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Abstract

As part of a genomics strategy to characterize inducible defences against insect herbivory
in poplar, we developed a comprehensive suite of functional genomics resources including
cDNA libraries, expressed sequence tags (ESTs) and a cDNA microarray platform. These
resources are designed to complement the existing poplar genome sequence and poplar
(Populus spp.) ESTs by focusing on herbivore- and elicitor-treated tissues and incorporating
normalization methods to capture rare transcripts. From a set of 15 standard, normalized or
full-length cDNA libraries, we generated 139 007 3’- or 5”-end sequenced ESTs, representing
more than one-third of the c. 385000 publicly available Populus ESTs. Clustering and
assembly of 107 519 3’-end ESTs resulted in 14 451 contigs and 20 560 singletons, altogether
representing 35 011 putative unique transcripts, or potentially more than three-quarters of
the predicted c. 45 000 genes in the poplar genome. Using this EST resource, we developed a
c¢DNA microarray containing 15496 unique genes, which was utilized to monitor gene
expression in poplar leaves in response to herbivory by forest tent caterpillars (Malacosoma
disstria). After 24 h of feeding, 1191 genes were classified as up-regulated, compared to only
537 down-regulated. Functional classification of this induced gene set revealed genes with
roles in plant defence (e.g. endochitinases, Kunitz protease inhibitors), octadecanoid and
ethylene signalling (e.g. lipoxygenase, allene oxide synthase, 1-aminocyclopropane-1-
carboxylate oxidase), transport (e.g. ABC proteins, calreticulin), secondary metabolism [e.g.
polyphenol oxidase, isoflavone reductase, (-)-germacrene D synthase] and transcriptional
regulation [e.g. leucine-rich repeat transmembrane kinase, several transcription factor
classes (zinc finger C3H type, AP2/EREBP, WRKY, bHLH)]. This study provides the first
genome-scale approach to characterize insect-induced defences in a woody perennial
providing a solid platform for functional investigation of plant-insect interactions in poplar.
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Introduction

The genus Populus, consisting of c. 40 species of poplars
and aspen distributed in diverse habitats throughout
the Northern Hemisphere, has been firmly established as a
system for genomic research of angiosperm tree biology
(Taylor 2002; Bhalerao et al. 2003a; Brunner et al. 2004). With
an estimated size of 485 + 10 Mb, the genome of Populus is
only 4.5x larger than the Arabidopsis genome, and is roughly
40x smaller than genomes of members of the pine family
(Pinaceae), which includes many of the economically
important gymnosperm tree species. The genome of a
female Populus trichocarpa tree (Nisqually 1) has recently
been shotgun sequenced to a depth of 7.5x coverage (http: //
genome.jgi-psf.org/Poptrl/Poptrl.home.html), with the
assembly and annotation, and generation of supporting
physical and genetic maps, being contributed by mem-
bers of the International Poplar Genome Consortium
(www.ornl.gov/ipgc/).

Complementary to complete genome sequencing, the
large-scale sequencing of expressed genes permits analysis
of the transcriptome of an organism. Sampling of the tran-
scriptome can be performed using high-throughput single-
pass sequencing of cDNA libraries constructed from different
tissues and developmental stages, or from plants subjected
to different environmental conditions or stress treatments
to generate expressed sequence tags (ESTs; Adams ef al.
1993). The application of normalization techniques to reduce
the frequency of highly expressed genes can increase the
rate of gene discovery, permitting the identification of
rare transcripts (Soares et al. 1994; Bonaldo et al. 1996).
When our poplar EST project was initiated in 2002, other
large-scale poplar EST sequencing efforts were already
established that focused primarily on wood formation, dor-
mancy and floral development (Sterky et al. 1998; Bhalerao
et al. 2003b; Schrader et al. 2004; Sterky et al. 2004). In addition,
other small-scale gene discovery activities have developed
poplar cDNA libraries and EST sequences focusing on wood
formation (Dejardin et al. 2004), root development (Kohler
et al.2003), and stress response (Christopher et al. 2004; Nanjo
et al. 2004; Rishi ef al. 2004). In order to maximize gene
discovery both within the large-scale EST programme
described here, and relative to the c. 247 000 Populus ESTs
in the public domain (27 May 2005 dbEST release of Gen-
Bank), we have focused our efforts on normalized cDNA
libraries and included a variety of insect-induced and
biotic elicitor-induced tissues with the goal to complement
previous large-scale poplar EST activities.

ESTs are also the starting reagents for the construction
of cDNA microarrays for transcriptome profiling studies
(Schena et al. 1995). A major emphasis of our programme in
forest health genomics is to generate and utilize genomics
resources to investigate how tree genomes respond to
attack by herbivorous insects, which is relatively poorly

understood in contrast to plant responses to abiotic stress or
pathogens. Insect-induced defence responses identified
by microarray transcript profiling have recently been
described for a few herbaceous species, such as the wild
tobacco Nicotiana attenuata (Hui et al. 2003; Heidel & Baldwin
2004; Voelckel et al. 2004), Arabidopsis thaliana (Reymond
et al. 2000, 2004), and Sorghum bicolor (Zhu-Salzman et al.
2004). In contrast, insect-induced responses in poplar,
which provides a unique system to study genomics of
plant—insect interactions in a long-lived woody perennial,
have only been studied for a small number of genes. The
newly developed poplar genomics resources now provide
the first opportunity for genome-wide transcriptome ana-
lysis of insect-induced defence systems in an angiosperm
tree.

Forest insect pests pose a challenge to the sustainability
of both natural and planted forests. The risk of forest insect
pest epidemics, which cannot be addressed with short-
term crop rotation or pesticide application, as is possible in
agriculture, is increasing with the introduction of exotic
pest species and with global climate changes. The larvae of
several insect herbivores [forest tent caterpillar (Malaco-
soma disstria), gypsy moth (Lymantria dispar), aspen blotch
leafminer (Phyllonorycter tremuloidiella), large aspen tortrix
(Choristoneura conflictana)] can cause extensive defoliation
to stands of Populus species, particularly the trembling aspen
(Populus tremuloides), during outbreak periods. Other insects,
such as the larvae of the willow weevil (Cryptorhynchus
lapathi) affect stem tissues of poplar trees. Forest tent cater-
pillars (FTCs) are distributed throughout North America
and Eurasia. Larvae hatch in early spring and immediately
begin to feed on the leaves of their hosts. By their final
instar, larvae grow to over 1000 times their mass at hatch-
ing and consume more than 15 000 times their initial body
weight in leaf tissue (Fitzgerald 1995). During population
outbreaks, FTCs commonly defoliate trees occurring over
millions of hectares, with a density as high as 20 000 cater-
pillars per tree (Stairs 1972; Fitzgerald 1995). Defoliated
trees have reduced photosynthetic capacity and may pro-
duce less wood, but only in extreme cases are trees killed
directly due to repeated episodes of defoliation by FTC
larvae (Gregory & Wargo 1986). However, repeated and
prolonged attack by FTCs may result in an increased
incidence of fungal disease and infestation by other insects
(Churchill et al. 1964; Hogg et al. 2002).

The first lines of defence against insect herbivores
are constitutive chemical and physical barriers; however,
if these barriers are breached, inducible defences are of
central importance in reducing herbivory (Karban &
Baldwin 1997; Agrawal 1998). In poplar trees, the new foli-
age that FTCs feed upon undergoes profound physical and
chemical changes that render maturing leaves increasingly
less acceptable to the caterpillars. Slow growth, and even
population collapse, may result if caterpillars fail to
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synchronize their development with that of the host tree
(Fitzgerald 1995; Parry et al. 1998). Compared to young,
emerging poplar leaves, mature leaves contain lower
water and nitrogen content, a higher content of non-nutritive
fibre, possess increased toughness and increased levels
of phenolic compounds, which combined deters caterpillar
feeding, reduces the digestibility of leaf protein, and leads
to reduced caterpillar growth (Fitzgerald 1995). Constitu-
tive levels of phenolic compounds in aspen leaves, including
phenolic glucosides such as salicortin and tremulacin, and
to a lesser extent condensed tannins, are strongly influenced
by genotype and nutrient availability, and have been demon-
strated to negatively impact growth and performance of
FTCs and other herbivores (Hwang & Lindroth 1997; Osier
& Lindroth 2001, 2004).

In addition to constitutive defences, herbivores trigger at
least two types of inducible defence responses in poplars:
direct defences that can result in the inhibition of insect
growth or development and indirect defences consisting of
volatiles emitted from plants that can serve as airborne sig-
nals that deter herbivores or attract predators and parasites
of herbivores. Inducible direct defences in poplars involve
abroad range of proteins (e.g. protease inhibitors, oxidative
enzymes) and phytochemicals (e.g. phenolics) (Constabel
1999; Huber et al. 2004). In herbaceous plant-herbivore
defence systems, constitutive and induced defence mech-
anisms appear to be tightly regulated, permitting economy
when active defence is not required, and presenting a shift-
ing defence profile when herbivores are present (Karban
& Baldwin 1997; Kessler & Baldwin 2002). It is therefore a
priority to identify the signalling systems and the tran-
scriptional and other insect-induced changes that regulate
defence responses. Relatively few studies of the induced
defence response have been conducted in Populus species
at the molecular level. To date, targeted studies have iden-
tified induced genes encoding trypsin protease inhibitors
(Bradshaw et al. 1990; Hollick & Gordon 1993; Haruta et al.
2001a), endochitinases (Parsons et al. 1989; Davis et al. 1991),
vegetative storage proteins (Davis et al. 1993), polyphenol
oxidases (Constabel et al. 2000; Haruta et al. 2001b), dihy-
droflavonol reductase (Peters & Constabel 2002) and genes
of terpenoid metabolism, including a sesquiterpene syn-
thase involved in FTC-induced systemic volatile emissions
(Arimura et al. 2004). In addition, a small-scale array con-
sisting of 569 cDNA clones identified a set of 85 cDNAs
that were differentially and systemically expressed in leaves
24 h after applying mechanical wounding (Christopher
et al. 2004).

We have recently established a programme targeted at
genome-wide discovery and expression profiling of insect-
induced defence genes in poplar. We describe here results
from the development of 15 standard, normalized or full-
length cDNA (FLcDNA) libraries that were sequenced
from the 5- and 3’-ends of cDNA clones to generate
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139 007 ESTs from poplar. Assembly of high-quality (hq)
3’-end sequences has identified 35 011 putative unique
transcripts. We demonstrate greatly enhanced gene dis-
covery by focusing on normalized, rather than standard
cDNA libraries. Using this EST resource we have con-
structed a cDNA microarray consisting of 15496 non-
redundant ESTs, which has been applied to an initial study
of the transcriptional response in poplar leaves to feeding
by FTC larvae.

Materials and methods

Plant material and insects

Populus trichocarpa Torr. & Gray X P. deltoides Bartr. (Salicaceae),
H11-11 genotype, was grown on the University of British
Columbia South Campus farm. Cuttings of 30-100 cm were
taken in February of 2003 from previous year shoots,
placed in soil (35% peat, 15% perlite, 50% pasteurized mineral
soil, 250 g-3 Osmocote™ 13-13-13 plus micronutrients) in
2-gallon pots (Stuewe & Sons Inc.), and watered daily. Trees
were maintained in a greenhouse under constant summer
conditions where a constant 16/8-h photoperiod was pro-
vided by high-pressure sodium lamps. Trees of 60-70 cm
in height were used in experiments in August 2003.
Average greenhouse temperature during the month was
23.8 °C (21.3 °C minimum and 28.9 °C maximum), with an
average relative humidity of 62.7%. Forest tent caterpillars,
Malacosoma disstria Hiibner (Lepidoptera: Lasiocampidae),
were from the Great Lakes Forestry Centre (NRCan, Sault
Ste Marie, Canada). FTCs were reared and maintained
on artificial diet (Addy 1969) at 27 °C, 50-60% relative
humidity, 16/8-h photoperiod.

cDNA libraries

For a description of plant materials used in the con-
struction of cDNA libraries please see Table 1. Total RNA
was isolated according to the protocol of Kolosova et al.
(2004), followed by poly(A)+ RNA purification with oligo
d(T) cellulose using the Poly(A) Pure Kit (Ambion),
following the manufacturer’s instructions. Total RNA was
quantified and quality checked by spectrophotometer and
agarose gel. RNA was also evaluated for integrity and the
presence of contaminants using reverse-transcription with
Superscript II reverse transcriptase (Invitrogen) with an
oligo d(T,g) primer and aP32 dGTP incorporation. After
removal of unincorporated nucleotides using gel filtration
columns (Microspin S-300 HR columns, Amersham Phar-
macia Biotech), the resulting cDNA smear was resolved
using a vertical 1% agarose alkaline gel and visualized
using a Storm 860 phosphorimager (Amersham Pharmacia
Biotech). Standard cDNA libraries were directionally con-
structed (5" EcoRI and 3" Xhol) using 5 pug of poly(A)+ RNA
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Table 1 Libraries, tissue sources and species for EST sequences described in this study

cDNA library Tissue/developmental stage Species (genotype)
PT-X-FL-A-1% Outer xylem§ Populus trichocarpa (Nisqually 1)
PT-P-FL-A-2% Phloem and cambium§ P. trichocarpa (Nisqually 1)
PT-GT-FL-A-3% Young and mature leaves, along with green shoot tips§ P. trichocarpa (Nisqually 1)

PTxD-IL-FL-A-4%

Local and systemic (above region of feeding) mature leaves harvested

P. trichocarpa x deltoides (H11-11)

after continuous feeding by forest tent caterpillars, Malacosoma disstria.
Local tissue was collected 4, 8 and 24 h post-treatment and systemic

tissue 4, 12 and 48 h post-treatment.q|

Local mature leaves harvested after continuous feeding by M. disstria. P. trichocarpa x deltoides (H11-11)

PTxD-IL-A-5*
Tissue was collected 2, 12 and 24 h post-treatment.q
PTxN-IB-A-6* Bark (with phloem and cambium attached) harvested after continuous P. trichocarpa x nigra (NxM6)
feeding by willow weevil, Cryptorhynchus lapathi. Tissue was collected 2,
6 and 48 h post-treatment.q|
PT-DX-A-7* Outer xylem harvested biweekly between April and October 2002+ P. trichocarpa (VT-125)
PTxD-NR-A-8*

Three-month old sapling trees grown in aerated hydroponic media in growth  P. trichocarpa x deltoides (H11-11)

chambers. Roots were harvested from trees grown in media without
a nitrogen source for 24 and 48 h, as well as trees grown in regular media.

PTxD-IL-N-A-9t Local mature leaves harvested after continuous feeding by M. disstria. P. trichocarpa x deltoides (H11-11)
Tissue was collected 2, 12 and 24 h post-treatment. ]

PT-DX-N-A-10t Outer xylem harvested biweekly between April and October 2002+ P. trichocarpa (VT-125)

PTxN-IB-N-A-11+ Bark (with phloem and cambium attached) harvested after continuous P. trichocarpa x nigra (NxM6)

feeding by C. lapathi. Tissue was collected 2, 6 and 48 h post-treatment.q

PTxD-ICC-A-12*

Cultured cells grown in media supplemented with salicylic acid, P. trichocarpa x deltoides (H11-11)

benzothiadiazole, methyl jasmonate, chitosan or Pollacia radiosa extract.
Cells harvested 3 h post-treatment, along with untreated control cells.

PT-MB-A-13*
PTxD-ICC-N-A-14t

Terminal vegetative buds}f

P. trichocarpa (wild genotype)

Cultured cells grown in media supplemented with salicylic acid, P. trichocarpa x deltoides (H11-11)

benzothiadiazole, methyl jasmonate, chitosan or Pollacia radiosa extract.
Cells harvested 3 h post-treatment, along with untreated control cells.

PT-MB-N-A-15% Terminal vegetative buds}f

P. trichocarpa (wild genotype)

*Standard cDNA library.
tNormalized cDNA library.
{Full-length cDNA library.

§Harvested 15 May 2001 from 8-year-old trees within the Boise Cascade region of Washington State.

{One- or 2-year old saplings grown in potted soil under greenhouse conditions at the University of British Columbia.
ttFive-year old trees grown outdoors under natural conditions at the University of British Columbia South Campus farm.
fiHarvested 19 September 2001 from 20-year-old trees near Corvallis, Oregon.

and the pBluescript II XR ¢cDNA library construction Kkit,
following manufacturer’s instructions (Stratagene) with modi-
fications. Briefly, first strand synthesis was performed
using Superscript II reverse transcriptase (Invitrogen) and
an anchored oligo d(T) primer (5-GAGAGAGAGAGAGA-
GAGAGAACTAGTCTCGAGTTTTTTTTTTTTTTTTTTVN-
3’). Size fractionation was performed on EcoRI and
Xhol-digested cDNA immediately prior to ligation into the
vector using a 1% NuSieve GTG low melting point agarose
gel (BioWhittaker Molecular Applications) and B-agarase
(New England Biolabs) to isolate cDNAs ranging from
300 bp to 5 kb. Select cDNA libraries were normalized to
Cot =5 by using the Soares method (Soares et al. 1994;
Bonaldo et al. 1996). The average insert size of cDNA libraries
was routinely determined by performing colony polymerase
chain reaction (PCR) on 48 randomly selected bacterial

colonies from the amplified library using ~21M13 forward
(5-TGTAAAACGACGGCCAGT-3’) and M13 reverse (5-
CAGGAAACAGCTATGAC-3") primers. PCR amplicons
were resolved on 1% agarose gels and visually compared
to DNA size markers A HindIIl and 1 kb ladder (Invitro-
gen). FLcDNA libraries were constructed according to the
methods of Carninci et al. (1996), with modifications, and
will be described in detail elsewhere. Unless otherwise
mentioned, all other reagents and solvents were from
Fischer Scientific, Sigma-Aldrich, EM Science or Invitrogen.

DNA sequence analysis and contig assembly

For complete details of bacterial transformation with
library plasmids, colony picking, DNA purification and
evaluation, and DNA sequencing, please see Appendix S1
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(Supplementary materials). DNA sequence chromatograms
were processed using the PHRED software (versions
0.000925.c and 0.020425.c) (Ewing & Green 1998; Ewing
etal. 1998). Sequences were quality-trimmed according to
the high-quality contiguous region determined by PHRED
and then vector-trimmed using CROSS_MATCH software
(www.phrap.org). Sequences with less than 100 quality
bases (PHRED 20 or better) after trimming were discarded.
Sequences having polyA tails of 100 bases or more were
eliminated from analysis. These sequences consistently
resolve as poor quality sequences resulting from Tag poly-
merase slippage across a low-complexity region. EST
sequences representing contamination from bacterial, yeast
or fungal sources were identified using BLAST (Altschul
et al. 1990, 1997) and removed from analysis. The Escherichia
coli K12 DNA sequence (GI: 6626251) was used for bacterial
contamination monitoring. The TIGR Gene Index database
for Aspergillus nidulans (ANGI.060302), a GenBank Sacch-
aromyces cerevisiae database (ftp://ftp.ncbinlm.nih.gov/
blast/db/FASTA /yeast.nt.gz) (26 November 2003) and a
custom database of Agrobacterium tumefaciens generated
using SRS (Lion Biosciences) were used to monitor and
filter out additional contamination. Sequences were also
compared to the GenBank nonredundant (nr) database
using BLASTX. BLAST hits with expect values (E) < 10-10 and
a top rank among scores relative to a range of other plant
sequence databases classified ESTs as contamination and
these were removed prior to EST assembly. cap3 (Huang
& Madan 1999) was used to assemble ESTs into contigs
using the parameters of 40 bp overlap and 95% identity.

Treatment of trees with FTC

For insect treatments, groups of third to fifth instar larvae
were used in the experiments. Prior to being placed on
plants, FTCs were starved for 40 h on moist filter paper.
Five FICs were added to each of five trees under mesh
bags on individual trees. Insects were caged on the five
lowest, fully expanded, healthy leaves of each tree. An
additional set of five trees was covered with mesh bags,
but were otherwise left untreated. Leaves with petioles
removed were individually harvested from each FTC-
treated and untreated control tree 24 h after the onset of
FTC feeding, and separately flash frozen in liquid nitrogen
and stored at —80 °C prior to RNA isolation following the
protocol of Kolosova efal. (2004). RNA quality and
quantity were evaluated as described above.

Microarray hybridization and analysis

For complete details of cDNA microarray fabrication and
quality control, along with a detailed hybridization proto-
col, please see Appendix S1. All microarray experiments
were designed to comply with MIAME guidelines (Brazma
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et al. 2001). All scanned microarray TIF images, an ImaGene
grid, the gene identification file and ImaGene-quantified
data files are available at http://douglas.bcgsc.bc.ca. Ten
hybridizations were performed comparing FTC-treated
poplar leaves after 24 h of continuous feeding and un-
treated control leaves harvested at the same time. RNA
isolated from each of the five individual FTC-treated trees
was compared directly against the five individual un-
treated control trees using two hybridizations with a dye
flip for each tree pair. Similarly, total RNA from a single
pool of untreated control leaves from 5 trees was compared
in self-self hybridizations with the same RNA in each
channel, independently converted to cDNA.

Before data normalization, the lowest 10% of median
foreground intensities was subtracted from the median
foreground intensities to correct for background intensity.
After quantification of the signal intensities, data were norm-
alized to compensate for nonlinearity of intensity distributions
using the variance stabilizing normalization (vsn) method
(Huber et al. 2002). In order to assess performance of the
poplar 15.5K microarray, a model containing a dye effect
and a treatment effect for untreated control (C) minus C’ was
fit using data from four microarray slides. The C minus C’
effect was computed by assigning two of the self-hybridized
arrays to be Cy5-Cy3 and two to be Cy3—Cyb5. Three analyses
were done such that each self-hybridized array was paired
with each other self-hybridized array only once, either as a
Cy5-Cy3 or a Cy3-Cy5 combination. Expression variance
was derived from technical variance between slides. The
ratio of the C minus C’ parameter estimate to the standard
error was used to calculate a f statistic, from which a P value
was obtained. In order to assess the biological response to
FTC herbivory (H), a mixed-effects model containing a dye
effect and a treatment effect for H minus C was fit using
data from 10 microarray slides derived from five pairs of H
vs. C trees with a dye flip for each pair. Expression variance
was obtained from two sources, biological and technical.
The variance between hybridizations from the same H vs. C
tree pair is solely technical, whereas the variance between
hybridizations in different tree pairs is a combination of
biological and technical. Dye and H minus C effects, as
well as biological and technical variation were estimated
using a mixed-effects model where the error term for the
H minus C and dye effects was computed by pooling the
biological and technical variation. Since all 10 slides con-
tained technical variation but only five pairs have biolo-
gical variation, the biological term was given twice the
weight of the technical term in the pooled estimate. Next,
the ratio of the H minus C parameter estimate to the stand-
ard error was used to calculate a ¢ statistic and P value. The
Q value for each effect and gene was calculated for each of
the two models to adjust for the false discovery rate (Storey
& Tibshirani 2003). All statistical analyses were performed
within the R statistical package (www.r-project.org/).
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Real-time PCR

Prior to reverse transcription, 15 ug total RNA per tree was
treated with DNasel (Invitrogen) digestion according to
the manufacturer’s instructions to remove genomic DNA.
The resulting RNA was divided into three aliquots of 5 ug
and independent cDNA synthesis reactions were performed
using Superscript Il reverse transcriptase (Invitrogen) with
an oligo d(T,g) primer according to the manufacturer’s
instructions. The efficiency of cDNA synthesis was assessed
by gel electrophoresis prior to pooling of the three reactions
per tree. Gene-specific primers were designed (Table S3,
Supplementary materials) using a stringent set of criteria
including predicted melting temperature of 64 + 2 °C, primer
lengths of 20-24 nucleotides, guanine-cytosine contents
of 40-60% and PCR amplicon lengths of 100-350 bp. In
addition, when possible, at least one primer of a pair was
designed to cover an exon-exon junction according to the
gene structure models at http: // genome.jgi-psf.org/Poptrl/
Poptrl.home.html. Primer specificity (single product of
expected length) was confirmed by analysis on a 2%
agarose gel, by melting curve analysis and for at least one
PCR per gene, by sequence verification of PCR amplicons
(data not shown). Primers for poplar translation initiation
factor 5A (TIF5A) were designed (GenBank Accession
no. CV251327; poplar EST WS0116_J23) and served as a
quantification control. Real-time PCR was conducted
on a DNA Engine Opticon 2 in an optical 96-well plate
(MJ Research) using the DyNAmo HS SYBR Green Kit
(Finnzymes) according to the manufacturer’s instructions.
Reaction mixtures contained 10 ng cDNA as template, 0.3 pm
of each primer and 10 uL of DyNAmo master mix in a final
volume of 20 uL. Reactions with the cDNA template
replaced by nuclease-free H,O or 10 ng of nonreverse
transcribed RNA were run with each primer pair as a
control. To further evaluate the efficiency and amplifica-
tion performance of each primer pair, a tenfold-dilution
series of corresponding DNA plasmids (102 to 10-¢ ng
template) was analysed with a minimum of three inde-
pendent technical replicates per dilution (data not shown).
The programme for all PCRs was: 95 °C for 15 min; 40
cycles of 10 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C. Data
were analysed using the Opticon Monitor 2 version 2.02
software (M] Research). For each primer pair and tree a
minimum of three independent technical replicates were
performed. To generate a baseline-subtracted plot of the
logarithmic increase in fluorescence signal (AR ) vs. cycle
number, baseline data were collected between cycles 3
and 10. All amplification plots were analysed with an R
threshold of 0.003 to obtain C, (threshold cycle) values.
Transcript abundance for each FTC-responsive gene was
normalized to TIFSA by subtracting the C, value of TIF5A
from the C, value of each FTC-responsive transcript, where
AC,=C C,ripsa- Transcript abundance of FTC-

t transcript

responsive genes in control and FTC-treated samples were
obtained from the equation (1 + E)-ACt, where E is the PCR
efficiency, as described by Ramakers et al. (2003). A tran-
script with a relative abundance of one is equivalent to the
abundance of TIF5A in the same tissue. In order to assess
the biological response to FTC herbivory (H), a mixed-
effects model for each gene containing a treatment effect
for H minus untreated control (C) was fit using data from
at least three independent technical replicates derived
from each of the five FTC-treated and five untreated
control trees. H minus C effects, as well as biological and
technical variation, were estimated using a mixed-effects
model where the error term for the H minus C effect
was computed by pooling the biological and technical
variation. The ratio of the H minus C parameter estimate to
the standard error was used to calculate a t statistic and
P value.

Results and discussion

Sequencing and assembly of poplar ESTs

Large-scale EST sequencing has proven to be an efficient
approach to capture much of the expressed gene catalogue
of an organism. The aims of this project were to advance
gene discovery and transcript profiling for poplar tissues
with an emphasis on biotic stress response. We obtained
ESTs from a set of 15 unidirectional standard, normalized or
FLcDNA libraries generated from tissues at various develop-
mental stages and treatments sampled from five Populus
genotypes (P. trichocarpa, Nisqually 1; P. trichocarpa, VT-
125; P. trichocarpa, wild genotype; P. trichocarpa x deltoides,
H11-11; and P. trichocarpa x nigra, NxM6; Table 1). Libraries
were constructed using trees grown in the wild, in the
greenhouse, under hydroponic conditions, or as cultured
cells. Tissues included in libraries were subjected to a
variety of stress treatments including nitrogen depriva-
tion; elicitors such as salicylic acid, benzothiadiazole, methyl
jasmonate, chitosan or Pollacia radiosa fungal extract; and
herbivory by stem-boring willow weevils or defoliating
FTC larvae.

A total of 139 007 sequences were generated consisting
of 107 519 3’-end reads and 31 488 5’-end reads (Table 2).
Trimming low-quality (see Table 2 for quality criteria) and
vector sequences, and removing contaminant bacterial,
yeast or fungal sequences provided a data set of 90 368 hq
3’ ESTs with a minimum length of 100 bp (Table 2). The
84.0% success rate of hq 3" ESTs compares favourably with
other recent large-scale tree EST projects [e.g. loblolly pine
79.6% (Kirst et al. 2003); poplar 72.8% (Sterky et al. 2004)].
We focused initially on 3’-end sequencing to minimize
separating EST sequences representing the same transcript
into different contigs, which often occurs with 5" ESTs from
standard cDNA libraries due to variable truncation positions
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Table 2 Poplar EST summary*

Total sequences 139 007
Number of 5 sequences 31488
Number of 3’ sequences 107 519
Average assembled EST length (bp)t 643
Number of high-quality 3’ sequencest 90 368
Number of contigs§ 14 451
Number of singletons 20 560
Number of putative unique transcripts{ 35011
Average number of contig members 4.83
Number of contigs containing
2 ESTs 5632
3-5ESTs 5693
6-10 ESTs 2062
11-20 ESTs 775
21-50 ESTs 252
> 50 ESTs 37

*Assembled from the 18 March 2005 version of the poplar EST
database using cap3.

tHigh-quality (hq) sequences only.

TA sequence is considered hq if its trimmed PHRED 20 length is

> 100 bases after vector only, low-quality and contaminating
yeast, bacterial or fungal sequences are removed.

§A contig (contiguous sequence) contains two or more ESTs;

3’ sequences only.

{Number of putative unique transcripts among assembled 3" ESTs
equals the number of contigs plus the number of singletons.

at the 5-end of cDNAs. The average read length of these
hq 3’ ESTs was 643 bp (Table 2), which is substantially
longer than other large-scale tree EST sequencing pro-
grams (364 bp, Kirst et al. 2003; 470 bp, Sterky et al. 2004). In
addition to EST sequencing, we have also obtained high
accuracy complete insert sequences for c. 4600 putative
poplar FLcDNAs that will be reported in detail elsewhere
(S. Ralph, R. Kirkpatrick & J. Bohlmann, in prep.).

The 90 368 hq 3’-end ESTs were assembled using the
cAP3 program. Among these ESTs, 69 808 assembled into
a total of 14 451 contigs, and the remaining 20 560 ESTs
were classified as singletons, suggesting a combined total
of 35011 putative unique transcripts (Table 2). These
sequences represent a substantial portion of the complete
gene content in poplar, which is estimated at c. 45 000 pro-
teins from a first draft of the poplar genome sequence.
Contigs contained an average of 4.83 assembled EST
sequences. Only 37 contigs consist of greater than 50 ESTs
(Table 2) and the five largest contigs contain 591 (unknown
function), 437 (metallothionein), 283 (ribulose biphosphate
carboxylase small subunit), 198 (metallothionein) and 167
(metallothionein) ESTs, respectively. Mitochondrial and
chloroplast RNA sequences were not filtered, but they
contribute 126 (0.14%) and 367 (0.41%) ESTs to the entire
data set, respectively. All hq sequences have been deposited
in the dbEST division of GenBank (Accession nos DT469172—
DT526799; CV225307-CV284047).

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1275-1297

INSECT-INDUCED DEFENCES IN POPLAR 1281

Quality and complexity of cDNA libraries and gene
discovery

Sequences from each cDNA library were closely moni-
tored to assess library complexity and sequence quality to
gauge overall suitability for further sequencing. From each
cDNA library, between 1536 and 18 432 clones were 3"-end
sequenced, and from selected libraries, between 1536 and
8448 of these same clones were also sequenced from the 5’-
end (Table 3). The rate of hq 3" ESTs obtained from cDNA
libraries ranged from 59.5% to 96.8%, with the lower pass
rates resulting from FLcDNA libraries due to the frequent
occurrence of long polyA tails. The average length of hq 3'-
end ESTs among cDNA libraries ranged from 540 bp to
711 bp.

EST sequencing is a powerful method for gene dis-
covery, but there are limitations to this approach. One
limitation, in particular, is the redundant generation of ESTs
derived from the most common transcripts that can reduce
the overall efficiency of gene discovery that relies solely on
the generation of ESTs from standard (i.e. non-normalized)
cDNA libraries. Accordingly, the application of normaliza-
tion strategies to equalize the abundance of all transcripts
(Soares et al. 1994; Bonaldo et al. 1996) has proven to be
advantageous (Marra et al. 1999; Scheetz ef al. 2004). We
assessed the rate of gene discovery for each poplar library
by calculating the number of unique transcripts within the
set of ESTs derived from each library, the average number
of contig members, the percentage of ESTs with no BLASTN
match to public Populus ESTs, the percentage of singleton
ESTs, and the percentage of library-specific unique tran-
scripts (Table 3). By using any of these five metrics, four of
our five normalized libraries are of higher complexity (and
higher rates of gene discovery) than the corresponding
non-normalized libraries (Table 3). The one exception is
library PTxD-IL-N-A-9 for which normalization was likely
ineffective due to insufficient hybridization stringency
(Cot=5).

Among the four successfully normalized libraries, the
percentage of unique transcripts identified within the first
1000 hq 3’ sequences averaged 94.5% and ranged from
93.0% to 96.4%, whereas among the corresponding stand-
ard libraries constructed from the same RNA sources the
average was only 85.2% and ranged from 83.2% to 86.9%
(Table 3). Similarly, the percentage of singletons within the
first 1000 hq 3’ sequences averaged 89.9% from the four
normalized libraries (range of 87.2% to 93.2%) compared to
only 76.2% (range of 74.1% to 78.3%) among corresponding
standard libraries. The average number of contig members
was the same for standard libraries (2.89 average) and norm-
alized libraries (2.88 average), even though a considerably
larger number of EST sequences were generated from norm-
alized libraries (Table 3). Likewise, within the set of ESTs
derived from each library, the percentage of 3" ESTs with
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Table 3 Poplar cDNA library summary statisticsa

No. of Pass No. and % Avg. no. % NO BLASTN % library No. on

Total of no.  high-quality rate  Avg. EST of unique of contig  match vs. public specific 15.5K
cDNA library seq. (5" ESTs) seq.d %e length (bp)f transcriptss membersh poplar ESTsi % singletonj transcriptsk  array
PT-X-FL-A-1b 3072 (1536) 914 59.5 598 586 (n.a) 3.67 23.31/29.35 50.6 (n.a) 0.43 (1.01) 368
PT-P-FL-A-2b 15744 (7296) 6219 73.6 622 2931(75.9) 4.25 2.59/7.62 30.8 (62.8) 2.83(6.88) 2439
PT-GT-FL-A-3b 19968 (8448) 6871 59.6 652 3400(77.2) 3.98 4.38/11.53 32.5 (64.7) 3.78 (7.60) 1765
PTxD-IL-FL-A-4b 9216 (4608) 2812 61.0 699 1305(54.00 5.26 2.70/6.76 33.8 (43.2) 1.29 3.11) 299
PTxD-IL-A-5b 3072 2777 90.3 655 1518 (63.8) 5.53 1.83/6.29 44.6 (54.6) 1.39 (3.07) 975
PTxD-IL-N-A-9¢ 4608 4461 96.8 680 2141 (62.1) 5.66 1.52/5.03 36.8 (52.7) 2.08 (4.93) 1013
PTxN-IB-A-6b 3072 2816 91.6 633 2122(86.9) 2.90 3.70/11.86 62.3 (78.3) 1.59 3.11) 1496
PTxN-IB-N-A-11c¢ 18432 17314 939 617 9540(93.1) 3.38 4.91/14.32 36.2(87.2) 13.77 (19.15) 1691
PT-DX-A-7b 3072 2765 90.0 593 2026 (86.1) 2.90 4.37/13.55 59.2 (77.0) 1.75(3.05) 1387
PT-DX-N-A-10¢ 7 680 6457 84.0 540 4712 (93.0) 2.56 5.34/16.99 55.6 (87.2) 5.52(7.14) 1351
PTxD-ICC-A-12b 1536 1215 79.1 636 993 (83.2) 2.83 6.38/15.30 71.7 (74.1) 0.65 (1.34) 414
PTxD-ICC-N-A-14c 20352 (4992) 13929 90.6 643 9236 (95.8) 2.76 10.57/22.93 47.1(92.1) 13.25(1541) 434
PT-MB-A-13b 1536 1302 84.7 674 1059 (84.6) 2.96 6.93/15.35 71.8 (75.7) 0.78 (1.44) 494
PT-MB-N-A-15¢ 23039 (4608) 16 901 91.6 711 10819 (96.4) 2.85 11.91/23.69 44.5(93.2) 16.29 (18.70) 0
PTxD-NR-A-8b 4608 3615 784 622 2631(85.2) 3.22 7.79/16.44 60.5 (76.3) 3.33(4.00) 1360

aAssembled from the 18 March 2005 version of the poplar EST database using car3.

bStandard or full-length cDNA library (white background).
<Normalized cDNA library (grey background).

dA sequence is considered high-quality (hq) if its trimmed PHRED 20 length is > 100 bases after vector only, low-quality and contaminating yeast, bacterial or

fungal sequences are removed; 3" sequences only.
eNumber of hq 3’ sequences as a percentage of total 3" sequences.
fHq 3" sequences only.

sNumber of putative unique transcripts among assembled hq 3" ESTs equals the number of contigs plus the number of singletons. The number in
parentheses is the percentage of unique transcripts among the first 1000 hq 3 sequences assembled.

hAverage number of contig members where a contig (contiguous sequence) contains two or more hq 3" ESTs.

iPercentage of hq 3 ESTs > 400 bp in length with no significant BLASTN similarity vs. a set of 247 353 Populus ESTs (excluding ESTs described in this study)
from the 27 May 2005 version of the dbEST division of GenBank at low (left, expect value < 1e-20) and high (right, expect value < 1e-125) match stringency.
iPercentage singletons is the number of singletons in a library divided by the total number of hq 3’ sequences. The number in parentheses is the percentage

of singletons among the first 1000 hq 3" sequences assembled.

kPercentage of library specific unique transcripts calculated by adding the number of contigs and singletons that were present only in a single cDNA
library divided by the total number of putative unique transcripts in the hq 3" EST collection (35 011). The value in parentheses is the number of hq 3’
sequences derived from a given library expressed as a percentage of all hq 3’ sequences (90 368).

no BLASTN similarity to a collection of 247 353 Populus ESTs
in the public domain (i.e. dbEST division of GenBank,
excluding the ESTs described in this paper) at both low (E
value < 1e-20) and high (E value < 1e-125) stringency was
higher for normalized libraries (8.1% and 19.4% average,
respectively) than standard libraries (5.3% and 14.0% aver-
age, respectively; Table 3). In addition, the percentage of
library-specific transcripts was considerably higher for the
four normalized libraries (80.5% average) compared to
standard libraries (52.7% average; Table 3).

Collectively, these results indicate that the preparation
of normalized cDNA libraries has greatly improved the
complexity and rate of gene discovery within our poplar
EST project. With 71% of hq 3’ ESTs derived from normal-
ized cDNA libraries, it is not surprising that no unique
transcripts were identified that contained ESTs obtained
from all 15 cDNA libraries sequenced, and only three
transcripts were present in 14 of 15 libraries, which likely
represent ‘housekeeping’ genes (Table 4). Among this set,
the most abundant housekeeping gene was identified as
cyclophilin (152 ESTs), followed by elongation factor 1o
(64 ESTs), and elongation factor 1B—o subunit (42 ESTs).

Table 4 Distribution of ESTs in multiple cDNA libraries

Libraries Number of
represented unique transcripts
15 0
14 3
13 5
12 7
11 30
10 46
9 78
8 122
7 235
6 326

Comparison against public Populus ESTs, the poplar
genome, and Arabidopsis

In order to minimize redundant EST development relative
to other poplar EST projects (Kohler et al. 2003; Sterky e al.
2004) and to support a genomics platform for the study

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1275-1297
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of poplar—insect interactions, we developed normalized
c¢DNA libraries to capture rare genes missed in other EST
collections, and included tissues subjected to herbivory,
elicitor, or pathogen treatment. Overall, among the 79 338
hq 3’ ESTs of more than 400 bp in length analysed in
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Fig.1 Relationship between sequence length of high-quality
poplar 3" ESTs and similarity to the best scoring match to: (A) nucle-
otide sequences from partially redundant Populus ESTs in GenBank
(247 353 sequences; 27 May 2005 version of dbEST) by BLASTN; (B)
the poplar genome nucleotide sequence (assembly version 1.0;
http:// genome jgi-psf.org/Poptrl/Poptrl.home.html) by BLASTN;
(C) the poplar genome predicted protein models (c. 45 000
sequences; assembly version 1.0; http://genome.jgi-psf.org/
Poptrl/Poptrl.home.html) by BLASTX; (D) nucleotide sequences
in The Arabidopsis Information Resource (TAIR) nonredundant
Arabidopsis CDS set (28 952 sequences; www.arabidopsis.org) by
BLASTN; and (E) amino acid sequences in the nonredundant TAIR
Arabidopsis peptide set (28 952 sequences; www.arabidopsis.org)
by BLasTX. The greyscale shading of each hexagon represents
poplar EST abundance.

this project, there are 73 863 (93.0%) with similarity at low
stringency (E value < 1e-20) to public Populus ESTs, and
66 589 (83.9%) with similarity at high stringency (E value
< 1e-125) (Fig. 1A). These values increase to 93.7% (low
stringency) and 87.4% (high stringency) when only hq 3’
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ESTs > 800bp in length (22515) are considered. This
suggests that c. 16% of the newly generated poplar ESTs are
unique relative to any Populus EST previously in the
public domain.

We then compared the new hq poplar 3’ EST sequences
against the recently completed draft version of the poplar
genome sequence and predicted genomic ORFs by BLASTN
and BLASTX, respectively (Fig. 1). As expected, the similar-
ity between ESTs and the poplar genome sequence is high,
with 98.5% (89 081) of all hq 3" ESTs having a BLASTN E
value < le-5 (score > 25), and this increases only slightly
to 98.7% (22 243) when only ESTs > 800 bp are considered
(Fig. 1B). When analysing similarity between ESTs and
predicted genome ORFs, we observed 87.0% (78 662) of hq
3" ESTs with BLASTX E values < 1e-5 (score > 110), compared
to 95.9% (21 604) for ESTs > 800 bp (Fig. 1C). The lack of
sequence similarity between a small percentage of our
ESTs and the poplar genome sequence and predicted
genome ORFs could be due to contaminating species in
cDNA libraries not removed through in silico screens (e.g.
insects, yeast, bacteria, fungi, etc.), artefacts of annotation,
and/or the different methodological limitations of either
EST or genomic sequencing and assembly (e.g. long 3' UTRs
in EST sequences, ESTs representing organelle genes not
represented in the nuclear genome sequence, gaps in the
genomic DNA sequence assembly, incorrectly predicted
genomic ORFs, alternate splice forms, etc.).

We also compared hq poplar 3" ESTs generated in
this project against The Arabidopsis Information Re-
source (TAIR) Arabidopsis CDS and peptide sets (28 952
sequences, www.arabidopsis.org; Fig. 1) by BLASTN and
BLASTX, respectively. Overall, the similarity between poplar
ESTs and Arabidopsis CDS sequences is relatively low with
only 49.3% (44 600) of all hq 3" ESTs having a BLASTN E
value < 1e-5 (score > 25; Fig. 1D). This value increases to
64.5% (14 539) when only poplar ESTs of more than 800 bp
are considered (Fig. 1D). The vast majority of ESTs less than
300 bp in length have low similarity to Arabidopsis peptides,
whereas for ESTs more than 300 bp there is a positive cor-
relation between EST length and BLASTX score (Fig. 1E).
Overall, 76.6% (69 258) of hq 3’ ESTs have BLAsTX E values
< le-5 (score > 110) vs. Arabidopsis peptides, compared to
91.0% (20 508) for ESTs > 800 bp. This analysis identifies
2007 hq poplar ESTs in the sequences described here with
BLASTX E values > 1e-5and length > 800 bp (Table S1, Supple-
mentary materials) that may represent genes lost during
Arabidopsis evolution, gained during poplar evolution, or
otherwise sufficiently diverged in sequence to no longer
be recognizable as similar sequences since Arabidopsis and
Populus diverged c. 100 million years ago. In a comparable
analysis performed by Sterky et al. (2004) using Populus
contig sequences derived from ESTs, they found 97.9% of
contigs > 1000 bp (1089 of 1112) had a BLASTX score > 100
vs. Arabidopsis peptides.

Development of a poplar cDNA microarray

Based on the generation of poplar ESTs, we have devel-
oped a poplar cDNA microarray composed of 15 496 cDNA
elements selected from 14 cDNA libraries representing
leaves, buds, phloem, xylem, bark and root tissues, as well
as cultured cells (Table 3). Clones on the array were
selected from a caP3 assembly of c. 37 000 3’-end ESTs and
are enriched for EST sequences from elicitor- or herbivore-
treated libraries (i.e. 6322 ESTs or 40.7%). Functional
annotation of array elements has been assigned according
to the TAIR Arabidopsis protein set using BLASTX, as well as
using BLASTX vs. the set of c. 45 000 protein models pre-
dicted from the draft version of the poplar genome sequence.
Overall, 11418 (73.6%) of 15496 spotted cDNAs have
similarity to the TAIR Arabidopsis protein set by BLAsTX (E <
1e-5), compared to 12 947 (83.6%) cDNAs with similarity to
predicted poplar genome ORFs by BLASTX (E < 1e-5).

To perform an initial validation of the poplar 15.5K
c¢DNA microarray performance, total RNA was isolated
from five fully developed leaves from each of five 1-year-
old poplar trees, pooled, and used to evaluate the false
change rate. Four technical replicate hybridizations were
performed using this same RNA source, independently
converted to cDNA, and labelled with dendrimer 350 Cy3
or Cyb5 fluorescent labels. Among the four hybridizations,
the median foreground signal intensity for blank elements
(Cy3-73.8; Cy5-112.7), DMSO buffer-only elements (Cy3-
174.3; Cy5-279.4) and DNA-based negative control ele-
ments (Cy3-156.1; Cy5-241.7) was low compared to that of
EST elements (Cy3-4371.4; Cy5-3759.3), indicating a low
level of nonspecific hybridization. Among the three possible
combinations for randomly assigning RNA in each channel
to treatment groups when comparing the four slides in self-
self hybridizations, the number of differentially expressed
(fold-change > 1.5x; P value <0.05) EST array elements
was 94 (0.60%), 130 (0.83%) and 131 (0.84%) of 15 496 total.
Differential expression in this case is due to technical
variation between hybridizations. To estimate the false
discovery rate (FDR), we calculated Q values (Storey &
Tibshirani 2003) and found the FDR for the three possible
self-self combinations was 100.0%, 86.2% and 56.2% at
P =0.05,and 100%, 86.2% and 48.9% at P = 0.001, respectively,
suggesting there are no genes reliably differentially expressed
when self-self hybridizations are performed (Table S2,
Supplementary materials).

Microarray transcriptome profiling of FTC herbivory of
poplar leaves

We utilized the poplar 15.5K cDNA microarray to examine
global changes in gene expression in poplar in response
to insect herbivory. Clonal hybrid poplar (P. trichocarpa x
deltoides, H11-11 genotype) saplings were subjected to

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1275-1297



Fig. 2 Herbivory experiment set-up under greenhouse conditions.
Insects were caged under mesh bags placed on the lowest five
healthy mature leaves of 6-month-old poplar trees (A). Cater-
pillars inflict damage to leaf tissue by feeding from the outer edges
(B). Representative image of leaf damage inflicted after 24 h of
caterpillar feeding (C). Scale bars indicate approximate size.

feeding by FTC larvae caged on trees using mesh bags
(Fig. 2). Differentially expressed genes were selected using
two criteria: fold-change between FIC herbivory and
untreated control > 1.5x and Student’s t-test P value < 0.05.
For a complete list of expression data for all genes rep-
resented on the microarray, see Table S2. Using these
criteria, after 24 h of FTC feeding 1191 microarray elements
were classified as up-regulated, compared to 557 down-
regulated elements. We determined the FDR to be 7.5% at
P =0.05, diminishing to 0.3% at P = 0.001 (Table S2). As
demonstrated by the boxplots in Fig. S1 (Supplementary
materials), the majority of variation in our microarray
experiments is derived from technical sources rather than
biological, with the ANova estimate of technical variation
being greater than biological variation for 91.1% of array
elements (Table S2). This likely reflects the use of gen-
etically identical plants that were treated uniformly under
controlled greenhouse conditions. As illustrated in Fig. 3,
representative scatter plots for self-self hybridizations (upper
panel) and the response to FTC herbivory after 24 h of
feeding (lower panel) demonstrate the broad dynamic
range of the poplar 15.5K microarray in the detection of
differentially expressed transcripts.
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Fig. 3 Experiments conducted to assess the performance of the
poplar 15.5K ¢cDNA microarray. Upper panel: scatter plot illustrat-
ing the technical reproducibility and dynamic range of the poplar
15.5K microarray. Total RNA from untreated mature poplar leaves
was labelled with either Cy3 or Cy5 fluors and directly compared
on the same slide in four separate hybridizations (representative
slide shown). Lower panel: scatter plot illustrating the detection of
genes differentially expressed between total RNA from untreated
mature leaves and leaves exposed to caterpillar feeding for 24 h
(ten hybridizations performed, with dye-flips; representative slide
shown). Two-, three-, five- and tenfold changes in gene expres-
sion are indicated by the parallel lines that flank the probe set data.
Genes differing by greater than threefold between treatments are
indicated by green open circles.

FTC-responsive genes identified in this analysis were
classified into 10 functional groups based on annotation
to Arabidopsis. The most prominent FTC-responsive genes of
these 10 groups and all differentially expressed transcription
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Table 5 Selected forest tent caterpillar-responsive array elements. A complete list of array elements is given in Table 52, Abbreviations: FC, fold-change; I°,
FPwalue; Q, O value. Colour seale from dark green to dark red correlates with fold-change expression. *Also analysed by real-time PCR (see Table 7 and Fig. 4).

Fold-change at least: |l -12, [ -6, | -3, [0 -1.5, " —, 0 +1.5, [ +3, [ +6, [l +12
FTC at 24 h
E
Clone 1D BLASTX v, Arabidopsis AGleode  walue  srasTx vs, Poplar protein model value FC P Q

Mo significant match to Arabidopsis

WS0151_C13 Mo significant match n.a. na.  estExt fgeneshd pp.C LG X0093 Ze-d < (.001
Wa92_1L21 Mo sigmificant match n.a. n.a. estExt_Genewisel vLC_LG_VIIZ2 le-11 0.00m
Biu'lugll;al process unknown
W50156 N20  Expressed protein AtBg58990 2e-41 estExt Genewisel v1.C_LG 11066 2e-61 < 0,001 <0001
WS02010_Gl6  Senescence-associaled prolein Alg53885 9e-25 pwl.138.158.1 1e-51 <0001 < 0.000
WS0153_M02  Induced upon wounding Atdg24220 8e-30  grail3.0040028802 S48 <0001 <= 0.001
General metabolism
w5212 121 Aminopeptidase M Atdg33090 3e-66  pwl VL 1753.1 Se-84 BN < 0.001 < 0.001
WS0124 KO8 Apyrase At 18280 fe-20  eugened.00190357 6e-35  EIRAE < 0.001 < (0.001
Ws0146_123  Phosphorylase family protein Atdp24340 3e-29  eugene3 00870003 4e-899 < (.00
W50124 G12  Acid phosphatase Atdp25150 3e-53  estExt Genewisel v1.C LG IM36 2e-98 < 0.00
WS50156 L05  Thymidylate kinase AtSeS040 1e-58  pwl. 128921 Se-80 < (.001
WS01223 F23  Lycopene beta cyclase At3gli230 le-64  eugene3.00090104 1e-110 < (.00
W50132_A15  Lipase At2e31100 3e-42  estExt Cenewisel v1.C LG IV2P94  de-B7 0.001
W50145 F03*  Phytoene synthase At5g17230 Be-77  fpeneshd ppC LG 11000533 Se-B8 0.002
WS01116_C06  Expansin Atdg38210 2e-56  estExt_fgeneshd pg.C_ LG_INO0T4 8e-77 < (.00
W50154 D01 Carbonic anhydrase At3gl1500 Te-23  grail3.0005010201 Je-44 3.65 0.006
W50231_K19  Galactinol synthase Atlg5ea00 7e-51 estExt_fgeneshd pm.C LG XIIN25  4e-63 052 0003 0012
Photosynthesis
WS02011_K12  Photosystem 1l protein Atlg3e00 5e-44  estExt Genewisel v1.C_LG V0741 4e-b4 059 0001 0.006
WS0142 N19  Chlorophyll A-B binding protein Atlghls20 Fe-82  grail3.001203670] le-119 D64 D006 0.017
W501224 M03  Ferredoxin reductase AtSe23440 Te-22  pwl VIIL1GZ9.1 le-40 Dt <0001 0.002
Transport
WS0212 005 ATPase At2524520 3e-97 estExt_fgeneshd pg.C_1470038 Te-107 <0001 < 0.001
W50156_A09  Metal transporter At2g30080 9e-51 fpeneshd pg.C LG _IX000872 Te-65 <0001 < 0.001
W50156 013%  ABC transporter family protein Atlge5410 8e-32  pwl.179.25.1 3e-36 <0001 < 0.00
WS0114 H12  Major intrinsic protein Atdg01470 2e-B5  estExt fgeneshd ppC LG X1886 2e-97 < 0001 < 0.001
WS0114_D04*  Calreticulin AtlgB210 6e-95  estExt Genewisel v1L.C_LG_XIN0835 le-112 < 001 = 0.001
W542_J05 Sec23A transport protein Atdpl4160 2e-81  estBExt_fgeneshd pp.C LG XIVII63  le-110 <0001 < 0.00M
WS0144_MO7  Lipid transfer protein At2pd300 2e-16 grail3.0136006501 1e-77 063 0001 0.006
Transcriptional regulation and signalling {also see Table &)
W50205 102 Leucine-rich repeat transmembrane At5g51560 2e-57  grail 30033029601 3e-95 <0001 < 0.000
protein kinase
W501223 D01 Choline kinase Atlg74320 2e-80  gwl.lIL525.1 le-104 <0001 < 0.001
Octadecanoid and ethylene signalling
W501212 105 Lipoxygenase Atlg72520 le51  fpeneshd peC LG 1000375 le-142 < 0.001 < 0001
WS0155_D02*  Allene oxide cyclase AtlgEl3280 3e-69  gwl V40731 407 =< 0001 < 0.001
W50145_BO7*  Allene oxide synthase At5gd2650 1e-25  grail 2040015701 Ze-34 <0001 =< 0.001
W50123 GOS8 S-adenosylmethionine synthase AtlgD2500 9e-30  estExt Genewisel v1.C LG XIN0489 2e-34 <0001 =0.00
WS02011_I02*  T-amimocyclopropane-1-carboxylate oxidase  Atlg05010 3e-34  eugene3.00002047 2e-45 <0001 0.00
Response to stress
WS0134 G14*  Kunitz trypsin inhibitor Atlgl7860 2e-05  estExt fgeneshd ppC LG_X0093 340 <0001 <0.00
WS0205_ P08 Glyeosyl hydrolase Atdp3Baa0 2e-46  pwlIX.1264.1 2e-39 <001 < 0.001
WS0T43_AD3*  Basic endochitinase Atde12500 4e-75  prail 30001024001 le-121 <0001 = 0.00
WS0144 M15  Stable protein 1 AB3gI7210 6e-36  esthxt_fgeneshd pm.C_LG_X0585  2e-58 <0001 = 0.0M
W50204 6 Jacalin/lectin family protein Atlgl19715 3e-21  estExt Genewisel v1.C_ad6 Te-89 <0001 <0.00
Secondary metabolism
WS501212 M19  Cytochrome P450 Atlg33730 le-41  estExt fgeneshd pp.C 1580005 Te-b4 <0001 0.002
W501212 B20*  lsoflavone reductase Atdp3U230 4e-37  eugened.22230002 2e-49 <0001 < 0.000
rs1* (~)-germacrene D synthase AiSg23960 1e-125 eugened.00130815 0 < 0,001 < (0001
(GenBank AARI9061)
PP F’u])rplwnu] axidase PPOT n.a. m.a. gw'l.xl_?aﬁlﬁ_'] 0 = 0001 < 000
{GenBank AAG21983)
W501214 G19  3-deoxy-D-arabino-heptulosonate Atdp3®B0 5e-16 pwl.V.2753.1 2e-24 33 <0001 0001
7-phosphate synthase
W50201_(G13*  dcoumarate Cod ligase Atlg20510 3e-53  fgeneshd peC LG V001627 le-61 <0001 < 0.001
WS02011_F21  Laccase/diphenol oxidase Athe9360 le-56  estExt Genewisel v1.C LG XIX2228 le-10] 0004 0013
WS0168_K0e*  Chorismate synthase AtlgdB850 Be-15  grail 30045006403 9e-23 : <0001 <000
W501110_A05* S-enolpyruvylshikimate3-phosphate synthase  Atlgd48860 3e-19  eugene3.00021350 2e-22 305" < 0.001 <0.0M
WS50154 HO5  Phenylalanine ammonia- lyase Ar2g37(40 8e-57  estExt_Genewisel v1.C_2B0658 3e-67 N 0011 0027
WS01224 04 Chalcone synthase At5g13930 2e-70  eugened.00140920 3e-78 0003 0010
Detoxification, redox processes
WS50145_I01  Superoxide dismutase copper chaperone Atlgl2520 5e-36  gwl.lIL445.1 fie-53 <0.001 <0.001
WSMT7E_MN24  Glutathione S-transferase At2p39420 40-27  eugened.00161127 2e-78 <0001 < 0.00
W5M62_C15  Thioredoxin At2g01270 2e-41  estExt_fgeneshd_pm.C_LG_VIIDS4D  3e-69 <0001 0.000
WS04 C22  Peroxidase At5g05340 6e-82  estExt Genewisel v1.C LG _XIN0228 1e-114 <0001 < 0.001
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Table 6 Selected forest tent caterpillar-responsive transcription factors. A complete list of array elements is given in Table 52. Abbreviations: FC, fold-change;
P, Pvalue; Q, Q value. Colour scale from dark green to dark red correlates with fold-change expression. * Also analysed by real-time PCR (see Table 7 and Fig. 4).

Fr.ﬂd-change at least: . =12, . ~f, =3, ~1.5, -, +1.5, B +3, . +6, . +12
FTC at24h
E E

Clone 1D BLASTX v Arabidopsis AGLeode value  BLASTX va. Poplar protein model value FC r Q
WS0171 K21 Zine finger C3H type AR3gh8030  6e-19  estExt Genewisel v1.C LG XVI1842  Te-td . 20001 =000
WS0144 119 Zinc finger C3H type Atlgl9310  5e-19  eugenel3.00021229 Je-40 <0001 <0001
WS0232 14 Zine finger C3H type At5gdB655  Be-16  fgeneshd ppC LG 001250 le-94 238 <0001 0001
WSs01119 005 Zinc finger C3H tvpe AtFp59000  le-4l  pwlL1077.1 3e-B8 182 <0.001 (L0001
Ws0168 E11 Zine finger C3H type At3e55530  le-48  estExt fgeneshd pm.C LG IX0591 2e-74 0.65 0.002 0.008
WS01218 MD1  AP2-EREBP Ag?7200  3e-43  gwl.XVIIL2541.1 5e-52 | A83 | <0001 OB
WS0206 NO3  AP2-EREBP At3g23240  4e-35  pwlV.1199.1 2e-50 211 <0001 <0001
WS0223 023 AP2-EREBP AHIg7R0SD  4e-33  fgeneshd_pm.C_LG_1I000437 4e49 207 <0001 <0001
WS0205_I'0B APZ-EREEI A2p28550 207 pwl.X.2501.1 Se-l7 151 0.041 (L.066
WS0183_E12 Trihelix At5gl4540 2029 fgeneshd pm.C_LG_I000RS3 Fe-71 - = 0.001 0.003
WS0193_E15 Basic helix-loop-helix Atdgl7880  3e-29  estExt_fgeneshd pm.C_1T80004 le-47 <0001 =000
WS0205_010 Basic helix-loop-helix AtlgD5710  6e-39  eugene3.01420081 Se-61 2.12 0.002 0.010
WS0204 K10 Basic helix-loop-helix At2gd6510  8e-21  fgeneshd pp.C LG 1001585 le-40 206 <0001 0.002
PX0011_G13 Basic helix-loop-helix Atlge90l0  4e-15  eugened 00150276 3097 166 <0001 0.001
WS50148 115 Basic helix-loop-helix Ap2edp510 3e-25 fgeneshd peC LG 11001585 D55 159 0.001 (L0035
W50161_N01 Basic helix-loop-helix Adpd7edd  Te-42  prail 30005058901 le-105 062 <0.001 (.01
WS0181_FOr Myb Atdpdi2el  2e-40  pwlIL3ST0.1 4e-49 289 0.010 0.025
WS0232_N20 Myb At2g37630  2e-23 gwl123.183.1 Se-63 .66 0.005 0.016
WS0158 M20 Auxin response factor Athg62000  9e-43  eugened.DD150845 Je-84 268 20001 0.001
WS0168 N18  Zinc finger C2C2-GATA A3B4810 2036 eugene3 00080330 le-74 266 <0001 <0001
WS50233 MO5 Zinc finger C202-GATA A3e34810 de-M estExt fgeneshd ppC LG X2015 2e-58 205 <0001 <000l
WS0178_A09 Zinc finger C202-GATA Avdp2470 Ze-d7  eugene3 00050602 le-125 0.60 0.003 0.000
WS50131_FP03 Zine finger C2C2-GATA At5e56860 3e-06  pgrail3.0013019801 2e-29 036 <0001 (LT
WS0201_118 WREKY AtlgB0840  4e-38  eugened.00061%44 le-65 246 <0001 0.003
WS0231 E05*  WRKY AtSp13080  1e-38  grail3.0005030601 Te-56 244 0.008 0.021
W50214_A24 WREY AR3phe400  3e-30  prail 30023037401 1e-137 219 <0.001 0.001
WS0183_109 WREKY AppE22070 24 estExt Genewisel v1.C_LG XIV3374 4e-72 1.70 0.001 0,006
W50125_A17 WEREY AtlgB0840  3e-26  estExt fgeneshd pm.C LG 0G24 le-41 163 0.003 0.070
WS0181_AD4 bZIP Atp28770  6e-30 gwl.F0.190.1 4e-80 234 0.002 (L00e
W50221_P11 bZIP A2gd(950  2e-51  grail3.0024020901 le-5 202 0,001 0.004
Ws0206 K17 bZIP At3ge2420  2e-18  eugene3.00080995 2e-69 167 0,002 0.008
WSs0151 G222 bZIP Atlg?5390 2039 estExt_Genewisel v1.C_LG V1456 4e-75 061 0.005 0.016
WSs0151_P20 bZIP AE28770 4e40  estExt_Genewisel v1.C_LG X499 1e-121 057  =0.001 0.001
WS50206_N15 bZIF Atlg75390  2e-37  estExt_fgeneshd peC LG_IVI320 Te-73 055 <0001 <0001
WS0202_B20 Myb-related At2gdadl0 le-12 eugened. 0070231 5e-25 224 <0001 0.002
WS0205_L05 No apical meristem (NAM/NAC)  Atdg27410  4e07  estExt_Genewisel _v1.C_LG_X13994 le-81 2.23 0.019 0,038
WS50224 B9 No apical meristemn (NAM/NAC)  Atlg01720  2e-9%  grail 30003068301 le-136 196 <0001 0.002
WS0214 113 No apical meristern (NAM/NAC) - Atlg0I720 Te-14  eugened.0D050086 Se-55 182 0.002 0.009
WS50122_123 No apical meristern (NAM/NAC)  At202450  5e-15  estExt_ Genewisel v1.C LG V1433 3e-33 166 0007 0.018
W50234 122 Mo apical meristem (NAM/NAC)  At5g08790  Te-f9  grail3.0011008901 le-B5 Ll 0.002 0.007
WS50212_H1le Mo apical meristem (NAM/NAC)  Atlg01720 6e-14  grail 30003068301 Be-33 16l 0.006 0018
WS50175_H24  No apical meristem (NAM/NAC)  At3g57150  2e-14  gwl.V12308.1 Te-21 151 <0001 0.002
WS50222 C23 Mo apical meristem (NAM/NAC)  At5gl13180  6e-57  estExt Genewisel v1.C LG 17833 1e-110 061 <0001 <0001
W50183_C14 C2C2-YABBY A2pd5190  4e-14  prail 30033028501 3e-23 1.94 0.006 0.7
WS0167_E22  ARR-B ARg25180  4e06  fgeneshd_pg.C_LG_VIDDISS3 7e-21 191 0002 0008
W50174_B01 GRAS/ scarecrow-like Atlg07530 6e-83  fgeneshd pm.C_LG_IX000604 le-130 Lt 0.003 0012
WS0214_Fie Homeobox leucine zipper Atdg00730  He-14  estExt_fgeneshd pe.C LG_1I0408 8e-25 1.63 0.003 n.012
WS0162_N05  Homeobox leucine zipper Argd77o0 5e-17  estExt_fgeneshd pgC_LG_IN036 Se-34 1.54 0.001 0.004
WS501214 J05  Homeobox lecuine zipper Atdgle780 3e-22  fgeneshd pm.C_LG_INOD01ST Qe-65 0.50 0.001 0,004
WS0204_107 Homeabox leucine zipper Abberle780  1e-18  fgeneshd_pm.C_LG_IHODDTS7 2e-40 0.48 0.001 0,006
Ws0166_E10 TUB AB2pd47900  3e-53  estlixt_fgeneshd pgC_ LG VIINTH  lesd 151 0001 0.005
W50126_I"lb Zing finger C202-Dof At5gB0830  2e07  Nomatch na. b4 0.004 0012
Ws0232_Go7 CCAAT-HAP2 At3g20910  4e-16 eugene3.00011755 Te-72 .63 0.001 (L006
WS0234_L03 Zine finger C2ZH2 AtSel2330  6e-19  grail 30074009801 Be-63 0.59% 0.028 0.050
W50124 104 Zine finger C2C2-CO-like At3gD2380  5e-49 gwl.123.491 le-98 0.56 0,001 0.005
WS0141_N18  Zinc finger C2C2-CO-like At3e02380  Tedd  estExt_fgeneshd pm.C_LG_IV0339 le99 054 <000 0.003

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1275-1297
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factors are shown in Tables 5 and 6, respectively. Viewed
broadly, the FTC-responsive genes include genes involved in
general metabolism, photosynthesis, transport, transcrip-
tional regulation and signalling, octadecanoid and ethylene
signalling, response to stress, secondary metabolism, deto-
xification and redox processes, as well as cDNAs with no
significant match to Arabidopsis and genes of unknown
biological processes. The data provided in Tables 5 and 6
and Table S2 provide a first insight into large-scale tran-
scriptional changes in poplar leaves in response to insect
feeding.

Genes of unknown functions affected by FTC

Examples of microarray cDNA elements with no similar-
ity to Arabidopsis that represent FTC-induced or FTC-
repressed poplar genes include ESTs WS0151_C13 and
WS0192_121 (Table 5). These ESTs have high similarity to
other poplar ESTs in our collection, as well as to other
angiosperm EST sequences in the public domain, con-
firming they are legitimate expressed sequences (data not
shown). Even among ESTs with similarity to Arabidopsis
genes, many of these genes are of unknown function.
Examples of such poplar genes induced after FTC feeding
include genes with similarities to Arabidopsis-expressed
protein (poplar EST WS0156_N20), senescence-associated
protein (WS02010_G16), and a protein induced upon
wounding (WS0153_MO02) (Table 5).

Genes of general metabolism affected by FTC

Several array elements for genes involved in general
metabolism revealed induced transcript levels in poplar
leaves upon FTC feeding (Table 5). These include an
apyrase (WS0124_KO08), thymidylate kinase (WS0156_
L05), aminopeptidase M (WS0212_121), an acid phos-
phatase (WS0124_G12), a phosphorylase family protein
(WS0146_123), a lipase (WS0132_A15), lycopene beta
cyclase (WS01223_F23), phytoene synthase (WS0145_F03),
carbonic anhydrase (WS0154_D01) and an expansin
(WS01116_C06). Both apyrases and thymidylate kinase
are involved in energy metabolism. The former hydrolyses
nucleotide tri- and diphosphates to nucleomonophos-
phates and in plants are postulated to function in
nodulation and energy metabolism (Cohn et al. 2001). The
latter catalyses the phosphorylation of dTMP to form
dTDP in both the de novo and salvage pathways of dTTP
synthesis. Aminopeptidases are a diverse family of
proteases that hydrolyse the amino-terminal residues of
peptides or proteins and have been shown to perform
important roles in protein synthesis and turnover. With
regard to plant defence, two leucine aminopeptidases have
been demonstrated to be induced locally or systemically in
tomato in response to insect feeding, pathogen infection,

wounding, methyl jasmonate, abscisic acid, ethylene and
several abiotic treatments (Pautot et al. 1993; Chao et al.
1999). It has been proposed that aminopeptidases may modu-
late induced defences as activators of peptide hormones
in plant defence signalling, or may facilitate turnover of
proteins damaged during wounding, or may directly
inactivate digestive enzymes and gut peptide hormones
within insect guts, possibly in conjunction with plant
protease inhibitors (Pautot et al. 1993). Both phytoene
synthase and lycopene beta cyclase are part of the
carotenoid biosynthesis pathway, the former being the first
committed, and potentially rate-limiting step involving the
condensation of two geranylgeranyl diphosphate mole-
cules to produce 15-cis phytoene, and the latter catalyses a
two-step reaction that creates B-carotene and its derivative
xanthophylls (Hirschberg 2001). Although the direct
connection to plant defence is not immediately evident
for xanthophylls, whose primary role is photoprotection
via energy dissipation from photosynthesis through
nonphotochemical quenching; another possible product of
this biosynthesis pathway is the hormone abscisic acid,
which together with the jasmonate and ethylene signalling
pathways, modulates defence gene expression (Anderson
et al. 2004). During photosynthesis in C, plants, carbonic
anhydrase is involved in converting CO, into bicarbonate
for fixation by the primary carboxylating enzyme phos-
phoenolypyruvate carboxylase. Recently, a carbonic
anhydrase in tobacco was shown to bind salicylic acid in
chloroplasts, have antioxidant activity and function in
the hypersensitive response in plant disease resistance
(Slaymaker ef al. 2002). Expansins are key regulators of cell
wall extension during growth via disruption of hydrogen
bonds between cellulose microfibrils and cross-linking
glycans in the cell wall (Li ef al. 2003), and likely contribute
to the strengthening and/or repair of damaged cell walls
during pathogen and insect attack. Among general
metabolism genes down-regulated after FTC feeding we
identified a galactinol synthase (WS0231_K19), which is
responsible for raffinose family oligosaccharide produc-
tion (Table 5).

Photosynthesis genes affected by FTC

In general, many genes associated with photosynth-
esis were down-regulated by FTC feeding including a
photosystem II protein (WS02011_K12), a chlorophyll A-B
binding protein (WS0142_N19) and a ferredoxin reductase
(WS01224 MO03) (Table 5). The inverse correlation between
photosynthesis- and defence-related gene regulation has
also been observed in other large-scale studies of the re-
sponse to insect herbivory in angiosperms (Hermsmeier
et al. 2001; Zhu-Salzman et al. 2004). This response presum-
ably allows resource reallocation to defence responses, with
reduced resource commitment to other primary functions.

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1275-1297



Transport genes affected by FTC

Among genes that were induced by FIC feeding and
associated with transport functions (Table 5), we identified
several ATPases (e.g. WS0212_005), a metal transporter
(WS0156_A09); several ABC proteins (e.g. WS0156_013),
calreticulin (WS0114_D04), a sec23A transport protein
(WS0142_]J05), and a major intrinsic protein (WS0114_H12).
Predicting a possible biological role for putative transport
proteins in plant defence is particularly challenging due
to the broad range of potential substrates. For example,
ATPases actively transport a range of ions (e.g. H+, Ca2+,
Nat, K+, Cl-, Mg2+) into or out of vacuoles and/or cells to
support innumerable biological functions. In addition
to their traditional role in detoxification processes, ABC
proteins in plants have been demonstrated to participate in
chlorophyll biosynthesis, formation of Fe/S clusters, sto-
matal movement and ion fluxes (Martinoia ef al. 2002). ABC
proteins may also be directly involved in plant defence
via transport of signalling molecules such as jasmonate
(Theodoulou et al. 2005), or transport of phytochemicals as
has been shown for alkaloid (Shitan et al. 2003) and
tepernoid (Jasinski ef al. 2001) defence compounds, or
reinforcement of cuticular waxes (Pighin et al. 2004).

Calreticulin is a highly conserved multifunctional pro-
tein, mainly localized to the endoplasmic reticulum, that
has been suggested to be involved in many biological pro-
cesses, chief among these being calcium binding, calcium
signalling and as a chaperone. Plant calreticulins have been
demonstrated to be up-regulated in response to pathogen-
related signalling molecules including cell wall degrading
enzymes of plant pathogenic bacteria and salicylic acid
(Denecke et al. 1995), and after nematode infection of plant
roots (Jaubert et al. 2002). Sec23A transport proteins are
part of the coat protein complex II (COPII) that selectively
incorporates cargo molecules and vesicle-targeting mach-
inery into transport vesicles budding from the endoplasmic
reticulum in the initial step of the secretory pathway
(Movafeghi et al. 1999; Bickford ef al. 2004); however, the
direct connection to plant defence is unclear. Major intrinsic
proteins facilitate the passive transport of small polar
molecules such as water or glycerol across cell membranes
(Johanson ef al. 2001), and presumably are contributing to
the redistribution of glycerol stores during the defence
response.

One of the more abundant classes of genes represented
on the poplar 15.5K microarray involved in transport
or general metabolism is the lipid transfer proteins (LTP).
We observed most LTP genes not to be responsive to FTC
feeding; however, several genes within this large family
were either induced or repressed after FTC attack (e.g.
WS0144_MO07). LTPs are small, basic proteins synthesized
as precursors that transfer phospholipids between mem-
branes and bind fatty acids in vitro and have been pro-

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1275-1297

INSECT-INDUCED DEFENCES IN POPLAR 1289

posed to be involved in several processes potentially
associated with plant-insect interactions including cutin
biosynthesis (Kader 1996), pathogen-defence reactions
(Garcia-Olmedo ef al. 1995), and the recognition of intruders
in plants and in systemic resistance signalling (Blein
et al. 2002; Maldonado ef al. 2002). The interpretation of
function is complicated by the fact that LTPs are represented
by a large number of genes with several subfamilies, and
as of yet no systematic characterization of LTPs has been
performed in any plant species.

Transcriptional requlation and signalling affected by FTC

Transcriptional regulation and intracellular signalling
cascades for plant defence in general, and secondary
metabolism in particular, are poorly understood. Among
genes associated with signalling that were induced by FTC
feeding we identified a leucine-rich repeat transmem-
brane protein kinase (WS0205_I02) and a choline kinase
(WS01223_D01). Leucine-rich repeat containing transmem-
brane/receptor-like kinases (LRR-RLK) are represented
by large gene families in plants and are able to perceive
external signals at the plasma membrane and initiate
signalling cascades via their cytoplasmic protein kinase
domains (Diévart & Clark 2004). Thus far few LRR-RLKs
have known functions, and there is little information
concerning their ligands and which downstream signalling
pathways are affected. In tomato, an LRR-RLK has been
demonstrated to bind the systemic defence signalling
peptide hormone systemin (Scheer & Ryan 2002); however,
a systemin-like peptide hormone has yet to be identified
in poplar. A novel role is emerging for phospholipids as
second messengers in plant cells that are rapidly formed in
response to a variety of stimuli via the activation of lipid
kinases and phosphatases (Meijer & Munnik 2003). Pho-
sphatidylcholine is a major phospholid of eurkaryotic
membranes, which among other functions serves as a
reservoir for lipid second messengers. Choline kinase is
part of the biosynthesis pathway for phosphatidylcholine
and has previously been demonstrated to be induced in
response to salt stress in Arabidopsis (Tasseva et al. 2004).
Utilizing a set of 1618 transcription factors identi-
fied in Arabidopsis (Arabidopsis Gene Regulatory In-
formation Server at the Ohio State University; http://
arabidopsis.med.ohio-state.edu/AtTFDB/; 9 May 2005 down-
load; Davuluri et al. 2003) we screened the BLASTX annota-
tion to Arabidopsis to classify 458 ESTs on the poplar 15.5K
array as putative transcription factors. Among this set, 56 tran-
scription factors from 20 different families were differentially
expressed in response to FTC feeding, with 40 transcrip-
tion factors induced and only 16 repressed (Table 6).
Among the more commonly induced transcription factor
families were zinc finger C3H type, APETELA (AP2)/
ethylene-responsive-element binding (EREBP), basic
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helix-loop-helix ((HLH), WRKY, and no apical meristem
(NAM/NAC) classes. Each of these transcription factor
classes are represented by large gene families in Arabidopsis
(i.e. zinc finger C3H, 33 genes; AP2/EREBP, 144 genes;
bHLH, 139 genes; WRKY, 72 genes; NAM/NAC, 109
genes; Riechmann et al. 2000). To date most transcription
factors linked to plant stress responses have been derived
from the AP2/EREBP, WRKY, MYB and bZIP families
(Stracke et al. 2001; Singh et al. 2002). The list of transcription
factors in Table 6, especially those from transcription factor
classes previously associated with plant defence, provide
an interesting set of targets for further characterization in
poplar insect defence.

Octadecanoid and ethylene pathway genes affected by FTC

Plant responses to biotic and abiotic stresses are regulated
locally and systemically by a complex network of signal-
ling cascades including peptide signals (e.g. systemin),
salicylic acid, ethylene, H,O,, and fatty acid-derived
oxylipins. Within this latter class, we observed several
genes within the octadecanoid biosynthesis pathway to
be strongly induced in poplar leaves in response to FTC
feeding including a lipoxygenase (LOX; WS01212_L05), an
allene oxide cyclase (AOC; WS0155_D02) and an allene
oxide synthase (AOS; WS0145_B07), as well as two key
genes involved in ethylene biosynthesis, S-adenosyl-
methionine synthase (SAM synthase; WS0123_G08) and 1-
aminocyclopropane-1-carboxylate oxidase (ACC oxidase;
WS02011_102) (Table 5).

A role for jasmonates in plant defence was proposed by
Farmer & Ryan (1992), who demonstrated that wounding
led to the formation of jasmonates and the subsequent
induction of genes for proteinase inhibitors that deter
insect feeding. Since then a tremendous amount of work has
substantiated the importance of octadecanoid-/oxylipin-
signalling in plant-insect defence responses (Howe 2004;
Halitschke & Baldwin 2005). The first biosynthesis step in
oxylipin formation is catalysed by LOX enzymes, which
introduces molecular oxygen at the C-13 position of lino-
lenic acid, and which comprises a multigene family with
specificity for production of either jasmonates or green leaf
volatiles, the latter via the action of hydroperoxide lyase.
In laboratory studies, plants deficient in the expression of
jasmonates derived from LOX genes are impaired in their
ability to produce chemical defences (e.g. protease inhibitors
and nicotine) and are more susceptible to herbivore attack
(Royo et al. 1999; Halitschke & Baldwin 2003). Moreover, in
field studies comparing tobacco, Nicotiana attenuata, plants
transformed with antisense LOX, hydroperoxide lyase or
AQOS genes, only the LOX-deficient plants were more
vulnerable to N. attentuata’s adapted herbivores, as well as
novel herbivore species (Kessler et al. 2004). Following the
action of LOX enzymes, the next steps in jasmonate bio-

synthesis are the formation of an epoxide by AOS, ring
formation by AOC, followed by a reduction step and three
rounds of B-oxidation. An Arabidopsis knock-out mutant
defective in AOS was unable to make endogenous jas-
monates, even after wounding, and was defective in
wound signal transduction for both vegetative storage
protein and LOX genes, which are inducible by wounding
and jasmonate treatment in wild-type plants (Park ef al.
2002). In tomato, antisense AOC plants are also defec-
tive in wound signal transduction for protease inhibitors
and are defective in jasmonic acid biosynthesis (Stenzel
et al. 2003). Collectively, these studies imply that depend-
ing on the plant system, disruption of LOX, AOS and/or
AQOC activity can significantly reduce jasmonate produc-
tion and impair wounding- and herbivory-responsive
signal transduction in plant defence. The induction of LOX,
AOS and AOC transcripts in poplar in response to FTC
feeding suggests the importance of these enzymes, and
jasmonates in general, in activating and/or modulating
the poplar defence response.

Both SAM synthase and ACC oxidase are part of the
ethylene biosynthesis pathway. Ethylene is an important
modulator in defence signal transduction (Feys & Parker
2000) that has been demonstrated to be induced in
response to insect herbivory in several plant systems
(Arimura et al. 2002; Winz & Baldwin 2001), and has been
demonstrated to regulate defence-orientated genes such
as protease inhibitors (O’Donnell et al. 1996), defensin
(Penninckx et al. 1998) and pathogenesis-related proteins
(Diaz et al. 2002).

Stress response genes affected by FTC

Among genes involved directly in plant defence against
insects, we identified several poplar transcripts induced
by FTC feeding including basic endochitinases (e.g.
WS0143_A03), Kunitz trypsin protease inhibitors (e.g.
WS0134_G14), glycosyl hydrolases (e.g. WS0205_P08), a
stable protein 1 (WS0144_M15), and lectin proteins (e.g.
WS0204_D16) (Table 5). Endochitinases represent a large
and diverse group of enzymes that catalyse the cleavage of
internal B-1,4-glycoside bonds present in the biopolymers
of N-acetylglucosamine found in chitin, a major com-
ponent of fungal, bacterial and invertebrate cell walls.
Plant chitinases are classified as pathogenesis-related (PR)
proteins and have been demonstrated in many plant sys-
tems, including poplar (Clarke et al. 1994), to be transcrip-
tionally induced in response to both biotic (e.g. viruses,
bacteria, fungi, insect pests, etc.) and abiotic (e.g. drought,
salinity, wounding, plant hormones, etc.) stress (Kasprzewska
2003). Kunitz protease inhibitors (PIs) are small proteins
present at high concentrations in storage tissues that are
also inducible in poplar leaves in response to attack by
insects and pathogenic organisms (Bradshaw et al. 1990;
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Hollick & Gordon 1993; Haruta et al. 2001a). PIs are postu-
lated to contribute to plant defence by forming a stable
complex with protease enzymes in the insect gut, inhibit-
ing protease activity and thereby reducing absorption of
amino acids from consumed leaves, causing a reduction
in insect growth. In a separate study, we identified c. 30
Kunitz PIs in the poplar genome, organized in gene
clusters, and demonstrated that the majority of these
transcripts are inducible in leaves in response to wound-
ing, caterpillar feeding, and methyl jasmonate; although
a direct impact on insect performance remains to be
determined (S. Ralph & J. Bohlmann, in prep.). Glycosyl
hydrolases have previously been identified as PR proteins
because they are rapidly induced during fungal attack and
are proposed to contribute to plant defence by digesting
wall components of the fungal pathogen. Furthermore,
glycosyl hydrolases can be involved in the release of
aglycons and possible activation of a wide array of small
molecules. Lectins are carbohydrate-binding proteins,
many of which have insecticidal activity (Peumans & Van
Damme 1995) and are frequently induced after wounding,.

Secondary metabolism genes affected by FTC

We observed the activation in FTC-treated poplar leaves of
several genes involved in phenolic and terpenoid second-
ary metabolism including polyphenol oxidase (PPO1),
several cytochrome P450 genes (e.g. WS01212_M19),
isoflavone reductase (WS01212_B20), several terpene
synthases [e.g. (-)-germacrene D synthase TPS1], 3-deoxy-
D-arabino-heptulosonate 7-phosphate (DAHP) synthase
(WS01214_G19), chorismate synthase (WS0168_K06), 4-
coumarate CoA ligase (4CL) (WS0201_G13), several
laccases (e.g. WS02011_F21), 5-enolpyruvylshikimate 3-
phosphate (EPSP) synthase (WS01110_A05), phenyla-
lanine ammonia-lyase (PAL) (WS0154_HO05), and chalcone
synthase (WS01224_]J04) (Table 5).

Phenolic secondary metabolites have been proposed to
play a variety of roles in defence as phytoalexins, radical
scavengers or structural barriers. Phenylpropanoid meta-
bolism builds on the shikimate pathway which links the
metabolism of carbohydrates to the biosynthesis of aromatic
compounds. In a series of seven metabolic steps, phos-
phoenolpyruvate (PEP) and erythrose 4-phosphate (E4P)
are converted to chorismate, which is the precursor of the aro-
matic amino acids tryptophan, phenylalanine and tyrosine
(Herrmann & Weaver 1999). Genes representing several
enzymatic steps within the pathway were induced by FTC
feeding including: DAHP synthase, the first step involving
condensation of PEP and E4P; EPSP synthase, which is the
sixth step of the pathway that catalyses the condensa-
tion of PEP and shikimate 3-phosphate to produce 5-
enolpyruvylshikimate 3-phosphate; and chorismate
synthase, the final step eliminating phosphate from EPSP
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to produce chorismate. The most abundant classes of
secondary phenolic compounds are subsequently derived
from phenylalanine, which is converted to a variety of phenolic
defence compounds including flavonoids, stilbenoids,
condensed tannins and other polyphenolics, along with
the structural polymer lignin, via the action of a complex
metabolic grid of different enzyme activities (Dixon ef al.
2001). Among this group of enzymes, we observed both PAL
and 4CL to be induced after insect feeding, whereas other
steps in the metabolic grid were generally unresponsive
to insect attack (Table S2). This is in agreement with earlier
studies using hybrid poplar suspension-cultures that
showed induction of PAL and 4CL mRNAs in response to
fungal elicitor treatment (Moniz de Sa et al. 1992).

Among genes encoding enzymes of branch pathways
of phenylpropanoid metabolism, we observed several
laccases/diphenol oxidases and PPOs to be induced after
FTC feeding. Laccases are proposed to be involved in the
polymerization of monolignols to produce lignin and
lignans based on their ability to oxidize monolignols and
their close spatial and temporal correlation with lignin
deposition, and they are organized as a multigene family
in poplar (Ranocha et al. 1999). Increased gene expression
of laccases could lead to strengthening of cell walls during
insect attack via increased lignin deposition and/or in-
creased production of toxic lignans. PPOs catalyse the
oxidation of o-diphenols to o-diquinones, which are highly
reactive with phenolic substrates and are proposed to
cross-link with dietary proteins of feeding insects, resulting
in decreased amino acid assimilation (Felton et al. 1992).
In poplar, it has been demonstrated that a PPO mRNA
is inducible by herbivores, wounding and methyl jas-
monate (Constabel et al. 2000), and that overexpression
in transgenic poplar reduces FTC performance (Wang &
Constabel 2004). Another important branch of phenyl-
propanoid metabolism for plant defence is the production
of flavonoids, the first step of which is catalysed by chalcone
synthase, which is frequently induced at the transcript
level in plant species in response to a variety of stresses
(Dixon & Paiva 1995). Similarly, isoflavonoid phytoalexins
are low molecular weight antimicrobial compounds
synthesized in response to abiotic and biotic stress,
involving among other enzymes the activity of isoflavone
reductase, which is induced after FTC feeding.

In addition to phenolic metabolites, the isoprenoid bio-
synthesis pathway leads to the production of hundreds
or possibly thousands of tepenoid compounds that are
important components in many plant defence systems
(Huber et al. 2004). Specifically in poplar, recent work has
demonstrated the systemic induction of terpenoid volatile
emission from trees under FTC attack (Arimura et al. 2004).
Such volatiles can serve as signals to attract predators and
parasites of herbivores. The sequiterpene synthase germa-
crene D was induced both locally and systemically upon
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Table 7 Fold-change differences measured

FICat24h using real-time PCR between five trees
subjected to FTC herbivory for 24 h and five
Clone ID BLASTX vs. Arabidopsis FC LLCI ULCI Pvalue  yntreated control trees
WS0143_A03 Basic endochitinase 23998  103.58 55598  <0.001
PPO1 Polyphenol oxidase PPO1 129.83 68.74 24519  <0.001
WS0181_F07 Myb transcription factor 72.13 27.39 18996  <0.001
WS0134_G14 Kunitz trypsin inhibitor 54.66 1744 171.32 <0.001
WS01212_B20 Isoflavone reductase 30.90 17.13 55.75 < 0.001
WS0145 B07 Allene oxide synthase 16.98 8.42 33.92 <0.001
WS0231_E05 WRKY transcription factor 1591 7.21 35.08 <0.001
TPS1 (-)-germacrene D synthase 11.32 5.09 25.13 < 0.001
WS0155_D02 Allene oxide cyclase 10.22 5.83 17.89  <0.001
WS0114_D04 Calreticulin 5.86 3.48 9.84 <0.001
WS0201_G13 4-coumarate CoA ligase 4.39 3.12 6.16  <0.001
WS0156_013 ABC transporter family protein 4.30 1.76 10.49 0.005
WS01110_A05  EPSP synthase 4.01 1.58 10.16 0.008
WS0168 K06 Chorismate synthase 2.13 1.18 3.84 0.017
WS0145_F03 Phytoene synthase 1.65 0.95 2.86 0.069
WS02011_102 ACC oxidase 1.07 0.59 1.95 0.779

Abbreviations: FC, fold-change; LLCI, lower limit 95% confidence interval;
ULCI, upper limit 95% confidence interval; EPSP synthase, 5-enolpyruvylshikimate
3-phosphate synthase. For further details see Materials and methods and Fig. 4.

FTC feeding on poplar leaves, resulting in systemic diurnal
emission profiles of (-)-germacrene D (Arimura et al. 2004).
FTC-induced terpene synthases identified in the new poplar
EST resources could contribute to additional components
of the FTC-induced blend of terpenoid emissions (Arimura
et al. 2004).

Oxidative stress genes affected by FTC

Oxidative stress is known to be caused by the damage
imposed by herbivore feeding and therefore, it is not sur-
prising that the transcript abundance of several proteins
that contribute to cellular survival after oxidative damage
was increased. These included thioredoxin (WS0162 C15),
several glutathione S-transferases (e.g. WS0178_N24), a
superoxide dismutase copper chaperone (WS0145 101)
and several peroxidases (e.g. WS0144_C22).

Refined gene-specific expression using real-time PCR

In order to validate our microarray results and obtain more
refined gene expression data, we designed gene-specific
primers for 16 transcripts selected from Tables 5 and 6 and
analysed their expression using real-time PCR (Table 7 and
Fig. 4). These genes were chosen to represent a variety of
functional classifications and range from 2.41-fold (.e.
ACC oxidase; WS02011_102) to 32.31-fold (i.e. Kunitz
protease inhibitor; WS0134_G14) induction according to
microarray analysis (Table 5). Among these 16 transcripts,
14 were induced (fold-change > 1.5%, P value < 0.05) in re-

sponse to FTC feeding, in agreement with results obtained
using microarrays. In general, we observed larger changes
in gene expression using real-time PCR, likely reflecting
the greater dynamic range of detection and sensitivity of
this method compared to cDNA microarrays. Significant
FTC-induced gene expression ranged from 2.13-fold for
chorismate synthase (WS0168_K06) to 239.98-fold for a
basic endochitinase (WS0143_A03). Phytoene synthase was
also weakly induced (1.65-fold), but lacked significant
statistical support. Although ACC oxidase was weakly
induced according to our microarray results, real-time
PCR analysis indicates this transcript is not induced after
FTC feeding. Since ACC oxidase is represented by a multi-
gene family in many plant species the induced gene expres-
sion obtained using cDNA microarrays may reflect induction
of a closely related gene family member. In agreement with
the relatively low biological variation observed in our
microarray analysis (Fig. S1), very consistent levels of
expression were observed for each transcript among
untreated control trees, and gene induction in response to
FTC feeding was also very similar among trees (Fig. 4).

Conclusions

In summary, we have developed and applied a com-
prehensive set of functional genomics resources that form
the foundation for functional characterization of defence
mechanisms against insect herbivory in poplar. The large
scale of our EST sequencing programme, combined with
the application of normalization strategies during library
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construction, and a focus on herbivore- and elicitor-treated
cDNA libraries has enabled us to capture potentially three-
quarters of the c. 45000 genes in the poplar genome and
complement existing public Populus ESTs. Based on our
EST resources we have developed the poplar 15.5K cDNA
microarray, which when applied to the study of FTC-
treated leaves revealed more than 1700 differentially ex-
pressed genes. This set of defence response genes contains
several genes previously identified as components of the
induced defence response to defoliating insects in poplar
(e.g. endochitinases, Kunitz protease inhibitors, polyphenol
oxidases). In addition, our transcriptome profiling revealed
many genes not previously associated with induced poplar
defence (e.g. ABC proteins, calreticulin, carotenoid bio-
synthesis, LRR-RLK, choline kinase) and emphasizes the
potential importance of jasmonates in poplar defence
signalling. Of special interest among this defence gene set
are the 40 transcription factors induced after FTC feeding
that potentially represent master switches for regulating
the induced defence profile of poplar in response to
defoliating insects.
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