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Shoot–root defense signaling and activation of
root defense by leaf damage in poplar1
Ian T. Major and C. Peter Constabel

Abstract: Shoot–root systemic defense signaling of hybrid poplar (Populus trichocarpa Torr. & A. Gray  Populus deltoides Bartr. ex Marsh.) was investigated with molecular techniques to extend existing knowledge of poplar defense. Treatment of roots with methyl jasmonate demonstrated that transcripts of PtdTI3, a poplar trypsin inhibitor and marker of
poplar defense responses, can be induced in poplar roots as well as leaves. Moreover, simulated herbivory of poplar leaves
with methyl jasmonate treatment or wounding with pliers also induced PtdTI3 mRNA in roots, which implies downward,
or basipetal, systemic signaling from shoots to roots. In addition, the inducible root-defense response comprised both increased PtdTI3 protein levels and trypsin-inhibitor activity. The inducible systemic response was further investigated with
comparative macroarray analyses which indicated that in addition to PtdTI3, other genes respond in roots after wounding
and methyl jasmonate treatment of leaves. The majority of the 17 genes encode previously identified leaf herbivory defense genes; however, some genes strongly up-regulated in leaves were not induced in roots. The identification of multiple
defense genes that are inducible in roots following leaf damage is clear evidence of a systemic defense response in roots
and the presence of basipetal shoot–root defense signaling.
Key words: belowground defense response, herbivory, plant–insect interaction, signals, systemic tree defense.
Résumé : Afin d’étendre la connaissance actuelle sur les mécanismes de défense du peuplier, les auteurs ont examiné, à
l’aide de techniques moléculaires. la signalisation de défense tige–racine systémique, chez un peuplier hybride, le Populus
trichocarpa Torr. & Gray  P. deltoides Bartr. ex Marsh. Un traitement des racines avec du jasmonate de méthyl (MJ) démontre que les transcriptions du PtdT13, un inhibiteur de la trypsine chez le peuplier et un marqueur des réactions de défense du peuplier, peuvent être induites dans les racines aussi bien que dans les feuilles de l’arbre. De plus, la simulation
de l’herbivorie, par un traitement MJ ou des blessures au sécateur, peut aussi induire le PtdT13 mARN dans les racines,
ce qui implique un mouvement systémique basipète de la signalisation, de la tige vers les racines. La réaction de défense
inductible des racines implique à la fois une augmentation des teneurs en protéine PtdT13 et l’activité inhibitrice de la trypsine. Les auteurs ont continué à examiner la réaction systémique inductible à l’aide d’analyses macroarrays comparatives,
qui indiquent qu’en plus du PtdT13, d’autres gènes réagissent dans les racines, après une blessure foliaire ou un traitement
avec le MJ. La majorité des 17 gènes codent des gènes de défense liés à l’herbivorie foliaire, déjà identifiés; cependant,
certains gènes qui augmentent fortement dans les feuilles, ne sont pas induits dans les racines. L’identification de multiples
gènes de défense inductibles dans les racines, suite à un dommage foliaire, constitue une preuve nette de l’existence d’une
réaction systémique dans les racines et la présence d’une signalisation de défense basipète tige-racine systémique.
Mots-clés : réaction de défense hypogée, herbivorie, interaction plante–insecte, signaux, défense systémique de l’arbre.
[Traduit par la Rédaction]

Introduction
Plants respond to challenge by herbivores with inducible
defenses that have been extensively documented in aerial
tissues such as shoots and leaves and their effects on aboveground pests studied. By contrast, the effects of belowground pests and inducible root defenses are often ignored,
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even though roots constitute a significant component of
plant biomass and are a food source for a substantial number
of herbivores (Blossey and Hunt-Joshi 2003; Schoonhoven
et al. 2005). Root herbivores can affect a variety of physiological processes, including uptake of water, nutrients, and
minerals, carbohydrate storage, and production of hormones
and phytochemicals. Studies of above- and below-ground
herbivore feeding have shown that feeding on either shoots
or roots can enhance herbivore resistance in both organs.
For example, rice defoliation by the fall armyworm (Spodoptera frugiperda J.E. Smith) reduces growth rates of the
rice water weevil (Lissorhoptrus oryzophilus Kuschel), and
likewise, root feeding by the rice water weevil reduces
growth rates of fall armyworm (Tindall and Stout 2001).
However, only recently have shoot–root defense interactions
been investigated in the context of reciprocal plant resistance between above- and below-ground herbivores, as these
negative effects are often interpreted as a reduction of plant
biomass and nutritional quality.
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Inducible defenses against herbivory include toxins, antifeedants, and antinutrients. For example, many plants synthesize antinutritive proteinase inhibitor proteins, which
inhibit insect digestive enzymes, in response to herbivory
(Ryan 1990). Plant proteinase inhibitors are often present as
multigene families of several nonhomologous types that inhibit all four mechanistic classes of proteinases, thereby
conferring resistance against a broad range of phytophagous
pests. In some species, the defense arsenal includes secondary metabolites such as alkaloids, terpenoids, glucosinolates, and phenolics (reviewed by Kessler and Baldwin
2002). These types of defenses can also be induced in roots.
For example, Brassica nigra (L.) W.D.J. Koch challenge by
cabbage maggot (Delia radicum (L.)) induces antifeedant
glucosinolate levels in roots (van Dam and Raaijmakers
2006). In cotton, root feeding by the lined click beetle or
wireworm (Agriotes lineatus (L.)) increases terpenoid levels
in roots (Bezemer et al. 2004). Interestingly, in both cases
root herbivory also induces a systemic increase in the
leaves, which illustrates a root–shoot systemic defense response. Recently, indirect inducible defense was shown for
maize roots, which, in response to feeding by the western
corn rootworm (Diabrotica virgifera J.L. LeConte), release
the volatile compound (E)--caryophyllene, which diffuses
through the soil and attracts the entomopathogenic nematode
Heterorhabditis megidis Poinar, Jackson, and Klein (Rasmann et al. 2005).
Similarly, induction of root defenses by leaf treatment has
been observed. For example, in Brassica rapa L., glucosinolate levels in roots also increase after foliar methyl jasmonate (MeJa) treatment (Loivamaki et al. 2004). In Nicotiana
attenuata Torr. ex S. Wats., simulated herbivory of leaves
increases nicotine levels and proteinase inhibitor activity in
roots (van Dam et al. 2001; Kessler and Baldwin 2002).
This induction of defenses in roots implies the transport of
a systemic defense signal from the shoot to the roots. Downward, or basipetal, systemic responses have been reported in
only a few systems such as potato (Peña-Cortes et al. 1988),
tobacco (Schittko and Baldwin 2003), and poplar (Jones et
al. 1993). Current understanding of systemic signaling suggests that a jasmonic acid (JA) or JA derivative signal generated in response to herbivory is transported via phloem
and is responsible for inducing systemic defense responses
(Schilmiller and Howe 2005). However, basipetal signaling
is often ignored in investigations of the systemic defense
signal, which focus on upward, or acropetal, signaling. The
basipetal systemic signal responsible for inducing root responses may also be JA, since leaf damage increases root
JA pools and JA is directly transported from leaves to roots
of tobacco (Baldwin et al. 1994; Zhang and Baldwin 1997).
Moreover, foliar application of JA has been shown to increase root resistance to herbivory. For example, JA applied
to leaves increases resistance against the root-feeding grape
phylloxera (Daktulosphaira vitifoliae (Fitch)) by Vitis vinifera L. (Omer et al. 2000) and the root-knot nematode Meloidogyne incognita (Kofoid and White) Chitwood by
tomato (Cooper et al. 2005).
Few studies have investigated inducible root-defense responses from a molecular perspective, although Baldwin
and co-workers showed that folivore feeding generates a
systemic signal that induces the expression of putrescine N-
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methyltransferase mRNA in roots of N. attenuata (Winz and
Baldwin 2001). This gene encodes a key regulatory enzyme
for nicotine biosynthesis, and its induction leads to production of nicotine in roots, which is subsequently transported
to leaves. This demonstrates that plants can respond to attack by aboveground pests with active regulation of gene expression in roots, but it is not clear whether the increased
nicotine levels in roots enhance their resistance to belowground pests. However, protein-based defenses have been
shown to have negative effects on root pests. For example,
transgenic overexpression of sporamin (a serine proteinase
inhibitor) in sugar beet and of oryzacystatin (a cysteine proteinase inhibitor) in Arabidopsis thaliana (L.) Heynh. increases its resistance to nematodes (Urwin et al. 2000; Cai
et al. 2003).
In poplars, established inducible defense genes include
Kunitz-type trypsin inhibitors, chitinases, and polyphenol
oxidase (Parsons et al. 1989; Davis et al. 1991a; Constabel
et al. 2000; Lawrence and Novak 2001; Wang and Constabel 2004; Lawrence and Novak 2006). The list of known
herbivory-inducible poplar genes has expanded rapidly as a
result of transcript profiling studies (Christopher et al. 2004;
Lawrence et al. 2006; Major and Constabel 2006; Ralph et
al. 2006), which highlight the application of genomics to
the analysis of inducible defense responses. We recently employed macroarrays to profile the transcriptional changes in
hybrid poplar (Populus trichocarpa Torr. & A. Gray 
Populus deltoides Bartr. ex Marsh.) triggered by wounding
or by an insect-elicitor in regurgitant of forest tent caterpillar (Malacosoma disstria Hubner) (Major and Constabel
2006). Comparison of local and systemic leaf responses indicated extensive overlap, and we suggested that a strong
systemic response would ensure induced resistance in undamaged leaves and reduce overall damage by feeding insects. Here we extend the study of systemic defense
induction in poplar with an investigation of shoot–root systemic signaling. We present evidence for a basipetal systemic defense signal and a systemically induced root
response, and compare and contrast the responses in leaves
and roots.

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, was propagated
from greenwood cuttings in Sunshine Mix No. 4 (Sungro1,
Seba Beach, Alta.) in 0.25 L propagation containers (RootMaker1, Huntsville, Ala.). After plantlets had rooted and
reached a height of approximately 10 cm, they were transplanted to 15 cm diameter pots containing Sunshine Mix
No. 4 plus slow-release nutrients (8.9 gL–1 controlled-release
N–P–K 8–6–12 plus micronutrients (Acer, Delta, B.C.),
0.458 gL–1 superphosphate 0–20–0 (Green Valley, Surrey,
B.C.), 1.21 gL–1 Micromax Micronutrients (Scotts-Sierra,
Marysville, Ohio), and 4.75 gL–1 dolomite lime (IMASCO,
Surrey, B.C.)). Plants were maintained in the Bev Glover
Greenhouse at the University of Victoria. Supplemental
lighting from 600 W high-pressure sodium lamps
(P.L. Light Systems Inc, Beamsville, Ont.) was used to ex#
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tend the photoperiod to 16 h light : 8 h dark, and the temperature within the greenhouse was maintained at 258C
(day) or 18 8C (night). Plants were watered daily with a
solution containing 0.1 gL–1 20–20–20 PlantProd1 fertilizer (Plant Products, Brampton, Ont.). All lateral shoots
were pruned as they developed so that each plant consisted
of a single main stem no less than 2 weeks prior to experiments.
MeJa and wounding treatments
Plants were 12 weeks old and 1 m tall with approximately
30 leaves when used for experiments. MeJa (Bedoukian Research, Danbury, Conn.) was diluted 1:10 with 95% (v/v)
ethanol and then rediluted 1:500 with water – 0.1% (v/v)
Triton X-100 for leaf treatment (final MeJa concentration
820 mmolL–1). For these treatments, untreated and mocktreated (solution without MeJa) saplings were both compared with MeJa-treated saplings. Shoots were treated by
spraying leaves to the point of runoff three times at 1 h intervals. For root treatments, the MeJa solution without surfactant was added to standard fertilizer solution in a 1:5000
dilution (82 mmolL–1 final concentration). Saplings watered
with this solution were compared with controls plants watered with fertilizer solution without MeJa. In other plants,
similar JA treatment of shoots and roots is reported to induce responses in roots (Baldwin et al. 1994; van Dam et
al. 2004; Cooper et al. 2005). For mechanical wounding,
leaf margins were wounded by crushing with pliers three
times at 1 h intervals. We have shown that this wounding
method elicits a strong defense response (Major and Constabel 2006). Leaves were numbered using the leaf plastochron
index (LPI) (Larson and Isebrands 1971); the index leaf
(LPI 0) is defined as the first developing leaf with a lamina
length ‡20 mm. For studying transcriptional changes, leaves
of LPI 9–17 were wounded and tissue was collected 24 h
after the start of treatment. For studying changes in protein
levels and activity, all unfolded leaves (LPI >0) were
wounded and tissue was collected 4 d after the start of treatment. Unless otherwise indicated, root samples consisted of
the root crown (main root, sampled <10 cm from the soil
surface). Immediately after harvesting, tissues were frozen
in liquid nitrogen and stored at –80 8C until analyzed.
RNA extraction and hybridization
Total RNA was isolated from hybrid poplar leaves and
quantified by UV absorbance, and quality was verified on
ethidium bromide (EtBr)-stained agarose gels as previously
described (Haruta et al. 2001). RNA (10 mg per lane) was
loaded onto 1.2% (w/v) agarose-formaldehyde gels, and
blotted overnight onto Hybond-N+ nylon membranes (GE
Healthcare Bio-Sciences Inc. (hereinafter GE Healthcare),
Baie d’Urfé, Que.). RNA blots were probed with cDNA
clones labeled with [-32P]dCTP (Rediprime II kit, GE
Healthcare). Hybridizations were performed at 65 8C and
washed at high stringency according to Church and Gilbert
(1984). The blots were detected with a Storm PhosphorImager1 (GE Healthcare) and signal intensities were quantified
using ImageQuant1 (GE Healthcare Bio-Sciences Inc.).
EtBr staining of RNA was used to verify equal loading of
lanes, and EtBr-stained 25S rRNA bands were used to normalize quantified signal intensities.
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Protein extraction, Western blot detection, and trypsininhibitor activity assays
Protein was extracted with Na2HPO4 buffer (100 mmolL–1,
pH 7.0) containing 0.1% (v/v) Triton X-100, 5% (w/v)
polyvinylpolypyrrolidone, and 1% (v/v) 2-mercaptoethanol.
Extracts were clarified by centrifugation, and soluble
protein was quantified using the method of Bradford
(1976). For Western blotting, proteins were separated by
SDS–PAGE and electrotransferred onto polyvinylidene difluoride membranes (Fisher Canada, Nepean, Ont.), and
ponceau S (Sigma-Aldritch, St. Louis, Mo.) staining was
used to verify equal loading and transfer efficiency.
Western-blot detection was carried out using polyclonal
antibodies raised against poplar VSP WIN4, PtdTI3, and
PtdPop3-like protein (Lawrence et al. 1997; Major and
Constabel 2007b). Immunocomplexes were detected using
acid phosphatase-conjugated or horseradish peroxidaseconjugated secondary antibodies (Bio-Rad, Hercules, Calif.)
and blots were developed colourimetrically with the reagents 5-bromo-4-chloro-3-indoyl phosphate (Pierce Biotechnology, Fisher Canada, Nepean, Ont.) and nitroblue
tetrazolium chloride (Pierce; acid phosphatase), or 3,3’diaminobenzidine tetrahydrochloride (Sigma; horseradish
peroxidase). Root protein accumulation was quantified
from six replicate leaf-wounding experiments (six control
saplings paired with six wounded saplings) using ImageQuant1 (GE Healthcare Bio-Sciences Inc.) to detect bands
from blots scanned at 300 dpi (Hewlett–Packard Scanjet1
3670), and the ratio of signal intensities of leaf-wounded
to control extracts was used to calculate average fold induction. Trypsin-inhibitor activity was determined by titrating crude protein extracts with a standard quantity of
bovine trypsin (Sigma), and measuring residual trypsin activity as the change in A247/min due to cleavage of the
trypsin substrate TAME (p-toluene-sulfonyl-L-arginine
methyl ester (Sigma)) as described (Worthington 1988).
Proteinase-inhibitor activity of root extracts was determined
against trypsin, since leaf extracts and recombinant PtdTI3
have strong trypsin-inhibitor activity (Major and Constabel
2007b). For analysis of these assays, percent inhibition of
trypsin was plotted against the square of the amount of
root protein (mg) in each assay. For statistical comparison
of trypsin-inhibitor activity in roots in control and wounding leaves, we compared slopes (percent inhibition/mg protein extract) from linear-regression analysis and calculated a
P value (two-tailed) testing the null hypothesis that the
slopes are identical (trypsin-inhibitor activity in control and
wounded leaves is equal).
Macroarray analysis
Macroarray analysis was performed as described previously (Major and Constabel 2006). Macroarrays were constructed from 580 cDNA inserts generated from leaves of
hybrid poplar saplings that were systemically wounded (569
cDNAs; Christopher et al. 2004) or challenged by forest tent
caterpillar (11 cDNAs; J.J. Patton and C.P. Constabel, unpublished data). Briefly, for array analysis, total RNA was
isolated from roots of three independent biological replicates
for wounding and MeJa treatments, as well as the corresponding paired controls for each. Leaf gene expression
from this experiment had been previously analyzed (Major
#
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and Constabel 2006, 2007a), and the data for the local response of wounded or MeJa-treated plants are used to compare with root responses. Each replicate was analyzed on an
individual macroarray. Macroarrays were hybridized with
33P-labeled target cDNA at 65 8C and washed at high stringency according to Church and Gilbert (1984). Exposed
PhosphoImager1 screens were scanned with a Storm PhosphoImager1 (GE Healthcare) and the signals were quantified using ArrayVision1 7.0 (Imaging Research, St.
Catherines, Ontario, Canada). Background-corrected spot intensities were normalized to the standard deviation of the
entire array (Richmond and Somerville 2000). Normalized
intensities from the three biological replicates were used to
calculate average expression ratios, and a Student’s t test
(paired, two-tailed) of log2-transformed data was used to determine statistical significance. Q values were calculated using R (www.r-project.org Ihaka and Gentleman 1996; Storey
and Tibshirani 2003). Because the macroarrays were constructed with cDNAs derived from leaves and not all genes
are expected to be expressed in roots, we filtered out genes
with very low signal strength. We determined a threshold
for reliable expression at 35% of the average transcript
abundance of control roots. Thus, genes i with normalized
signal intensity SIi < 0:35  SI were removed, where SI is
the mean normalized signal intensity of all genes in control
roots. This threshold was selected to maximize removal of
genes with functions in photosynthesis (Christopher et al.
2004) that are clearly not expressed in non-photosynthetic
tissues such as roots, while minimizing the removal of genes
that were significantly up-regulated. To corroborate that the
genes we excluded were indeed not expressed in roots, we
queried all databases containing poplar expressed sequence
tags (ESTs) generated from root tissues, including PopulusDB (poppel.fysbot.umu.se; Sterky et al. 2004), PoplarDB
(mycor.nancy.inra.fr/PoplarDB/index.html; Kohler et al.
2003), and The Gene Index Databases (Quackenbush et al.
2001). This in-silico analysis suggested that our threshold is
conservative and that some root-expressed genes were likely
excluded. However, our threshold greatly reduced the proportion of false positives (genes identified as induced by the
array but without root expression support in the databases);
considering that the composition of the arrays is biased towards leaf-expressed genes, reducing false positives was a
priority. To create a non-redundant set of genes induced by
our treatments in roots, we queried the Joint Genome Institute (JGI) poplar genome database (genome.jgi-psf.org/
Poptr1/Poptr1.home.html) and obtained full-length sequences and JGI accessions for each candidate gene.

Results
MeJa induces acropetal and basipetal shoot–root
signaling
Our previous work on poplar leaves demonstrated that simulated herbivory by means of mechanical wounding or application of insect regurgitant from forest tent caterpillar
induced strong transcriptional changes in both treated and
untreated (systemic) leaves on treated plants (Major and
Constabel 2006). To investigate the possibility of systemic
defense signaling between shoots and roots, we treated poplar shoots or roots with MeJa in experiments designed to test
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reciprocal induction. Shoots were treated by spraying leaves
three times with MeJa at 1 h intervals, and roots were
treated by supplementing water with MeJa over a 24 h period. Both plant organs were then assayed for an inducible
defense response by monitoring expression of poplar trypsin
inhibitor 3 (PtdTI3), since we have previously shown it to
be an excellent defense marker (Major and Constabel 2006)
and to be a functional proteinase inhibitor with anti-insect
properties (Major and Constabel 2007b). MeJa applied to
roots by irrigation resulted in a strong induction of PtdTI3
mRNA in roots, and a moderate response in leaves
(Figs. 1A and 1B); the average changes in the roots and
leaves from four replicate experiments were 43- and 6.6fold, respectively. This systemic response implies the movement of an acropetal (upwardly mobile) systemic defense
signal. Likewise, application of MeJa to shoots induced
PtdTI3 mRNA not only in the leaves but also in the roots
(Figs. 1C and 1D). In this case, leaf and root tissues responded to shoot treatment with equal up-regulation, since
the average changes in the leaves and roots from three replicate experiments were 9.4- and 8.9-fold, respectively, compared with untreated controls. A small part of this induction
may have been due to the surfactant used in the leaf spray
(see mock spray; Figs. 1C and 1D); however, this does not
detract from the key result that an elicitor treatment of
leaves strongly effects defense gene expression in roots,
demonstrating a basipetal (downward) systemic defense signal.
Mechanical wounding induces basipetal shoot–root
signaling
Since MeJa applied exogenously to plants can be hydrolyzed to JA, which may be transported to leaves and roots
(Zhang and Baldwin 1997), it is not clear whether MeJa application induces a de novo systemic response. To determine
if bidirectional systemic defense signaling can be induced in
the absence of exogenous MeJa application, we wounded
leaves of LPI 9–17 with pliers and measured PtdTI3 mRNAlevels in unwounded tissues above and below the wounded
leaves using Northern blots (Fig. 2). Transcripts of PtdTI3
were induced in the apical bud and leaves of LPI 3–5, indicating an acropetal systemic response, as was previously
shown for poplar (Davis et al. 1991b; Constabel et al.
2000). However, transcripts of PtdTI3 were also clearly induced below the wounded region in leaves of LPI 18–20
and 27–29. Furthermore, PtdTI3 transcripts were induced in
roots, albeit at a low level. This experiment showed that, at
least as seen for accumulation of PtdTI3 mRNA, simulated
herbivory elicits a defense response basipetal to the damaged region, and confirms our previous findings with MeJa
treatment (Fig. 1). Moreover, the results suggested that mechanical wounding of leaves, a useful proxy for herbivory in
poplar, is capable of inducing a defense response in poplar
roots.
Wounding of leaves induces levels of PtdTI3 mRNA,
protein and trypsin-inhibitor activity in roots
To confirm that a defense response is induced in roots of
wounded plants (Fig. 2), we conducted more wounding experiments and used additional techniques to analyze defense
responses in roots. To measure transcript levels, we repli#
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Fig. 1. Accumulation of PtdTI3 mRNA in leaves of plants treated with methyl jasmonate (MeJa) applied to the roots by irrigation (A and B)
or to the shoots by spraying leaves (C and D). Leaves with a leaf plastochron index (LPI) of 9–11 and mature roots were harvested 24 h
after start of MeJa treatment and analyzed by Northern-blot analysis. Experiments were replicated 4 times for MeJa applied to roots and 3
times for MeJa applied to shoots. A and C show representative Northern blots. Transcript abundance from Northern blots was quantified and
normalized to levels of 25S rRNA from ethidium bromide (EtBr) staining (B and D). Open bars denote untreated control plants, hatched
bars mock-treated control plants (B and D only), and shaded bars MeJa-treated trees. Error bars are standard deviation.

Fig. 2. Accumulation of PtdTI3 mRNA in tissues of plants wounded with pliers. Leaves of LPI 9–17 were wounded, and 24 h after the start
of treatment, tissues were harvested and analyzed by Northern-blot analysis. AB, shoot apex; L3, leaves of LPI 3–5; L9, leaves of LPI 9–11;
L18, leaves of LPI 18–20; L27, leaves of LPI 27–29; R1, main root (root <10 cm from surface); R2, roots <5 cm from main root; R3, root
10–20 cm from main root; R4, peripheral roots (root <10 cm from root tip). EtBr staining is shown as a loading control.
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Fig. 3. Induction of trypsin inhibitor in roots of plier-wounded
trees. Leaves of LPI 9–17 (A) or all unfolded leaves (LPI ‡ 1) (B
and C) were wounded with pliers, and leaves of LPI 9–11 and mature roots were harvested 24 h (A) or 4 d (B and C) after the start
of treatment. (A) Accumulation of PtdTI3 mRNA was quantified
from Northern blots and normalized to levels of 25S rRNA from
EtBr staining. Open bars denote untreated control trees and shaded
bars wounded trees. The experiment was replicated 8 times, and error bars indicate standard deviation. (B) Western blot of wound-induced accumulation of PtdTI3 protein. Two distinct experiments
are shown ("C" is control; "W" is wounded). (C) Inhibitory activity
of poplar-root extracts against trypsin. Increasing amounts of crude
extract from unwounded control and wounded saplings were analyzed with a constant amount of trypsin. Linear-regression analysis
revealed that the difference in inhibitory activity between extracts
from control and wounded saplings is significant (P = 0.002). Data
points represent mean inhibitory activity ± standard deviation (n =
three technical replicates of the assay).
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cated the experiment from Fig. 2 multiple times and quantified transcripts of PtdTI3 in leaves and roots (Fig. 3A). We
measured an average change in PtdTI3 mRNA of 7.4 times
in plier-damaged leaves, comparable to our previous results
(Major and Constabel 2006), and a 2.7-fold change in roots.
We next analyzed levels of PtdTI3 protein; for this analysis,
tissues were harvested later (4 d after foliar wounding) and
PtdTI3 protein levels in roots were assessed by Western-blot
analysis. In six replicate experiments, PtdTI3 protein was
consistently induced in roots, with an average induction of
approximately double (1.76-fold; Fig. 3B). We further measured trypsin-inhibitor activity of root extracts from control
and leaf-wounded saplings in a representative experiment.
Using linear-regression analysis, we found that trypsininhibitor activity was 34% higher in roots of leaf-wounded
saplings than in control saplings (Fig. 3C), and that this difference, although small, was significant (P = 0.002). Together, these data demonstrate that the induced defense
response in roots is not restricted to changes in transcript
abundance, but that the response is also translated into increased protein accumulation and inhibitory activity.
Expression profiling reveals that some genes woundinducible in leaves are also induced in roots
To further study the transcriptional responses of poplar
roots to wounding and MeJa treatment of leaves, we conducted an analysis using cDNA macroarrays constructed
previously (Major and Constabel 2006). We treated sapling
leaves with MeJa or plier wounding and analyzed the response in mature roots. Gene-expression ratios were determined from a comparison of three independent control and
treated replicate plants (six plants in total). Genes were considered to be differentially expressed by either wounding or
MeJa treatment on the basis of a ‡2-fold change in expression (either up- or down-regulation) and significance of P <
0.05 as determined by a Student’s t test for the three replicates (Major and Constabel 2006). We previously used the
same arrays and protocols to study wound- and caterpillarregurgitant-induced responses in leaves, and in that study
we rigorously tested and validated the array data using
Northern-blot analysis. Since our macroarrays contained
cDNAs derived from leaves, we first inspected the transcript
abundance of this gene set in root samples and found that,
as expected, many had extremely low signals on the arrays.
We excluded these genes from the analysis by determining a
threshold for reliable signal strength, which ensured that we
only examined genes that are in fact expressed in roots (see
Methods).
Analysis of the induced gene set indicated that, based on
our defined thresholds, MeJa and wounding leaf treatments
significantly up-regulated 17 and 9 genes, respectively, in
roots (Table 1). We also found genes that appeared to be
down-regulated, though they were far fewer. Altogether, using our criteria we identified 18 genes that were induced in
roots by either MeJa or wounding treatment of leaves; of
these, 8 were induced by both MeJa and wounding (P <
0.05). However, five additional genes induced in roots by
foliar MeJa treatment were also up-regulated by wounding
(P < 0.10), and thus there is good correspondence between
root responses induced systemically by MeJa and wounding
treatment of leaves. When we compared these with our pre#
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vious data of wound- and MeJa-induced gene expression in
leaves (Major and Constabel 2006, 2007a), we found that almost all of these root-expressed genes (16) were also significantly induced in leaves. In our previous study, we reported
that 163 and 108 genes were induced by MeJa and wounding, respectively (Major and Constabel 2006, 2007a). Thus,
the set of genes induced in roots was a small subset of the
genes induced in leaves; this is not surprising, given that
the array is composed of leaf-expressed genes. Closer inspection of the genes induced in both roots and leaves further highlighted similarities between leaf and root
responses. The most strongly root-induced genes on the array encode known leaf defense-related poplar genes, including trypsin inhibitors, endochitinases, and the vegetative
storage protein (VSP) win4.5 (Table 1, upper portion). Furthermore, several genes that we previously reported as
strongly induced in leaves were also up-regulated in roots,
including apyrase, acid phosphatase, proteins of unknown
function (CN192936 and CN193314), and several P450 cytochromes (Major and Constabel 2006). In addition, we
found one gene (an O-methyl transferase) that was not inducible in leaves, yet was significantly induced in roots by
leaf-wounding but not by MeJa treatment; however, this
gene showed only modest transcript increases (Table 1). We
also found that one gene (galactinol synthase) was significantly induced in roots by foliar MeJa treatment but not by
wounding, and was also non-inducible in leaves. We note
that MeJa is involved in other processes in addition to defense, and thus systemic up-regulation of this gene may be
unrelated to defense. An in-silico analysis of public EST databases independently confirmed that these two genes are in
fact expressed in roots (see supplementary data4, Table S1),
so they indicate potential root-specific responses.
Many genes strongly induced in leaves are not expressed
in roots
We found that many genes that are strongly induced in
leaves were not at all up-regulated in the roots or were expressed below our threshold for reliable expression. This list
includes polyphenol oxidase, PtdPPO1 (GenBank accession
No. CN193334; JGI protein ID 568791), class 3 lipase
(CN192786; 713858), VSP pni288 (CN193425; 573862),
13-lipoxygenase (CN192531), acyl-activating enzyme
(CN192663; 556023), -amylase (CN192760; 679498), and
PtdPop3-/SP1-like (723971), all of which we have previously shown to be among the genes most strongly induced
in leaves (Major and Constabel 2006). The inclusion of polyphenol oxidase and class 3 lipase in this list is especially
interesting, since these genes have the highest inductions in
leaves, but were only marginally up-regulated in roots, and
only after foliar MeJa treatment. Our data therefore suggest
that some defense genes are specifically expressed in leaves,
while others are induced in both leaves and roots.
Defense protein levels in roots of leaf-wounded saplings
correlate with gene expression
We used Western-blot analysis to validate our results and
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Fig. 4. Accumulation of WIN4 and Pop3-like proteins in roots of
wounded trees in two separate experiments. Leaves of the entire
tree were wounded with pliers and mature roots were harvested 4 d
after the start of treatment and analyzed by Western blot.

to confirm that the transcriptional changes in roots also
translate into increases in the corresponding proteins. Our
macroarray analysis had indicated that, like PtdTI3, VSP
win4.5 was up-regulated in roots, while PtdPPO1 and
PtdPop3-/SP1-like exhibited no change in expression
(Table 1 and data not shown). We used available polyclonal
antibodies raised against defense proteins to detect changes
in protein levels in roots 4 d after leaf wounding. Westernblot analysis indicated that VSP WIN4.5 protein levels increased after leaf wounding in multiple experiments
(Fig. 4), with average protein induction of 1.7-fold. This
compared well with the 3.50-fold increase in transcript levels detected by macroarray analysis. By contrast, the
PtdPop3-/SP1-like protein was present in roots, but its levels
did not increase after leaf wounding (Fig. 4). This is also
consistent with the small observed fold increase in transcript
abundance. We also found that the PtdPPO1 protein was not
present in roots (data not shown), which is again consistent
with PtdPPO1 mRNA levels below the threshold of detection on the macroarray. Therefore, these defense protein levels all corresponded well to the pattern of transcripts
detected by macroarray analysis.

Discussion
Our results clearly demonstrate that a defense response is
induced in poplar roots by simulating herbivory of leaves.
Treatment of poplar sapling shoots with MeJa or mechanical
wounding with pliers resulted in bidirectional systemic signaling, including the systemic induction of defense genes in
roots. The response of roots to foliar wounding was observable at mRNA, protein, and activity levels. Comparative
macroarray analyses indicated some similarity between the
responses of leaves and roots after foliar wounding and
MeJa treatment, as many genes induced in roots are poplar
defense genes first described from leaves. However, some
genes strongly induced in leaves were not expressed in
roots. To our knowledge, this is the first application of tran-
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script profiling to study a systemic defense response in roots
after leaf damage.
Our findings indicate that a systemic wound signal moves
downwards from the shoot into the root. Since JA is known
to induce defense in an acropetal fashion in tomato and
other plants, it is also likely that JA or a JA derivative is
transported from leaves to roots and is therefore responsible
for the basipetal systemic defense response. In tobacco, radiolabeled JA applied to leaves has been shown to be translocated to roots (Zhang and Baldwin 1997). In general, the
movement of the systemic signal is governed by vasculature
and source–sink relations (Davis et al. 1991b; Jones et al.
1993; Orians et al. 2000; Schittko and Baldwin 2003). Interestingly, a recent study of N. attenuata showed that simulated foliar herbivory elicits rapid changes in source–sink
relations, increasing the transport of photoassimilate to roots
(Schwachtje et al. 2006). A similar response has also been
observed for Populus spp., as foliar treatment with JA increases carbon allocation to roots (Babst et al. 2005). An increase in root sink strength would thus predict that a
systemic signal moves basipetally into the root, although in
this situation it is unclear if the response in roots is an artifact of source–sink shifts or a defense response per se.
Source–sink relations may explain why we observed stronger acropetal than basipetal systemic responses because, in
the young saplings we used, immature tissues above the
wounded region are expected to be stronger sinks than the
mature leaves and roots (Scarascia-Mugnozza et al. 1999).
Irrespective of possible mechanisms, our data provide strong
evidence for bidirectional systemic signaling in poplar. This
was previously shown for potato, tobacco, and poplar (PeñaCortes et al. 1988; Jones et al. 1993; Schittko and Baldwin
2003), although Davis et al. (1991b) did not observe basipetal induction of win3, another Kunitz-type trypsin inhibitor
in poplar. This discrepancy is likely due to differences in
the behaviour of the marker genes used, since wound-induced accumulation of win3 transcript occurs primarily in
young leaves (J.J. Patton and C.P. Constabel, unpublished
data). By contrast, our marker for the inducible systemic response, PtdTI3, is inducible in both young and mature tissues.
The adaptive value of a defense response in roots of poplar after foliar wounding is not clear. The induced genes
may constitute a general defensive response, and induction
of defense genes in roots is likely to enhance resistance to
belowground herbivory. Several genes we found to be upregulated in roots are predicted to have negative effects on
root pests. For example, the two genes most strongly induced in roots are endochitinases, one of which was recently
shown to directly inhibit insect development (Lawrence and
Novak 2006). In roots of Citrus species that are attacked by
citrus root weevil (Diaprepes abbreviatus (L.)), endochitinase is an induced defense and root extracts degrade the
peritrophic matrix of weevil larvae (Mayer et al. 1995). Our
experiments also identified three Kunitz-type trypsin inhibitors as being strongly induced in roots. In tomato, infection
and root wounding by the root-knot nematode Meloidogyne
javanica (Treub) Chitwood increase transcript and protein
levels of a Kunitz-type trypsin inhibitor in roots (Brenner et
al. 1998). In sugar beet, resistance to sugarbeet cyst nematode (Heterodera schachtii Schmidt) is enhanced by trans-
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genic overexpression of a Kunitz-type trypsin inhibitor (Cai
et al. 2003), and thus it is likely that Kunitz-type trypsin inhibitor enhance resistance against belowground herbivores.
In poplar, PtdTI3, in particular, is among the genes most
strongly induced in leaves, and is expressed in almost all
plant tissues. Recombinant PtdTI3 protein inhibits a range
of proteases and is an effective inhibitor of larval midgut
proteases of M. disstria and Mamestra configurata Walker
(Major and Constabel 2007b). These root-induced poplar defense genes are therefore likely to participate in resistance to
belowground herbivory and provide tantalizing clues for future experiments.
Compared with the acropetal induction of PtdTI3 mRNA
after leaf wounding, we observed only modest basipetal induction. While MeJa elicited stronger basipetal induction,
we cannot exclude the possibility that the exogenous MeJa
was translocated to roots (Zhang and Baldwin 1997) rather
than triggering a systemic defense response. In addition, the
basipetal systemic defense response may be stronger at other
time points, and our analyses were only carried out at a single time point (24 h for analysis of transcript levels and 4 d
for protein levels and activity). Genes with transient or delayed expression patterns have been shown in studies of inducible root defense (Alkharouf et al. 2006), and would
have escaped detection by our array analysis. Furthermore,
the composition of our arrays limited our analysis, since
they were constructed with ESTs generated from a leaf
cDNA library. This was reflected by the small number of
genes up-regulated in roots compared with that in leaves.
To improve the confidence of our array expression results,
we performed an in-silico validation of the array results using publicly available root EST databases to independently
confirm the expression of genes marked as root-expressed
on the array. Among the 23 genes that were induced in
roots, only 5 were not represented at least once by a rootderived EST (see supplementary data4, Table S1). Thus the
majority of array elements identified by our analysis do correspond to genes expressed in roots.
While defense responses in roots have not received as
much attention as responses in shoots, herbivore-mediated
interactions between below- and above-ground plant organs
are known (reviewed by Blossey and Hunt-Joshi 2003; van
Dam et al. 2003). However, few studies have investigated
these inducible responses from a molecular perspective. We
have used a molecular approach to describe basipetal systemic defense signaling in poplar. Poplar roots not only generate a systemic signal, but also respond to systemic signals
generated by simulated herbivory of leaves. Moreover, we
have shown that this defense response in roots is manifested
at the mRNA and protein levels. Our use of transcript profiling has provided preliminary evidence that the transcriptional changes that occur as part of a root defense response
has some overlap with the leaf defense response. The use of
whole genome arrays or arrays with root-derived ESTs
should provide a better understanding of the induced root response.
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