0.67
1.97 ± 0.56
3.38 ± 1.12

CN192910

eugene3.00020134

At3g03190

2 × 10−49

8.83** ± 2.08

Wound

FTC-R

1.58 ± 0.38
3.40* ± 1.02
5.67** ± 1.17
1.70* ± 0.16
1.78** ± 0.07
1.84 ± 0.43

1.20 ± 0.15

a

JGI gene model from the P. trichocarpa genome (http://genome.jgi-psf.org/Poptr1/Poptr1.home.html) that corresponds to the EST.
AGI (Arabidopsis Genome Initiative) code for best match of poplar gene (JGI gene model) to Arabidopsis thaliana determined by BLASTX of TAIR (http://www.arabidopsis.org/).
c
Expect value of best match of poplar gene to A. thaliana from BLASTX.
d
Mean expression ratios (± SE) in wounded or forest tent caterpillar-regurgitant (FTC-R)-treated leaves. Only selected genes with putative functions in primary metabolism and significant
expression ratios of at least fivefold (P < 0.05) after plier wounding are shown. Asterisks denote the significance levels of treated plants compared with control plants (**, P < 0.01; *, P < 0.05).
b
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Amino acid transport and metabolism
Prephenate dehydratase
Carbohydrate transport and metabolism
β-Amylase
β-Glucosidase
Neutral invertase
Glyoxalase
UDP-Glucoronosyl/UDP-glucosyl
transferase
Lipid transport and metabolism
Lipase, class 3
Acyl-activating enzyme
Esterase/Lipase
Lipolytic enzyme, G-D-S-L
Nucleotide transport and metabolism
Apyrase
Phosphatase
Acid phosphatase, class B
Plant storage proteins
Vegetative storage protein win4.5
Vegetative storage protein pni288
11S Cupin plant seed storage protein
Embryo-specific 3 seed protein
Posttranslational
modification, protein
turnover, chaperones
Glutathione S-transferase

JGI gene modela

AGI
accessionb

GenBank
accession

629
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Table 3 Macroarray data for selected induced genes with novel or unknown functions
Induction factore
Clone ID

GenBank
accession

H1958
H241
H66
H583
H892
H1007
H604.12
H81
H522
H764

CN192936
CN193014
CN193222
CN193162
CN193384
CN192515
CN193182
CN193314
CN193114
CN193276

JGI gene modela

AGI
accessionb

E-valuec

eugene3.00870012
estExt_fgenesh1_pg_v1.C_LG_XII0482
grail3.0047000902
estExt_Genewise1_v1.C_280164
eugene3.00180760
fgenesh1_pg.C_LG_IX000909
fgenesh1_pg.C_scaffold_166000056
grail3.0037000501
estExt_fgenesh1_pg_v1.C_LG_VI0512
estExt_fgenesh1_pg_v1.C_LG_I2037

At3g03150
At2g37010
At1g30910
At1g19180
At2g44260
CN192515
At4g22290
At1g19180
At5g20900
At1g07050

2 × 10−26
0.76
1 × 10−28
2 × 10−48
0
1 × 10−118
7 × 10−96
2 × 10−31
7 × 10−29
4 × 10−37

Conserved
domain/motifd

MOSC
ZIM motif
DUF946

ZIM motif
ZIM motif
CCT motif

Wound

FTC-R

33.40** ± 7.23
11.93** ± 3.28
10.89** ± 2.66
10.64** ± 1.71
8.68* ± 2.39
5.42** ± 1.23
5.13* ± 1.59
4.48** ± 0.83
4.27* ± 1.20
4.09* ± 0.81

6.86* ± 2.08
4.74* ± 1.39
3.55* ± 1.18
1.58 ± 0.70
2.69* ± 0.59
0.98 ± 0.48
2.19 ± 0.67
4.34 ± 2.27
1.87 ± 0.62
2.17 ± 1.21

a

JGI gene model from the P. trichocarpa genome (http://genome.jgi-psf.org/Poptr1/Poptr1.home.html) that corresponds to the EST.
AGI (Arabidopsis Genome Initiative) code for best match of poplar gene (JGI gene model) to Arabidopsis thaliana determined by BLASTX of
TAIR (http://www.arabidopsis.org/).
c
Expect value of best match of poplar gene to A. thaliana from BLASTX.
d
Conserved domain/motif predicted by the conserved domain database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Domain/
motif accession numbers (pfam, InterPro): DUF946: PF06101, IPR009291; MOSC: PF03473, IPR005302; ZIM motif: pfam06200, IPR010399;
CCT motif: pfam06203, IPR010402.
e
Mean expression ratios (± SE) in wounded or forest tent caterpillar regurgitant (FTC-R)-treated leaves. Only selected genes with unknown
functions and significant expression ratios of at least fourfold (P < 0.05) after plier wounding are shown. Asterisks denote the significance levels
of treated plants compared with control plants (**, P < 0.01; *, P < 0.05).
b

identify such elements; however, based on our EST analysis,
it should include the most abundant wound-inducible genes.
Thus, we tentatively conclude that the major elements of the
wound response were to a large extent also inducible by FTCR. This was initially surprising, since previous studies of gene
expression and volatile release had suggested there are major
differences between herbivore- and wound-induced responses
(Alborn et al., 1997; McCloud & Baldwin, 1997; Halitschke
et al., 2001, 2003; Reymond et al., 2004; Roda et al., 2004).
However, how plants are wounded appears to have a major
effect in demonstrating such differences, making it difficult to
compare studies. Our wounding treatment was relatively
severe and involved the crushing of leaf margins with pliers,
repeated three times at 1 h intervals (see Materials and Methods).
Previous studies have also damaged leaves by crushing
(Reymond et al., 2000), but many use more subtle methods
such as puncturing with fabric tracing wheels (Halitschke
et al., 2003; Hui et al., 2003; Roda et al., 2004) and light
abrasion (Smith et al., 2004). In addition to physically damaging leaf blades, some workers have mimicked feeding damage
by removing leaf tissue using cork borers, scissors or even
larval mandibles (McCloud & Baldwin, 1997; Schittko et al.,
2001; Reymond et al., 2004). Significantly, these treatments
all have different effects on gene expression. McCloud &
Baldwin (1997) demonstrated that damage to tobacco plants
caused by removing leaf tissue designed to mimic herbivory
induces a lighter response than wounding with a tracing wheel.
Moreover, a comparison of Arabidopsis transcript profiles
comparing wounding of different intensities demonstrates
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that some genes induced by leaf crushing do not respond to
leaf tissue removal (Reymond et al., 2000, 2004). Finally, a
recent study in lima bean using a ‘mechanical caterpillar’
engineered to closely mimic insect feeding damage over an
extended period found that both the spatial and temporal
extents of physical damage affect the composition of released
volatiles (Mithofer et al., 2005). Thus, the volatile profile
previously thought to require live insects can be reproduced
by accurately mimicking insect feeding behavior (Mithofer
et al., 2005), which suggests that continuous damage is a key
component of damage perception by the plant. The repeated
plier-wounding used for our study may therefore be sufficiently
sustained and severe to be perceived as insect feeding, which
is reflected by our inability to find significant differences
in wound and FTC-R responses. By contrast, in our system,
light wounding with a tracing wheel had essentially no
effect on up-regulation of our genes in both macroarray and
Northern analyses (Figs 4 and 5; data not shown). This treatment was therefore not useful for direct comparisons with
FTC-R, and emphasizes that wounding intensity should be
carefully controlled and may have different effects in different
species.
We note that our comparisons were only carried out at a
single (24 h) time point, so that rapid and early differences in
the kinetics of induction in response to FTC-R and wounding
would have escaped detection. We chose the 24 h time point
since our previous studies indicated the induced expression
of most poplar defense genes is sustained and maximal at
24 h after damage (Constabel et al., 2000; Christopher et al.,
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2004). Other expression profiling studies have shown more
transient defense gene expression (Reymond et al., 2000;
Cheong et al., 2002; Halitschke et al., 2003; Qu et al., 2004).
Thus our inference that FTC-R and wounding by pliers
cause qualitatively similar responses is preliminary; however,
our experiments would have detected large-scale differences in
gene expression profiles between FTC-R and wounding.
Our inability to find major differences between FTC-R
and wounding in poplar leaves under our conditions suggests
that FTC-R elicits a defense response at least in part by
generating or mimicking an endogenous wound signal. How
volicitin and insect elicitors interact with cellular signaling
pathways to induce defense responses is still unclear. Volicitin
from regurgitant was shown to enter leaves during feeding by
S. exigua (Truitt & Pare, 2004), and a putative receptor for
volicitin has been identified in plasma membrane fractions
of Zea mays (Truitt et al., 2004). Volicitin and other FACs
may interact with JA signaling, as regurgitant from M. sexta
amplifies wound-induced increases in JA in tobacco and
maize (McCloud & Baldwin, 1997; Halitschke et al., 2001;
Schmelz et al., 2003; Roda et al., 2004). Given the central role
of JA in wound responses, increased amounts of JA could
explain the elevated systemic responses elicited by insect
regurgitants. How FACs interact with endogenous jasmonates
and other signals will become more apparent as the complexity
of these stress signals is dissected further (Howe, 2004).
A secondary aim of our study was to determine if the
defense response differed in systemically induced and directly
damaged or treated leaves. Some reports have found distinct
differences in local vs systemically induced gene expression;
for example, in Arabidopsis, preferential expression of some
genes in either local or systemic tissues is detected (Titarenko
et al., 1997; Rojo et al., 1999). In tomato, expression of locally
induced octadecanoid pathway genes, and subsequent
accumulation of JA, are barely detected in systemic tissues
(Strassner et al., 2002). In contrast, an extensive overlap was
demonstrated between local and systemic responses of
Arabidopsis challenged by P. rapae (Reymond et al., 2004).
Our current macroarray experiments failed to detect significant qualitative differences between damaged and systemic
leaves, although there were quantitative differences (Fig. 6).
Again, because of the modest size of the array, some differentially expressed genes might have been missed. However, the
similarity in expression does suggest that the poplar defense
response is very similar in systemic and wounded leaves,
although in previous work we also found some differences in
these responses (Christopher et al., 2004). This discrepancy
could be the result of different plants modulating systemic
defenses differently, possibly because of age effects in systemic
leaves. In this study, we minimized differences caused by leaf
age and development by selecting three comparable leaves,
which were pooled for analysis to minimize individual leaf
variability. As mentioned, we only investigated responses at
a single time point of 24 h after treatment, and discrepancies

with our previous data may be attributable to differences in
kinetics. Nevertheless, our result is consistent with current
ideas of systemic defense signaling, where wounding activates
a signal cascade that is suggested to amplify a local defense
signal that then undergoes long-distance transport to systemic
tissues and induces the defense response (Ryan & Moura,
2002; Howe, 2004). This would predict little or no attenuation of the wound signal; the strong systemic response
following wounding we have detected is likely the result of
such a signal cascade linking damaged and systemic leaves. This
defense system would ensure induced resistance in undamaged leaves and thereby reduce overall damage by feeding
insects.
Many induced poplar genes encode enzymes of
secondary and primary metabolism
Transcript profiling studies in Arabidopsis indicate that dozens
to hundreds of genes can be induced by physical and insect
damage (Cheong et al., 2002; Reymond et al., 2004), and
estimates from tobacco indicate that at least 500 genes are
affected by herbivory (Hermsmeier et al., 2001). In hybrid
poplar, 9% of genes on a 10 000 gene array were found to
be induced 14 d after abrasion damage (Smith et al., 2004).
Recently, Ralph et al. (2006) reported that 1191 genes on a
15 500 gene array showed up-regulation 24 h after FTCherbivory of P. trichocarpa × P. deltoides. Our more specialized
and smaller macroarray analysis identified FTC-R and wound
induction of approx. 100 unique genes, with both known and
unknown functions, which together constituted approx. 20%
of the genes on our macroarrays (Fig. 2). As expected, among
the inducible genes we found a significant representation
of genes known to be involved in defense, including Kunitz
trypsin inhibitors, polyphenol oxidase, chitinase, as well as
cytochromes P450 and enzymes of secondary metabolism.
However, we also found that a substantial number of genes
predicted to encode enzymes of primary metabolism are
strongly induced.
Our analysis indicated that genes implicated in carbohydrate and lipid metabolism, and those encoding VSPs, are
prevalent among the highly induced genes (Tables 1 and 2).
Previous workers have noted that herbivory stress can result
in suppression of genes involved in important metabolic processes such as photosynthesis. This has led to the suggestion
that altered expression of primary metabolic genes is a reflection of a shift of resources to defense (Reymond et al., 2004;
Voelckel & Baldwin, 2004). The systemic up-regulation of
cell wall invertase during herbivore defense in poplar has been
associated with increased sink strength and a concomitant
enhancement of carbohydrate import and condensed tannin
accumulation (Arnold & Schultz, 2002). Such an increase
in sink strength could be indicative of resource allocation
for defense in young leaves. Interestingly, it would also have
implications for systemic signaling, since systemic signaling
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in poplar is dependent on phloem transport and moves preferentially from source to sink (Davis et al., 1991b; Arnold &
Schultz, 2002). Whether the neutral invertase identified by
our array analysis has a similar function is unclear; however,
this provides a starting point for future studies on the reallocation of resources during defense.
Other enzymes identified by our analysis, such as a putative
class 3 lipase, esterase, and AAE are involved in lipid metabolism
(Tables 1 and 2). Significantly, class 3 lipases were previously
identified in Arabidopsis with roles in pathogen and insect
defense. For example, the PAD4 and EDS1 genes encode class
3 lipase proteins that are involved in salicylic acid accumulation during pathogen defense (Falk et al., 1999; Jirage et al.,
1999). A distinct class 3 lipase from Arabidopsis, DAD1
(defective in anther dehiscence), has phospholipase A1 activity
and catalyzes the initial step of JA biosynthesis by releasing
linolenic acid from chloroplast membrane phospholipids
(Ishiguro et al., 2001). However, DAD1-catalyzed JA accumulation is required for floral development in Arabidopsis,
but not for herbivore defense (Schaller et al., 2004). Instead,
another of the 12 Arabidopsis DAD1-related genes, which
includes the putative ortholog of our lipase, appears to be
involved in JA-based defense signaling (Beisson et al., 2003).
JA metabolism could also provide a rationale for the induction
of a putative AAE, which belongs to a larger superfamily of
AAEs (Shockey et al., 2003). JAR1, which conjugates isoleucine
to JA, is a member of this family that is required for many JA
responses (Staswick et al., 2002; Staswick & Tiryaki, 2004).
While we do not know if our class 3 lipase and the AAE genes
are directly involved in JA metabolism, they provide potential
links between fatty acid metabolism and herbivore defense to
be investigated further.

contain a region rich in basic residues with several conserved
basic residues to the probable nuclear localization signal
(NLS) of Arabidopsis ZIM (Nishii et al., 2000). A predicted
NLS was not detected from any of our genes using available
search tools (PredictNLS, Prosite), but these tools also failed to
detect an NLS from Arabidopsis ZIM. Additional experiments
are required to establish whether our ZIM motif genes are
localized to the nucleus or active as transcriptional activators.

Several unknown genes containing the ZIM motif are
induced during poplar defense

Acknowledgements

Detailed bioinformatic analysis identified three unknown
genes with a ZIM motif. The function of the ZIM motif is
unknown, but it has been suggested to be involved in DNA
binding (CDD, pfam06200; InterPro, IPR010399). The ZIM
(Zn-finger protein expressed in Inflorescence Meristem)
protein is an Arabidopsis transcription factor with a putative
role in development, and has discrete domains responsible for
DNA binding, transcriptional activation, putative protein–
protein interactions, and nuclear localization (Nishii et al.,
2000; Shikata et al., 2003, 2004). All three of our genes
with the ZIM motif lack the DNA binding GATA-type
Zn-finger domain, but it is possible that they activate
transcription through an interacting partner. Shikata et al.
(2003) suggested that Arabidopsis ZIM requires an interacting
partner for full-strength transcriptional activation. Our
ZIM motif genes also each contain an N-terminus rich in
acidic residues, which has transcriptional activation activity
in Arabidopsis (Shikata et al., 2003). Finally, these genes
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Conclusion
The expression profiling approach we have described in this
report has allowed us to get a first glimpse of poplar defense
responses induced by an insect elicitor compared with
mechanical wounding. We have shown that FTC-R is a
potent elicitor of defense responses in poplar, and that for our
suite of genes, the FTC-R- and wound-induced responses
were qualitatively similar while quantitatively distinct.
The availability of larger poplar microarrays will help test
this result; if corroborated, this may reflect a general defense
strategy which evolved in perennial plants, or the effect
of a response elicited by a polyphagous generalist. The large
number of natural poplar pests will facilitate comparative
experiments with herbivores having differing host ranges
and allow a unique molecular understanding of plant defense.
Poplars are keystone species of the boreal forest, and both
Populus and Malacosoma species are found throughout
the northern hemisphere. With the recent completion of
the poplar genome sequence, the poplar-FTC system
presents an excellent opportunity for molecular and ecological
studies of a plant–herbivore interaction that is relevant on a
global scale.

The authors thank Dr Manoela Miranda, Dr Janice Cooke
and Dr John Davis for advice with macroarray hybridization
and analysis; Dr Amy Roda, Dr Bernd Krock, Dr Ian Baldwin
at the MPI for Chemical Ecology for LC-MS analysis of
FTC-regurgitant; Dr Jens Roland for FTC larvae; and Brad
Binges for maintaining trees at the Bev Glover Greenhouse.
This work was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC) in the
form of postgraduate scholarships to IM and grant support
to CPC, and the University of Victoria’s Centre for Forest
Biology.

References
Alborn HT, Brennan MM, Tumlinson JH. 2003. Differential activity and
degradation of plant volatile elicitors in regurgitant of tobacco hornworm
(Manduca sexta) larvae. Journal of Chemical Ecology 29: 1357–1372.
Alborn T, Turlings TCJ, Jones TH, Stenhagen G, Loughrin JH,
Tumlinson JH. 1997. An elicitor of plant volatiles from beet
armyworm oral secretion. Science 276: 945–949.

www.newphytologist.org © The Authors (2006). Journal compilation © New Phytologist (2006)

Research
Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ. 1997. Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Research 25: 3389–3402.
Andersson A, Keskitalo J, Sjodin A, Bhalerao R, Sterky F, Wissel K,
Tandre K, Aspeborg H, Moyle R, Ohmiya Y, Brunner A, Gustafsson P,
Karlsson J, Lundeberg J, Nilsson O, Sandberg G, Strauss S, Sundberg B,
Uhlen M, Jansson S, Nilsson P. 2004. A transcriptional timetable of
autumn senescence. Genome Biology 5: R24.
Arimura G, Huber DP, Bohlmann J. 2004. Forest tent caterpillars (Malacosoma
disstria) induce local and systemic diurnal emissions of terpenoid volatiles
in hybrid poplar (Populus trichocarpa × deltoides): cDNA cloning, functional
characterization, and patterns of gene expression of (-)-germacrene D
synthase Ptdtps1. Plant Journal 37: 603 –616.
Arimura G, Kost C, Boland W. 2005. Herbivore-induced, indirect plant
defences. Biochimica et Biophysica Acta 1734: 91–111.
Arnold TM, Schultz JC. 2002. Induced sink strength as a prerequisite for
induced tannin biosynthesis in developing leaves of Populus. Oecologia
130: 585–593.
Baldwin IT, Halitschke R, Kessler A, Schittko U. 2001. Merging molecular
and ecological approaches in plant–insect interactions. Current Opinion in
Plant Biology 4: 351– 358.
Beisson F, Koo AJK, Ruuska S, Schwender J, Pollard M, Thelen JJ,
Paddock T, Salas JJ, Savage L, Milcamps A, Mhaske VB, Cho Y,
Ohlrogge JB. 2003. Arabidopsis genes involved in acyl lipid metabolism.
A 2003 census of the candidates, a study of the distribution of expressed
sequence tags in organs, and a web-based database. Plant Physiology 132:
681–697.
Bergey DR, Howe GA, Ryan CA. 1996. Polypeptide signaling for plant
defensive genes exhibits analogies to defense signaling in animals.
Proceedings of the National Academy of Sciences, USA 93: 12053–12058.
Brunner AM, Busov VB, Strauss SH. 2004. Poplar genome sequence:
functional genomics in an ecologically dominant plant species. Trends in
Plant Science 9: 49– 56.
Cheong YH, Chang HS, Gupta R, Wang X, Zhu T, Luan S. 2002.
Transcriptional profiling reveals novel interactions between wounding,
pathogen, abiotic stress, and hormonal responses in Arabidopsis. Plant
Physiology 129: 661– 677.
Christopher ME, Miranda M, Major IT, Constabel CP. 2004. Gene
expression profiling of systemically wound-induced defenses in hybrid
poplar. Planta 219: 936 – 947.
Church GM, Gilbert W. 1984. Genomic sequencing. Proceedings of the
National Academy of Sciences, USA 81: 1991–1995.
Clarke HRG, Lawrence SD, Flaskerud J, Korhnak TE, Gordon MP,
Davis JM. 1998. Chitinase accumulates systemically in wounded poplar
trees. Physiologia Plantarum 103: 154 –161.
Constabel CP, Yip L, Patton JJ, Christopher ME. 2000. Polyphenol oxidase
from hybrid poplar. Cloning and expression in response to wounding and
herbivory. Plant Physiology 124: 285 – 295.
Creelman RA, Mullet JE. 1997. Biosynthesis and action of jasmonates in
plants. Annual Review of Plant Physiology and Plant Molecular Biology 48:
355–381.
Davis JM, Clarke HR, Bradshaw HD Jr, Gordon MP. 1991a. Populus
chitinase genes: structure, organization, and similarity of translated
sequences to herbaceous plant chitinases. Plant Molecular Biology 17:
631–639.
Davis JM, Egelkrout EE, Coleman GD, Chen TH, Haissig BE,
Riemenschneider DE, Gordon MP. 1993. A family of wound-induced
genes in Populus shares common features with genes encoding vegetative
storage proteins. Plant Molecular Biology 23: 135 –143.
Davis JM, Gordon MP, Smit BA. 1991b. Assimilate movement dictates
remote sites of wound-induced gene expression in poplar leaves.
Proceedings of the National Academy of Sciences, USA 88: 2393 –2396.
Duffey SS, Felton GW. 1991. Enzymatic antinutritive defenses of the
tomato plant against insects. In: Hedin P., ed. Naturally occurring pest
bioregulators. Washington, DC, USA: ACS Press, 167–197.

Falk A, Feys BJ, Frost LN, Jones JDG, Daniels MJ, Parker JE. 1999. EDS1,
an essential component of Royal gene-mediated disease resistance in
Arabidopsis has homology to eukaryotic lipases. Proceedings of the National
Academy of Sciences, USA 96: 3292–3297.
Gatehouse JA. 2002. Plant resistance towards insect herbivores: a dynamic
interaction. New Phytologist 156: 145–169.
Gu R, Fonseca S, Puskas LG, Hackler L Jr, Zvara A, Dudits D, Pais MS.
2004. Transcript identification and profiling during salt stress and recovery
of Populus euphratica. Tree Physiology 24: 265–276.
Halitschke R, Gase K, Hui D, Schmidt DD, Baldwin IT. 2003. Molecular
interactions between the specialist herbivore Manduca sexta (Lepidoptera,
Sphingidae) and its natural host Nicotiana attenuata. VI. Microarray
analysis reveals that most herbivore-specific transcriptional changes are
mediated by fatty acid-amino acid conjugates. Plant Physiology 131:
1894–1902.
Halitschke R, Schittko U, Pohnert G, Boland W, Baldwin IT. 2001.
Molecular interactions between the specialist herbivore Manduca sexta
(Lepidoptera, Sphingidae) and its natural host Nicotiana attenuata. III.
Fatty acid-amino acid conjugates in herbivore oral secretions are necessary
and sufficient for herbivore-specific plant responses. Plant Physiology 125:
711–717.
Haruta M, Major IT, Christopher ME, Patton JJ, Constabel CP.
2001a. A Kunitz trypsin inhibitor gene family from trembling aspen
(Populus tremuloides Michx.): cloning, functional expression, and
induction by wounding and herbivory. Plant Molecular Biology 46:
347–359.
Haruta M, Pedersen JA, Constabel CP. 2001b. Polyphenol oxidase and
herbivore defense in trembling aspen (Populus tremuloides): cDNA
cloning, expression, and potential substrates. Physiologia Plantarum 112:
552–558.
Havill NP, Raffa KF. 1999. Effects of elicitation treatment and genotypic
variation on induced resistance in Populus : impacts on gypsy moth
(Lepidoptera: Lymantriidae) development and feeding behavior. Oecologia
120: 295–303.
Heidel AJ, Baldwin IT. 2004. Microarray analysis of salicylic acid- and
jasmonic acid-signalling in responses of Nicotiana attenuata to attack by
insects from multiple feeding guilds. Plant, Cell & Environment 27:
1362–1373.
Hermsmeier D, Schittko U, Baldwin IT. 2001. Molecular interactions
between the specialist herbivore Manduca sexta (Lepidoptera, Sphingidae)
and its natural host Nicotiana attenuata. I. Large-scale changes in the
accumulation of growth- and defense-related plant mRNAs. Plant
Physiology 125: 683–700.
Howe GA. 2004. Jasmonates as signals in the wound response. Journal
of Plant Growth Regulation 23: 223–237.
Hui D, Iqbal J, Lehmann K, Gase K, Saluz HP, Baldwin IT. 2003.
Molecular interactions between the specialist herbivore Manduca sexta
(Lepidoptera, Sphingidae) and its natural host Nicotiana attenuata. V.
Microarray analysis and further characterization of large-scale changes in
herbivore-induced mRNAs. Plant Physiology 131: 1877–1893.
Ishiguro S, Kawai-Oda A, Ueda J, Nishida I, Okada K. 2001. The
DEFECTIVE IN ANTHER DEHISCENCE1 gene encodes a novel
phospholipase A1 catalyzing the initial step of jasmonic acid biosynthesis,
which synchronizes pollen maturation, anther dehiscence, and flower
opening in Arabidopsis. Plant Cell 13: 2191–2209.
Jirage D, Tootle TL, Reuber TL, Frost LN, Feys BJ, Parker JE, Ausubel FM,
Glazebrook J. 1999. Arabidopsis thaliana PAD4 encodes a lipase-like gene
that is important for salicylic acid signaling. Proceedings of the National
Academy of Sciences, USA 96: 13583–13588.
Kessler A, Baldwin IT. 2002. Plant responses to insect herbivory:
the emerging molecular analysis. Annual Review of Plant Biology 53:
299–328.
Larson PR, Isebrands JG. 1971. The plastochron index as applied to
developmental studies of cottonwood. Canadian Journal of Forest Research
1: 1–11.

© The Authors (2006). Journal compilation © New Phytologist (2006) www.newphytologist.org

New Phytologist (2006) 172: 617– 635

633

634 Research
Lawrence SD, Cooke JEK, Greenwood JS, Korhnak TE, Davis JM. 2001.
Vegetative storage protein expression during terminal bud formation in
poplar. Canadian Journal of Forest Research 31: 1098 –1103.
Mattiacci L, Dicke M, Posthumus MA. 1995. β-Glucosidase: an elicitor of
herbivore-induced plant odor that attracts host-searching parasitic wasps.
Proceedings of the National Academy of Sciences, USA 92: 2036 –2040.
McCloud ES, Baldwin IT. 1997. Herbivory and caterpillar regurgitants
amplify the wound-induced increases in jasmonic acid but not nicotine in
Nicotiana sylvestris. Planta 203: 430 – 435.
Mithofer A, Wanner G, Boland W. 2005. Effects of feeding Spodoptera
littoralis on lima bean leaves. II. Continuous mechanical wounding
resembling insect feeding is sufficient to elicit herbivory related volatile
emission. Plant Physiology 137: 1160 –1168.
Moreau C, Aksenov N, Lorenzo MG, Segerman B, Funk C, Nilsson P,
Jansson S, Tuominen H. 2005. A genomic approach to investigate
developmental cell death in woody tissues of Populus trees. Genome Biology
6: R34.
Mori N, Alborn HT, Teal PE, Tumlinson JH. 2001. Enzymatic
decomposition of elicitors of plant volatiles in Heliothis virescens and
Helicoverpa zea. Journal of Insect Physiology 47: 749–757.
Mori N, Yoshinaga N, Sawada Y, Fukui M, Shimoda M, Fujisaki K,
Nishida R, Kuwahara Y. 2003. Identification of volicitin-related
compounds from the regurgitant of lepidopteran caterpillars. Bioscience,
Biotechnology and Biochemistry 67: 1168 –1171.
Nishii A, Takemura M, Fujita H, Shikata M, Yokota A, Kohchi T. 2000.
Characterization of a novel gene encoding a putative single zinc-finger
protein, ZIM, expressed during the reproductive phase in Arabidopsis
thaliana. Bioscience, Biotechnology and Biochemistry 64: 1402–1409.
Parsons TJ, Bradshaw HD Jr, Gordon MP. 1989. Systemic accumulation
of specific mRNAs in response to wounding in poplar trees. Proceedings of
the National Academy of Sciences, USA 86: 7895 –7899.
Peters DJ, Constabel CP. 2002. Molecular analysis of herbivore-induced
condensed tannin synthesis: cloning and expression of dihydroflavonol
reductase from trembling aspen (Populus tremuloides). Plant Journal 32:
701–712.
Pohnert G, Jung V, Haukioja E, Lempa K, Boland W. 1999. New fatty acid
amides from regurgitant of lepidopteran (Noctuidae, Geometridae)
caterpillars. Tetrahedron 55: 11275 –11280.
Qu N, Schittko U, Baldwin IT. 2004. Consistency of Nicotiana attenuata’s
herbivore- and jasmonate-induced transcriptional responses in the
allotetraploid species Nicotiana quadrivalvis and Nicotiana clevelandii.
Plant Physiology 135: 539 – 548.
Ralph S, Oddy C, Cooper D, Yueh H, Jancsik S, Kolosova N, Philippe R,
Aeschliman D, White R, Huber D, Ritland C, Benoit F, Rigby T,
Nantel A, Butterfield Y, Kirkpatrick R, Chun E, Liu J, Palmquist D,
Wynhoven B, Stott J, Yang G, Barber S, Holt R, Siddiqui A, Jones S,
Marra M, Ellis B, Douglas C, Ritland K, Bohlmann J. 2006. Genomics
of hybrid poplar (Populus trichocarpa × deltoides) interacting with forest
tent caterpillars (Malacosoma disstria): normalized and full-length cDNA
libraries, expressed sequence tags, and a cDNA microarray for the study of
insect-induced defences in poplar. Molecular Ecology 15: 1275 –1297.
Reymond P, Bodenhausen N, Van Poecke RMP, Krishnamurthy V,
Dicke M, Farmer EE. 2004. A conserved transcript pattern in response
to a specialist and a generalist herbivore. Plant Cell 16: 3132 –3147.
Reymond P, Weber H, Damond M, Farmer EE. 2000. Differential gene
expression in response to mechanical wounding and insect feeding in
Arabidopsis. Plant Cell 12: 707–720.
Richmond T, Somerville S. 2000. Chasing the dream: plant EST
microarrays. Current Opinion in Plant Biology 3: 108 –116.
Roda A, Halitschke R, Steppuhn A, Baldwin IT. 2004. Individual
variability in herbivore-specific elicitors from the plant’s perspective.
Molecular Ecology 13: 2421–2433.
Rojo E, Leon J, Sanchez-Serrano JJ. 1999. Cross-talk between wound
signalling pathways determines local versus systemic gene expression in
Arabidopsis thaliana. Plant Journal 20: 135 –142.

New Phytologist (2006) 172: 617–635

Ryan CA. 1990. Protease inhibitors in plants: Genes for improving defenses
against insects and pathogens. Annual Review of Phytopathology 28: 425– 449.
Ryan CA. 2000. The systemin signaling pathway: differential activation
of plant defensive genes. Biochimica et Biophysica Acta 1477: 112–121.
Ryan CA, Moura DS. 2002. Systemic wound signaling in plants: a new
perception. Proceedings of the National Academy of Sciences, USA 99: 6519–6520.
Schaller F, Schaller A, Stintzi A. 2004. Biosynthesis and metabolism of
jasmonates. Journal of Plant Growth Regulation 23: 179–199.
Schilmiller AL, Howe GA. 2005. Systemic signaling in the wound response.
Current Opinion in Plant Biology 8: 369–377.
Schittko U, Hermsmeier D, Baldwin IT. 2001. Molecular interactions
between the specialist herbivore Manduca sexta (Lepidoptera, Sphingidae)
and its natural host Nicotiana attenuata. II. Accumulation of plant mRNAs
in response to insect-derived cues. Plant Physiology 125: 701–710.
Schmelz EA, Alborn HT, Banchio E, Tumlinson JH. 2003. Quantitative
relationships between induced jasmonic acid levels and volatile emission in
Zea mays during Spodoptera exigua herbivory. Planta 216: 665–673.
Schrader J, Moyle R, Bhalerao R, Hertzberg M, Lundeberg J, Nilsson P,
Bhalerao RP. 2004. Cambial meristem dormancy in trees involves
extensive remodelling of the transcriptome. Plant Journal 40: 173–187.
Shikata M, Matsuda Y, Ando K, Nishii A, Takemura M, Yokota A,
Kohchi T. 2004. Characterization of Arabidopsis ZIM, a member of
a novel plant-specific GATA factor gene family. Journal of Experimental
Botany 55: 631–639.
Shikata M, Takemura M, Yokota A, Kohchi T. 2003. Arabidopsis ZIM,
a plant-specific GATA factor, can function as a transcriptional activator.
Bioscience, Biotechnology and Biochemistry 67: 2495–2497.
Shockey JM, Fulda MS, Browse J. 2003. Arabidopsis contains a large
superfamily of acyl-activating enzymes. Phylogenetic and biochemical
analysis reveals a new class of acyl-coenzyme A synthetases. Plant Physiology
132: 1065–1076.
Smith CM, Rodriguez-Buey M, Karlsson J, Campbell MM. 2004. The
response of the poplar transcriptome to wounding and subsequent
infection by a viral pathogen. New Phytologist 164: 123–136.
Staswick PE, Tiryaki I. 2004. The oxylipin signal jasmonic acid is activated
by an enzyme that conjugates it to isoleucine in Arabidopsis. Plant Cell 16:
2117–2127.
Staswick PE, Tiryaki I, Rowe ML. 2002. Jasmonate response locus JAR1 and
several related Arabidopsis genes encode enzymes of the firefly luciferase
superfamily that show activity on jasmonic, salicylic, and indole-3-acetic
acids in an assay for adenylation. Plant Cell 14: 1405–1415.
Sterky F, Bhalerao RR, Unneberg P, Segerman B, Nilsson P, Brunner AM,
Charbonnel-Campaa L, Lindvall JJ, Tandre K, Strauss SH, Sundberg B,
Gustafsson P, Uhlen M, Bhalerao RP, Nilsson O, Sandberg G, Karlsson
J, Lundeberg J, Jansson S. 2004. A Populus EST resource for plant
functional genomics. Proceedings of the National Academy of Sciences, USA
101: 13 951–13 956.
Storey JD, Tibshirani R. 2003. Statistical significance for genomewide studies.
Proceedings of the National Academy of Sciences, USA 100: 9440–9494.
Strassner J, Schaller F, Frick UB, Howe GA, Weiler EW, Amrhein N,
Macheroux P, Schaller A. 2002. Characterization and cDNA-microarray
expression analysis of 12-oxophytodienoate reductases reveals differential
roles for octadecanoid biosynthesis in the local versus the systemic wound
response. Plant Journal 32: 585–601.
Titarenko E, Rojo E, Leon J, Sanchez-Serrano JJ. 1997. Jasmonic aciddependent and – independent signaling pathways control wound-induced
gene activation in Arabidopsis thaliana. Plant Physiology 115: 817– 826.
Truitt CL, Pare PW. 2004. In situ translocation of volicitin by beet
armyworm larvae to maize and systemic immobility of the herbivore
elicitor in planta. Planta 218: 999–1007.
Truitt CL, Wei HX, Pare PW. 2004. A plasma membrane protein from Zea
mays binds with the herbivore elicitor volicitin. Plant Cell 16: 523–532.
Tumlinson JH, Lait CG. 2005. Biosynthesis of fatty acid amide elicitors of
plant volatiles by insect herbivores. Archives of Insect Biochemistry and
Physiology 58: 54–68.

www.newphytologist.org © The Authors (2006). Journal compilation © New Phytologist (2006)

Research
Tuskan GA, DiFazio SP, Teichmann T. 2004. Poplar genomics is getting
popular: the impact of the poplar genome project on tree research. Plant
Biology 6: 2–4.
Voelckel C, Baldwin IT. 2004. Herbivore-induced plant vaccination. Part II.
Array-studies reveal the transience of herbivore-specific transcriptional
imprints and a distinct imprint from stress combinations. Plant Journal 38:
650–663.
Walling LL. 2000. The myriad plant responses to herbivores. Journal of Plant
Growth Regulation 19: 195 –216.
Wang J, Constabel CP. 2003. Biochemical characterization of two
differentially expressed polyphenol oxidases from hybrid poplar.
Phytochemistry 64: 115 –121.
Wang J, Constabel CP. 2004. Polyphenol oxidase overexpression in
transgenic Populus enhances resistance to herbivory by forest tent
caterpillar (Malacosoma disstria). Planta 220: 87– 96.

Supplemental Material
The following supplementary material is available for this
article online:

Table S1 Mean expression ratios for all significantly induced
or repressed genes.
Table S2 Mean expression ratios for all genes represented on
macroarray.
Table S3 Raw and normalized signal intensities for all
macroarray replicates and treatments.
This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/asp/10.1111/j.14698137.2006.01877.x
(This link will take you to the article abstract).
Please note: Blackwell Publishing is not responsible for the
content or functionality of any supplementary materials supplied by authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

About New Phytologist
• New Phytologist is owned by a non-profit-making charitable trust dedicated to the promotion of plant science, facilitating projects
from symposia to open access for our Tansley reviews. Complete information is available at www.newphytologist.org.
• Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as-ready’ via OnlineEarly – our average
submission to decision time is just 30 days. Online-only colour is free, and essential print colour costs will be met if necessary. We
also provide 25 offprints as well as a PDF for each article.
• For online summaries and ToC alerts, go to the website and click on ‘Journal online’. You can take out a personal subscription to
the journal for a fraction of the institutional price. Rates start at £131 in Europe/$244 in the USA & Canada for the online edition
(click on ‘Subscribe’ at the website).
• If you have any questions, do get in touch with Central Office (newphytol@lancaster.ac.uk; tel +44 1524 594691) or, for a local
contact in North America, the US Office (newphytol@ornl.gov; tel +1 865 576 5261).

© The Authors (2006). Journal compilation © New Phytologist (2006) www.newphytologist.org

New Phytologist (2006) 172: 617– 635

635

