
Abstract Induced defenses occur predominately in young,
developing plant tissues that rely upon carbohydrate im-
port to support their growth and development. To test the
hypothesis that the induced production of carbon-based
defenses is dependent upon photoassimilate import, we
examined the response of developing leaves of hybrid
poplar (Populus deltoides × P. nigra) saplings to wound-
ing by gypsy moth caterpillars (Lymantria dispar L.) and
exogenous jasmonic acid (JA). Growth rates, condensed
tannin contents and acid invertase activities were mea-
sured for individual leaves and the translocation of 
13C-labeled resources between orthostichous source-sink
pairs was quantified. Results showed a substantial in-
crease in the activity of cell wall invertase in sink leaves
wounded by gypsy moth caterpillars and treated with JA.
JA-induced sink leaves also imported 3–4 times as much
13C-labeled carbon from orthostichous source leaves rel-
ative to controls and allocated a significant portion of
this imported 13C to condensed tannin biosynthesis. Re-
duced carbohydrate flow to these leaves, caused by
source leaf removal, resulted in reduced condensed tan-
nin levels and the emergence of a growth–defense trade-
off. These results indicate that (1) induced sink strength
is elicited by insect wounding and JA application in hy-
brid poplar foliage, (2) imported resources are allocated
to the production of carbon-based defenses, and (3) the
level of induced defense in leaves can be constrained by
the ability of leaves to import carbohydrates from source
tissues. Together, these results suggest that within-cano-
py variations in induced resistance may arise in part be-
cause of uneven distribution of resources to induced fo-
liage.
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Introduction

Responsiveness of plant tissues to biotic and abiotic
stimuli tends to wane with age. This trend has been 
observed for responses to herbivores (Wolfson and 
Murdock 1990; Hartley and Lawton 1991; Karban and
Baldwin 1997; Kearsely and Whitham 1997; McAuslane
et al. 1997; Wait et al. 1998; Agrawal et al. 1999; 
Cipollini and Bergelson 2000), to pathogens (Braga
1986; Coleman et al. 1987; Meier et al. 1993; Chen et al.
2000) and abiotic stresses (Coleman et al. 1987; Wait et
al. 1998). Similarly, production of morphological defens-
es such as thorns, spines, and hairs (e.g., Baur et al.
1991) and elective abscission in response to insects or
disease (Williams and Whitham 1986; Preszler and Price
1993; Vloutoglou and Kalogerakis 2000) can be induced
only in young, growing tissues. This produces plants that
are extremely heterogeneous spatially and temporally,
which is thought to complicate foraging by herbivores
and perhaps slow their adaptation to plant chemistry
(Whitham and Slobodchikoff 1982; Schultz 1983; Karban
and Baldwin 1997; Honkanen and Haukioja 1998; 
Orians et al. 2000). Youthful induction could be adap-
tive, comprising preferential defense of more valuable
tissues (Krischik and Denno 1983; Bazzaz 1984), or may
simply reflect physiological (Mooney and Gulmon 1982)
or genetic (Whitham and Slobodchikoff 1982) con-
straints.

It is not clear how young leaves develop induced re-
sponses since they do not generally possess the required
resources to support them. Developing leaves typically
have few endogenous reserves (Kozlowski and Pallardy
1997) and often have lower photosynthetic rates com-
pared with mature leaves (Larson and Gordon 1969; 
Larson et al. 1972; Hanson et al. 1988a, b). Until they
become photosynthetically competent, young leaves are
physiological sinks and must import materials from ex-
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porting source tissues via the vascular system for use in
primary metabolism (Jones et al 1993). The quantity of
resources available for producing induced defenses in
young leaves may depend on their sink strength and abil-
ity to import the necessary precursors.

Leaf sink strength is related to the activities of su-
crose-metabolizing enzymes that break down translocat-
ed sucrose in the apoplastic (i.e., extracellular) space, re-
sulting in phloem unloading. Cleavage of sucrose at the
site of carbohydrate import is facilitated by cell wall in-
vertases (CWIs, EC 3.2.1.26) and, to a lesser extent, su-
crose synthase (EC 2.4.1.13). Both enzymes catabolize
sucrose in the apoplastic space, generating glucose and
fructose. CWI is an acid invertase (sucrose-cleaving 
β-fructosidase with a pH optimum of 3.5–5.1) bound
ionically to the cell wall (Avigad 1982). Both the levels
of CWI mRNA and enzyme activity are correlated with
rates of phloem unloading at sink tissues (e.g., Sturm
and Chrispeels 1990; Ehnel and Roitsch 1997; Godt and
Roitsch 1997; Sturm 1999). Also, phloem unloading is
often coincident with the expression of monosaccha-
ride/H+ symporters, transmembrane proteins that facili-
tate monosaccharide import by coupling it with the
movement of protons across cell membranes (Ehnel and
Roitsch 1997). This system unloads sucrose from the
phloem vessels, providing carbohydrates for sink tissues
and helping to generate the sucrose gradient that powers
sucrose flow in the phloem.

Several studies have shown that stresses and exoge-
nous stimuli can increase invertase activity and mRNA
levels (Sturm and Chrispeels 1990; Ohyama et al. 1998)
and monosacaccharide symporter mRNA levels (Truernit
et al. 1996) in young tissues of herbaceous plant species.
These studies suggest that enzymes associated with sink
strength: (1) can be induced coordinately in response to
wounding, (2) can be induced more strongly in (or only
in) young tissues, and (3) could supply hexoses for 
energy and substrates for stress responses. While most
studies of sink strength have been conducted with herba-
ceous species, the importance of induced sinks may be
greatest in woody plants, where the transport distances
are much larger, leaf production is supported by distant
carbohydrate storage, and the primary induced defen-
ses are photosynthate-intensive products of the shiki-
mate/phenylpropanoid pathway (e.g., Larson and Whitham
1997).

We used hybrid poplar saplings as a model system in
which to examine the translocation and utilization of car-
bon resources in foliage treated with the wound hormone
jasmonic acid (JA) or wounded by gypsy moth (Lymantria
dispar L.) caterpillars. Poplars are relatively indeterminate
trees and respond to wounding with increased phenolic
production (Roth et al. 1998). Both sink and source leaves
are available to herbivores during much of the growing
season. In a series of related experiments, we tested the
hypothesis that exogenous JA and gypsy moth wounding
elevate invertase activities in young leaves, enhancing car-
bohydrate import from distant sources and supplying in-
duced increases in phenylpropanoid defenses.

Materials and methods

Experimental design

Three separate sets of experiments were conducted using hybrid
poplar (Populus deltoides × P. nigra) saplings. The presence or ab-
sence of induced sink strength in poplar foliage treated with JA
was examined in experiment 1 and wounded by gypsy moth cater-
pillars in experiment 2. In experiment 3, we tested the hypothesis
that induced sink tissues require imported carbohydrates to sup-
port induced responses by comparing increases in condensed tan-
nin (proanthocyanidin) concentrations in JA-treated sink leaves
from control plants with those on plants from which source leaves
had been removed.

Study system

Hybrid poplar saplings (P. deltoides × P. nigra; clone OP-367, 
Segal Ranch, Wash.) were grown from cuttings in a greenhouse
under supplemental sodium-vapor lighting in 9 l containers of
Metromix 250 soil-less potting media in the summers of 1999 and
2000. The average mid-day irradiance, with the supplemental
lighting, ranged from 800 to 1,200 µmol m–2s–1. To quantify sap-
ling growth rates and to ensure that individual leaves were of the
same physiological age, we used the plastochron index method of
Larson and Dickson (1973) and Larson and Isebrands (1971). Sap-
lings used in experiments possessed at least 16 leaves, i.e., were of
leaf plastochron index 16 (LPI16). The lamina length of each sap-
ling leaf was measured every other day and leaves were numbered
from the apical meristem downward, beginning with the first de-
veloping leaf of lamina length ≥3 cm which was designated as the
index leaf (LPI0). In addition to providing information about
whole-plant and leaf growth rates, this index allowed us to identi-
fy orthostichous (i.e., directly connected) leaf pairs for the 13C
tracer experiments. In Populus each leaf is serviced by three vas-
cular bundles and the degree of connectivity of leaf pairs is deter-
mined by their orientation around the stem. Preliminary dye-tracer
experiments confirmed the results of previous radio-labeling ex-
periments (Larson et al. 1972; Larson and Dickson 1973) identify-
ing connections between specific exporting source leaves and im-
porting sink leaves (data not shown). We exploited the relatively
distinct connection between source leaf LPI8 and sink leaf LPI3 to
examine differential rates of photoassimilate translocation to in-
duced versus non-induced leaves. The sink-to-source transition,
and the cessation of leaf expansion, occurs between LPI5 and LPI7
in this hybrid clone and in related Populus species.

Treatments

The wound response(s) of selected hybrid poplar leaves was elicit-
ed both by the application of JA and by gypsy moth (L. dispar L.;
GM) caterpillar wounding. In all experiments individual saplings
served as replicates and only one sink leaf and one source leaf
were examined per tree. The timing of the treatments was critical,
in part because young sink leaves were rapidly progressing to ma-
turity, at which point they would lose their ‘inducibility’. For this
reason we used exogenous JA applications to activate the induced
responses, rather than GM grazing, in some experiments. In these
cases, specific leaves or whole plants were treated with ±JA 
(Sigma Chemical, item no. J-2500). JA is a “wound hormone” that
stimulates many plant responses typically elicited by herbivory,
including phenolic synthesis (Thaler et al. 1996). JA was solubi-
lized in 10% (aq.) EtOH at a concentration of 1 mM for whole-
plant treatments or 5 mM for the treatment of individual sink
leaves and applied by spraying leaves until they were soaked and
the solution ran off the leaves. Triton-X 100 detergent (0.125%
v/v) was added to the JA solutions to help penetrate waxy leaf cu-
ticles. Control solutions were identical but lacked JA. JA and con-
trol solutions were applied to the group of developing leaves at the
apical meristem (experiment 1) or to individual LPI3 leaves (ex-
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periment 3) every other day for 15 (experiment 1) or 6 (experi-
ment 3) days prior to analyses of carbon translocation rates. In in-
sect-wounding experiments, third-instar GM caterpillars were
placed in mesh bags on specific leaves and allowed to remove ca.
20% of leaf surface area during a 4–18 h period. Empty mesh bags
were placed on the corresponding leaves of control seedlings.

Invertase assays

Sucrose cleavage by acid invertases was assayed colorimetrically
by measuring the generation of glucose monomers. Leaves were
ground in liquid nitrogen and 150–250 mg (wet mass) of leaf tis-
sue were extracted in 6 volumes of a MES buffer (pH 7.0) con-
taining 5 mM EDTA, 5% w/v PVPP, and the serine proteinase in-
hibitors dithiothreitol (20 mM) and benzamidine (2.5 mM). Fol-
lowing centrifugation, soluble acid invertase (SAI) activities were
assayed in the supernatant by recording the generation of glucose
in a 0.05 M MES (pH 4.0) assay buffer during a 30 min incubation
at 37°C. Cell wall bound acid invertase was assayed in the washed
pellet following a 1 h incubation at pH 4.5. The pH of each assay
buffer was optimized for maximum invertase activity. Following
these incubations, 100 µl of Sumners reagent was added to an
equal volume of the assay buffer and incubated at 105°C for
10 min; 33 µl of 40% Rochelle salt was then added and absor-
bance was recorded immediately at 560 nm. Invertase activities
are reported in standard units (µmol sucrose cleaved/gram tissue
WM/min).

Tannin analyses

We focused on proanthocyanidins (condensed tannins) as wound-
inducible defenses because their biosynthesis from sugars is well
characterized, and is known to be elicited by wounding and JA
(Richard et al. 2000). Condensed tannin concentrations were mea-
sured as extracted proanthocyanidins by the acid-butanol method
(Hagerman and Butler 1989). Standard curves were developed us-
ing standards purified from each population at each sampling time
(Hagerman and Klucher 1985; Appel et al. 2001).

13C labeling

To quantify the rates at which carbon resources were translocated
from source leaves to orthostichous sink leaves in JA-induced and
control plants we labeled source leaves of hybrid poplar seedlings
with ca. 330 ppm 13CO2 in air for 1 h at a flow rate of 700 µmol
m–2 s–1. We developed a novel technique for delivering a constant
flow of 13CO2-labeled air to individual leaves of 10–14 seedlings
at custom carbon dioxide concentrations and flow rates using a
modified LiCOR 6400 photosynthesis system. To make the re-
quired modifications, a 25 ml cylinder of compressed 13CO2
(99.9% pure, Isotech) was mated with the CO2 mixer of the 
LiCOR 6400 and cylinder pressures were maintained between 180
and 220 psi (LiCOR 1999). The stream of 13CO2 was mixed with
CO2-free air to achieve the desired CO2 concentration in air. To
this end, a correction factor was used to adjust for the reduced sen-
sitivity of the infra-red gas analyzers to 13CO2 (see McDermitt et
al. 1999). The stream of 13CO2-rich air was then delivered, in par-
allel, to leaves contained in 500 ml transparent chambers and sub-
sequently exhausted from the greenhouse. The flow rate and total
system volume were such that the labeled air in each chamber was
replaced 4–5 times per 1.5 h incubation period. This rate of flow
allowed for large pulses of 13C to be incorporated into leaf tissues
via photosynthesis. The absence of leaks in each chamber and in
the inlet and exhaust lines was confirmed in two ways: (1) each
seal was checked for leaks during a test run in which the system
was pressurized with nitrogen gas, (2) three unlabeled poplar
seedlings were interspersed throughout the experimental plants
during each incubation and their leaf tissues were analyzed for the
presence of 13C contamination. LPI8 source leaves were allowed to

assimilate 13CO2 directly via photosynthesis and the quantity of
13C translocated to unincubated sink leaves was determined by
isotope ratio mass spectrometry (IRMS) of LPI3 tissues. Paired
LPI8 and LPI3 leaves were sampled 24 h after the incubation by
cutting at the petiole and dropping leaves into liquid nitrogen.
Samples were stored at –80°C until analysis.

The assimilation of 13CO2 by source leaves and the mass of 13C
transported to sink leaves was quantified by IRMS for homoge-
nized leaf tissues (see Arnold and Targett 1998 for details). 13CO2
assimilation was expressed as mg 13C assimilated/gram leaf dry
mass/h and the mass of imported 13C measured in sink leaves was
expressed as mg 13C imported/g sink leaf DM/24 h. To minimize
potential time-of-day effects on the measured rates of transport all
incubations were conducted on randomly selected plants between
0900 and 1200 hours and leaves were sampled exactly 24 h later.

13C in condensed tannins was also quantified via IRMS. Poly-
phenols were extracted exhaustively from each leaf in 70:30 ace-
tone:water, pigments and fats were removed with diethyl ether,
and the tannins isolated using Sephadex LH-20 eluted with 
50% aq. methanol followed by 70% aq. acetone (Hagerman and 
Klucher 1985).

Along with the tracer experiments, rates of gas exchange were
measured separately for selected source and sink leaves on treated
and control plants at 500 µmol m–2s–1 using the LiCOR 6400 pho-
tosynthesis system and light source. Rates of gas exchange are ex-
pressed as µmol CO2 assimilated cm–2 s–1. In addition, rates of
13CO2 uptake occurring in labeled source and/or sink leaves during
incubation periods (see below) were determined by IRMS analyses
and expressed as mg 13CO2 assimilated mg–1 leaf WM h–1.

Source removal

The importance of carbon import for induced tannin production
was examined further by removing source leaves from a subset of
JA-treated and control plants. The effects of source leaf removal
and JA treatment were assessed using a factorial design compris-
ing 40 hybrid poplar seedlings allotted to one of the following
treatment groups: (1) no JA, no source removal, (2) no JA, sources
removed, (3) JA application, no source removal, and (4) JA appli-
cation, sources removed. For JA-treated plants, LPI2–LPI4 sink
leaves were treated with a 5 mM JA solution every other day for
6 days. Immediately prior to the initial JA treatment, source leaves
(LPI5 and greater) were removed from the appropriate seedlings at
the petiole. LPI3 leaves were sampled 6 days later and immediate-
ly frozen in liquid nitrogen.

Results

13C labeling

Pulses of 13CO2 supplied by the modified LiCOR 6400
instrument were assimilated by poplar leaves during the
1.5 h incubations. IRMS analysis of leaves incubated in
13CO2-rich air revealed an average δ13C value signature
of +1,023.16, compared to an average of –28.16 for un-
labeled hybrid poplar foliage. No leaks were detected
during the incubations and the 13C signatures of leaves
from the unlabeled control plants, i.e., those interspersed
between the experimental plants, were unaltered. The
translocation of 13C from incubated LPI8 leaves to or-
thostichous LPI3 leaves during a 24 h period elevated
δ13C values (mean of +273.00) in these importing sinks
even though these were not exposed to 13CO2-rich air.
13C imported by these sink leaves was used for the pro-
duction of condensed tannins, resulting in an average
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δ13C value for isolated condensed tannins in sink leaves
of +231.89 24 h after the 1.5 h incubation of source
leaves.

JA induction

Exogenous JA elicited an accumulation of condensed
tannins in young LPI3 sink leaves but not in mature LPI8
source leaves (Fig. 1). ANOVA indicated that condensed
tannin contents were affected by leaf age and by the ap-
plication of 1 mM JA (Fig. 1), and the interaction be-
tween these factors was significant (P=0.016). Activity
of CWI, the form associated with tissue sink strength,
was influenced by JA treatment (P<0.001), leaf plasto-
chron age (P<0.001), and the interaction of the two
(P=0.002). CWI activity was increased in young LPI3

leaves treated with JA (ANOVA P<0.001) while activi-
ties in mature LPI8 leaves were not affected and re-
mained uniformly low (Fig. 1). There was a clear effect
(ANOVA, P=0.007) of leaf plastochron age (P=0.002)
on SAI but only a marginal affect of JA treatment
(P=0.059) and the interaction term was non-significant
(P=0.800)(see Fig. 1).

Pulse-chase labeling experiments confirmed that the
induction of CWI by JA was linked to increased rates of
photoassimilate translocation from 13C-labeled LPI8
source leaves to LPI3 sink leaves. Rates of 13C import to
JA-induced sink leaves were significantly higher than
rates of import to sink leaves in control plants (t-test,
P=0.046). JA-induced LPI3 leaves imported 3–4 times as
much 13C-labeled substrate from LPI8 source leaves as
did uninduced leaves (Fig. 2a). Similarly, the allocation
of 13C resources to condensed tannin biosynthesis in 
JA-induced leaves was 2–3 times that in control leaves
of the same age, as measured by IRMS of condensed
tannins isolated from each leaf (Fig. 2b).

On the other hand, the application of JA did not affect
the growth of whole plants, the extension of individual
leaf lamina (P=0.180; see Fig. 3), or photosynthetic rates
and CO2 compensation points of LPI3 and LPI8 leaves
during the course of the experiments (data not shown).
However, in the months following the completion of the
experiments mature poplar leaves treated with 1 mM JA,
but not those sprayed with the control solution, displayed
physical changes typical of senescence, including a 
mottled yellow appearance and early abscission.

Insect induction

Developing poplar leaves wounded by gypsy moth lar-
vae exhibited strongly increased activities of both cell
wall- and soluble acid-invertase (Fig. 4). In wounded
LPI3 leaves, cell wall and soluble invertase activities
were increased ca. 125% and 130%, respectively, com-
pared to the unwounded controls. Mature LPI8 leaves,
previously found to be unresponsive, were not included
in these experiments. There was no detectable increase
in condensed tannins by 24 h following gypsy moth
wounding (Fig. 4).

Source constraint on induction

The ability of developing leaves to accumulate con-
densed tannins in response to exogenous JA was con-
strained by the removal of subtending leaves, a source of
imported carbon resources. The concentrations of both
condensed tannins and total Folin-reactive phenolics in
JA-induced leaves on plants in which all source leaves
were removed were significantly lower than for plants in
which source leaves were not removed (Fig. 5). During
this experiment, the growth rate of the hybrid poplar
seedlings was reduced (ANOVA, P=0.017). Rates of leaf
lamina extension were reduced by the application of JA
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Fig. 1 Response of hybrid poplar leaves to jasmonic acid (JA).
Top Condensed tannin concentrations for sink (LPI3) and source
(LPI8) leaves that were exposed to either 1 mM JA or a control so-
lution. Bars are the mean of 9–20 leaves. Bottom Activities of cell
wall and soluble acid invertases in sink (LPI3) and source (LPI8)
leaves following treatment with either 1 mM JA or a control solu-
tion. Bars represent the mean of 3–7 leaves. For all figures error
bars are ±SE and letters indicate the results of Tukey HSD multi-
ple comparisons tests. Bars with the same letter above them are
not different at the P=0.050 level



(P=0.013) and marginally by the removal of subtending
leaves (P=0.062; Fig. 6). 

Discussion

We found that both exogenous jasmonate and insect
wounding increased cell wall and soluble invertase activ-
ities in young leaves of hybrid poplar. These changes
were associated with increased import by these leaves 
of 13C-labeled materials originating in orthostichously
linked source leaves. Both results indicate that herbivory
and JA enhanced the sink strength of treated leaves.
Rates of 13C translocation from LPI8 source leaves to
LPI3 sink leaves were 3–4 times higher in trees with JA-
induced foliage than in the control (uninduced) seed-
lings. Mature source leaves were not responsive to JA.

Wound-enhanced sink strength has been observed in
several herbaceous plants. For example, enzyme activity
and levels of acid invertase mRNAs were increased in
tomato leaves by wounding (Lycopersicon esculentum
and L. peruvianum; Ohyama et al. 1998). The wound-
induced response of CWI was larger and more persistent
than that of soluble (vacuolar) acid invertase, much as
we found for JA-treated poplar leaves. Enhanced expres-
sion of a gene encoding CWI was reported by Sturm and
Chrispeels (1990) in wounded and infected roots of car-
rot. Authors of both studies concluded that elevated in-
vertase activity was probably required to provide suffi-
cient hexoses as an energy source for stress responses.
Zhang et al. (1996) showed that both wounding and JA
treatment elevated expression of a gene encoding a CWI
in pea (Pisum sativum L.). Our results appear to provide
the first evidence of wound- and JA-elicited sink
strength in a woody plant, and are consistent with the
view that such a response supports elevated carbon-
based defenses.
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Fig. 2A–D Results of 13C labeling experiments comparing re-
source allocation to condensed tannin production in induced ver-
sus control plants. Measures of 13C translocation from source
leaves to orthostichous sinks are summarized in A and B. A JA-
induced sink leaves imported 3–4 times as much as 13C from la-
beled source leaves as did control leaves during a 24 h period. 
B A greater mass of new condensed tannins was synthesized from
imported 13C in induced LPI3 sink leaves relative to controls. The
mass of condensed tannins synthesized per 24 h from the direct
photosynthetic assimilation of 13CO2 is summarized in C and D. 
C JA-induced sink leaves assimilated more 13C via photosynthesis
than did control leaves of the same physiological age. D The rates
of 13C uptake of source leaves were not affected by JA. For all
panels, bars represent the mean of 3–9 leaves. Error bars are ±SE.
Letters indicate the results of an independent sample t-test (one-
tailed). Bars with the same letter above them are not different at
the P=0.050 level. (* sampled leaf)

Fig. 3 Leaf lamina growth gates for control versus JA-treated hy-
brid poplar saplings. Each bar represents the mean growth rates of
all leaves on 9–12 plants and error bars represent ±SE. Groups are
not different according to the results of a one-tailed t-test (P=0.180)



CWIs are also activated by other stimuli directly or
indirectly related to wounding by insects. Cytokinins,
which have been implicated in the formation of insect
and bacterial galls (Hovanitz 1959), induce transcription
of CIN1, encoding a CWI in suspension cultures of 
Chenopodium rubrum (Ehnel and Roitsch 1997). CWI
gene expression in tomato is elevated in cytokinin-rich
tumors produced by Agrobacterium tumefaciens (Godt
and Roitsch 1997). Auxins, which may accumulate in re-
sponse to wounding and pathogen attack (Baron and
Zambryski 1995) as well as to jasmonates (Grsic et al.

1999), have also been shown to elevate invertase activi-
ties in grape, eggplant, and tobacco crown gall (Weil and
Rausch 1990; Davies et al. 1997; Lee et al. 1997). Other
factors that determine sink strength, such as mono-
saccharide/H+ symporters, may also be influenced by
wounding. In Arabidopsis, mRNA levels for STP4, the
gene encoding the monosaccharide/H+ symporter, were
increased four-fold within 120 h following wounding
(Truernit et al. 1996). Taken together, these studies and
our results indicate that enzymes associated with sink
strength (1) are induced coordinately in response to ex-
trinsic or intrinsic stimuli, including insect wounding, in-
fection, and relevant signals, (2) are induced more
strongly (or only) in young tissues, and (3) may supply
hexoses for energy and substrates for stress responses as
hypothesized by Truernit et al. (1996).

In our poplar studies, substantial 13C imported from
mature source leaves was incorporated into newly syn-
thesized phenylpropanoids in young sink leaves. Exoge-
nous JA induced the accumulation of proanthocyanidins
in young (but not old) leaves; 13C labeling indicates that
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Fig. 4 Response of LPI3 sink leaves to wounding by 3rd instar
gypsy moth caterpillars. Wounding induced the activity of both
cell wall- and soluble-acid invertases, but not the accumulation of
condensed tannins. For each panel, bars represent the mean of 3–7
leaves. Error bars are ±SE. Letters indicate the results of Tukey
HSD multiple comparisons tests. Bars with the same letter above
them are not different at the P=0.050 level

Fig. 5 Concentrations of condensed tannins and total Folin-Denis
reactive phenolics in JA-induced LPI3 poplar leaves. Left-hand
bars indicate the concentrations in leaves on plants for which no
leaves were removed. Right-hand bars are for leaves on plants for
which all subtending leaves were removed at the petiole prior to
JA application. Bars represent the means of 5–10 plants each. 
Error bars are ±1 SE. Bars with the same letter are not different at
P=0.050 level (one-tailed t-tests)



much of that increase was supported by import from
source leaves, although a portion was provided by the in-
duced leaves’ own carbon gain (Fig. 2). Unlike rates of
carbon import, sink leaf photosynthetic rates were not in-
creased in response to JA or wounding (data not shown),
and while the contribution of local 13C fixation to tannin
synthesis appeared to increase in JA treatments (Fig. 2C),
that difference was not statistically significant. Phenolic
induction was not linked directly to elevated photosyn-
thesis in our experiments.

The amounts of 13C incorporated into tannins by the
induced sink leaves themselves and from transport over a
24 h period were similar (see Fig. 2B, C). Our measures
likely underestimate the contribution from transport,
since we measured carbon arising in only one source
leaf. At least three source leaves are directly connected
to each sink via phloem (Jones et al. 1993), and carbon
may also have been imported from stem or root storage
pools. Evidently both constitutive and induced con-
densed tannin production are supported by both sink leaf
and transport, and each source is capable of doing so to
at least a similar degree. In addition, our observations
that condensed tannin biosynthesis was occurring in
leaves for which the concentrations of these compounds
were unchanged support the view that condensed tannin
pools are dynamic (Kleiner et al. 1999).

Removing source leaves decreased sink leaf pro-
anthocyanidin and Folin-reactive phenolic contents of
uninduced sink leaves about 16% over a 24 h period
(Fig. 5). This difference may represent the contribution
of the source leaves to production of constitutive poly-
phenol pools over this time period. Maintenance of phe-
nolic pools also may have been supported by other
sources (stem, root, or sink leaf) when source leaves
were removed. It was not possible in this experiment to

extend the sampling intervals to determine whether or
not larger differences in condensed tannin concentrations
would emerge since the leaves being examined were 
rapidly developing from sink to source status. A poten-
tial cost of drawing on these other sources to support
phenolic production may be reflected in our finding that
the plastochron interval (growth) was significantly re-
duced by JA application when source leaves were re-
moved, but not in other experiments. We suggest that in
the absence of exporting source leaves as a source of car-
bon, the trees were forced to draw upon reserves normal-
ly allocated to growth to support phenolic synthesis in
sink leaves. When source leaves were present, we could
detect no growth-defense tradeoff during phenolic induc-
tion, contrary to theory (Herms and Mattson 1992).

We could not elicit increased sink strength or proan-
thocyanidin production in mature (source) leaves. Nei-
ther rates of source leaf photosynthesis nor the activities
of acid invertases were elevated, and their tannin con-
tents are fixed.

Gypsy moth feeding did not elicit increased tannin
production by 24 h in young leaves, despite having stim-
ulated invertase activity and import to young leaves.

In light of our findings that resources are translocated to
help support induced tannin accumulations, one might ex-
pect a lag between rapid induction of invertase activities
and the eventual accumulation of tannins. While herbivory
and JA applications have been shown previously to result
in increased phenolic contents in poplars, there have been
no previous investigations of just how early such responses
may become detectable in these plants. Rather, the shortest
stimulus-to-response intervals reported for plants in this
genus are at least 7 days (see Schultz and Baldwin 1982;
Rossiter et al. 1988). However, we find that in Northern
red oak (Quercus rubra L.) at least 7 days of defoliation
are needed before gypsy moth-elicited tannin increases be-
come detectable (Schultz, unpublished data). Keinanen et
al. (2000) observed relatively rapid increases in the con-
densed tannins of defoliated birch trees after 3 days.

It is clear that at least local (leaf or branch) increases
in putative carbon-based defense production in poplar
depend to a significant extent on translocated resources.
The pattern of wound responses and the impact of
wounding on resource allocation are dependent on the
regulation of source-sink relationships. It seems likely
that loss (to herbivory or senescence) or shading of
source tissues could constrain the induced response of
nearby sinks, altering their quality for herbivores, and
making defense responses more costly. Indeed, plant size
(age, growth stage; Karban and Thaler 1999) and archi-
tecture (Larson and Whitham 1997) could constrain the
ability of whole plants or plant parts to respond to stimu-
li with elevated phenolics, since such responses depend
on the availability of sources or reserves. Davis et al.
(1991) found that assimilate movement dictates the accu-
mulation of transcripts for wound-induced protease in-
hibitors in poplar leaves, and concluded that this reflect-
ed movement of wound signals. Orians et al. (2000) ob-
tained a similar result for protease inhibitors in tomato.
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Fig. 6 Effect of JA treatment and source leaf removal on the lami-
na growth rate of developing poplar leaves during the experimen-
tal period. Bars represent the mean of 5–10 plants and error bars
are ±1 SE. Analysis of variance indicates the presence of a signifi-
cant affect of JA treatment (P=0.013) and a marginal effect of
source leaf removal (P=0.062) on the growth rate of developing
leaves. Bars with the same letter are not different at the P=0.050
level according to HSD Tukey multiple comparisons tests



Both studies implicated transport of wound signals; ours
is the first to show that sink strength dictates the supply
of substrates needed to produce defenses. The dynamic
interplay of stimuli and signals, source-sink interactions,
and induced biosynthesis likely produces the extreme
heterogeneity in defenses typical of trees (e.g., Schultz et
al. 1982; Whitham and Slobodchikoff 1982; Schultz
1983; Kause et al. 1999). The ability of individual leaves
to respond to elicitation with enhanced phenylpropanoid
synthesis depends at least in part on their sink strength,
which wanes with age, and thus provides a general ex-
planation for the loss of wound-responsiveness as tissues
and plants age (Karban and Baldwin 1997).
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