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Introduction: Since its first use in humans in 1976, 2-[18F]fluoro-2-deoxy-D-glucose (18FDG) continues to
serve as a tracer to measure tissue glucose metabolism in medical imaging. Here we demonstrate a novel use
for this tracer to study glycoside biosynthesis in plants as a measure of plant response to defense induction.
Methods: Coupling autoradiography with radio high-performance liquid chromatography analysis of tissue
extracts, we examined the combined effects of leaf wounding and treatment using the potent plant defense
hormone, methyl jasmonate (MeJA), to measure tracer distribution and tracer use in secondary defense
chemistry in Arabidopsis thaliana. We hypothesized that competing sinks like roots and reproductive tissues,
as well as vascular architecture, would impact the induction of phenolic defenses of the plant that make use of
glucose in glycoside formation by altering distribution and metabolic utilization of 18FDG.
Results: Our studies showed that leaf orthostichy defined the major route of 18FDG transport in both
vegetative and reproductive plants when a single petiole was cut as the entry point for tracer introduction.

However, when nonorthostichous leaves were damaged and treated with MeJA, 18FDG was transported in its
intact form to these leaves 3 h later, where it was incorporated into phenolic glycosides.
Conclusions: Our work demonstrates a new use for 18FDG in plant science with insights into carbohydrate
allocation that contradict conclusions of previous studies showing transport of resources away from
damaged sites.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Plants respond to stresses, including attack by pests, with
extensive reprogramming of primary and secondary metabolism [1].
Because they are modular organisms, these responses vary within
plants among tissues and organs in space and time [2]. Many, if not all
responses to stress, are systemic (occurring in most or all tissues).
Since responses begin at the site of damage (locally) and spread
systemically [3], the ability to respond effectively requires integrating
individual modules within the plant that may even compete for
resources [4]. Transport of metabolites and signals among tissues is
frequently constrained by vascular architecture [5].

The long-distance transport of primary metabolites [6], hormones
associated with growth and defense [7,8], and proteins and their RNA
fragments [9] have all been shown to play a role in systemic defense
induction. Sugars transported from source to sink tissues provide the
necessary resources for growth of young tissues and have been shown
to serve as building blocks for the production of carbon-based
defenses in developing plant foliage [10].

Oxylipins, especially the jasmonates (JAs), are important signals
integrating plant responses to the environment, especially those
elicited by tissue damage, pathogen infection and herbivory [8,11]. JAs
eri).
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play roles in diverse processes including embryogenesis, seed
germination, flowering, pollen development, drought stress and leaf
senescence [12]. They also elicit transcriptional changes in numerous
genes that impact whole-plant resource allocation of both nitrogen
and carbon containing compounds [13]. In Arabidopsis thaliana, JAs
such as methyl JA (MeJA) have been shown to be essential for the
transcriptional activation of pathways producing several classes of
secondary metabolites, including glucosinolates, phenylpropanoids,
anthocyanins and isoprenoids [14]. We know much less about their
role in regulating resource allocation among tissues and to secondary
metabolism in response to stressors.

The short-lived, positron-emitting radioisotopes carbon-11 (t1/2
20.4min) [11,15] and nitrogen-13 (t1/2 9.97min) [16–18] are useful for
studying long-distance transport of resources between tissues over
relatively short time intervals. They also have been used to study
resource reallocation after insect attack [8,19–21] and to assess changes
in metabolic partitioning into key defense pathways [11,22,23].

The radioisotope 18F (t1/2=110min) alsohas been extremely useful
for radiolabeling molecules of interest for use in life sciences [24], but
has been little used in plant biology. 2-[18F]fluoro-2-deoxy-D-glucose
(18FDG) is a radioactive surrogate of glucose used to image sugar
metabolism in the human brain and locate metabolically active tissues
such as cancer cells using positron emission tomography. 18FDG's high
specific activity and short half-life offer a unique opportunity to plant
scientists to administer tracer well below biologically active levels and
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probe, with high sensitivity, sugar transport and metabolism simulta-
neously. Only one report has demonstrated uptake and movement of
18FDG in plants [25], and there are no studies of its incorporation into
plant metabolism. The utility of this tool in physiological, biochemical
and ecological contexts depends on the degree to which it functions
normally as glucose in the plant.

We used 18FDG as a radiotracer glucose surrogate to examine its
transport and incorporation into phenolic metabolism in Arabidopsis
in response to wounding and MeJA application. Plant phenolic
compounds are a diverse group of secondary metabolites, character-
ized by hydroxylated aromatic rings, and can range from simple acids
like gallic acid to more complex flavonoids, condensed tannins
(proanthocyanins) and lignins. Many plant phenolics such as
chlorogenic acid, caffeic acid and rutin have been shown to have
roles in plant defense against pathogens and insects [26]. In this study,
we were particularly interested in whether plants would use 18FDG in
anthocynanin biosynthesis, as these compounds typically require
glucose in glycoside structures (Fig. 1).

Further, we examined normal patterns of 18FDG distribution in
both vegetative and reproductive plants and determined whether
the combined effect of wounding and exogenous MeJA treatment
induces whole-plant changes in resource allocation and partitioning
of 18FDG into secondary metabolite biosynthesis. Our results indicate
that 18FDG is a powerful tool in plant science.

2. Materials and methods

2.1. Plant material

Arabidopsis Col-0 plants were grown in individual pots in potting
soil (Pro-Mix; Premier Horticulture Inc., Quakertown, PA, USA)
supplemented with 1.8 kg of Osmocote slow-release fertilizer (The
Scotts Company, Marysville, OH, USA) per cubic meter of soil. Plants
were grown under metal halide lamps at 24°C and 62% relative
humidity with a 12/12-h 180-μmol m−2 s−1 photoperiod. Vegetative
(rosette only) and reproductive plants (rosettewith bolted stem) used
in experiments were 4 and 5 weeks postgermination, respectively.

2.2. Treatments

MeJA is a well-known plant defense elicitor that up-regulates the
production of defensive compounds against herbivores and is often
used to mimic the effect of herbivory [14,19]. We simulated herbivore
damage on two opposing leaves of equivalent nodal position (137.5°
away) from the tracer administration site by damaging leaves
perpendicular to the mid vein with a pattern wheel and applying
20 μl of 115 μM MeJA (Sigma-Aldrich, St. Louis, MO, USA) to those
wounds. All treatments occurred once between the hours of 0800
and 0900 (1 h prior to 18FDG administration). Control plants had
no damage or treatment applied.

2.3. Radiotracer administration

18FDGwas purchased from Cardinal Health, Inc. (Dublin, OH, USA).
Commercial 18FDG is formulated isotonically with roughly 5% ethanol.
Fig. 1. Structure of a typical anthocyanin compound.
Thus, it was necessary to perform a rapid desalination on the
formulation followed by distillation to remove the salts and alcohol,
and concentrate the formulation to small volumes suitable for cut
petiole administration (M. Kasel, unpublished). Briefly, 18FDG formu-
lation (185 MBq in 1.0 ml saline) was processed through a column
containing 3 g of ion retardation resin (BioRad, AG11A8, Richmond,
CA, USA), then eluted in 2ml deionizedwater. The eluate was refluxed
to dryness at 100°C under an argon sweep and the 18FDG reconstituted
in 600 μl of deionized water. This process took roughly 15 min to
complete and produced on average 111 MBq of reconstituted 18FDG
for plant administration. The integrity of reconstituted 18FDG was
verified previously using high-performance liquid chromatography
(HPLC System-2 described below in Section 2.7.2).

Carbon allocation in Arabidopsis is integrated along a gradient from
young leaves at the top, which are entirely sinks, to older leaves at the
bottom of the rosette that are weak sinks and/or sources (A. Ferrieri,
personal observations). Younger leaves import all of the carbon for
growth and metabolism from older sources. They are particularly
responsive to attack, and studies show that they draw carbon from
older leaves, stems and roots [10,27].We decided to focus on the role of
leaves in the middle of this gradient because they act as both sinks and
sources and are primary attack targets of herbivory in Arabidopsis. The
seventh leaf (L7) from the apex (counting down from the first fully
expanded leaf) was excised at the base of the lamina, and its petiole
immersed immediately in 200 μl reconstituted 18FDG solution (37MBq
total activity). Plants were allowed to incubate for 180 min under the
identical illumination conditions as described above for growing plants.

2.4. Positron autoradiography

To determine the distribution of 18FDG throughout aboveground
tissues at a fine scale, we used phosphor plate imaging of positron
emissions. Immediately following whole-plant radioactivity measure-
ments, rosettes were excised at the soil line and all aboveground tissues
were exposed for 5 min on a phosphor imaging plate (Fuji BAS2500).
Reproductive tissue and wound/MeJA treated leaves were separated
fromuntreated rosette leaves to aid in the image analysis byminimizing
tissue overlap. For each tissue type, background radiationwas subtracted
from the number of photostimulated luminescence units (PSLs)
determined in adefined regionof interest (ROI)using Science Laboratory
99 Image Gauge software (Fuji Photo Film Co., Ltd, Tokyo, Japan). Values
used in statistical analyses were corrected to area (mm2) of ROI.

2.5. Whole-plant tracer dynamics

The allocation of 18FDG and/or its metabolites to above- and
belowground tissues was quantified using a Geiger–Müller counter
fitted with a plastic cap, which allowed only gamma radiation to be
detected by the instrument. The radioactivity in the above- and
belowground tissues was measured and related as a percent of total
plant activity, with all data decay corrected to a specific time.

2.6. Tissue extraction

Immediately following autoradiography, treated leaves, untreated
leaves and reproductive tissues were weighed, flash frozen and then
ground in liquid N2 using a mortar and pestle. Sugar and secondary
metabolites were extracted in 2 ml of methanol (70% vol/vol in
deionized water) for 10 min at 90°C, and the resulting extract was
filtered through a 0.22-μM filter (Millipore Inc., Billerica, MA, USA).

2.7. Radio HPLC analyses

2.7.1. Analysis of 18FDG-related metabolites
The extent to which 18FDG was incorporated into Arabidopsis

secondary metabolites was determined using HPLC (HPLC System-1).
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A 60- μl volume of filtered methanol/water extract was injected into a
reverse-phased analytical radio HPLC (Sonntek Smartline 1000
system; Sonntek Inc., Upper Saddle River, NJ, USA) using a Luna C18
column (5-μm particle size, 250×460 mm at 20°C; Phenomenex,
Torrance, CA, USA) and a mobile phase that comprised 20 mM
tetrabutyl ammonium bisulfate in 20% acetonitrile (1 ml min−1).
Monitoring was accomplished using a UV detector at 230 nm
(Sonntek 2500 detector; Sonntek Inc.) connected in series to a NaI
gamma radiation detector (Ortec Inc., Oak Ridge, TN, USA) that
enabled direct measurement of the amount of radioactivity associated
with each substrate eluting the column. Analog outputs from both the
UV and radiation detectors were fed to a chromatography data
acquisition station (SRI Instruments, Torrance, CA, USA) where
integrated peak areas were measured from both inputs using
PeakSimple software (SRI Instruments).

2.7.2. Analysis of radioactive soluble sugars
To test whether 18FDG is transported throughout the plant in its

intact form or as a different soluble sugar, we performed a soluble
sugar analysis of the methanol/water extract from radiolabeled
petioles and distal tissues where 100 μl samples were injected onto
a second radio HPLC system (HPLC System-2) that used a Lichrosorb
NH2 column (10-μmparticle size, 250mm×4.6mm i.d.; Phenomenex)
and a mobile phase (1.8 ml min−1) sustained at 80% acetonitrile/20%
water to test for the presence of 18FDG. The sugar analysis columnwas
calibrated against standards of other mono- and disaccharide sugars,
but we only observed radiotracer in its original 18FDG form.

TheHPLC System-2was used to confirm the incorporation of 18FDG
into radiolabeled secondary metabolites (i.e., glycoside com-
pounds). Individual analytes were collected from System 1 at the
outlet stream of the radiation detector following HPLC separation.
Analytes were subjected to acid hydrolysis in 500 μl of 6 M HCl at
90°C for 20 min to cleave off conjugated sugars [28]. Samples were
neutralized using a mass equivalent of NaOH, and a 100-μl volume
was injected on System 2. The elution profile of the acid-
hydrolyzed, recovered 18FDG sugar was matched against that of
an authentic 18FDG standard.

2.8. Statistical analyses

One-way and two-way analyses of variance (ANOVAs) were
performed followed by Tukey's Honestly Significant Difference post
hoc comparisons. Normality and equality of variance were verified
using Kolmogorov–Smirnov and Levene's tests, respectively. Data that
did not meet the criteria of these tests were transformed (arcsine,
Fig. 2. Photograph of Arabidopsis (left) and corresponding positron autoradiograph (right) de
Similar sectorial distribution across rosettes and within individual leaves was also observed
through the cut petiole of L7 (labeled with bold arrow in left image). Blue coloration indicat
located orthostichous to the cut petiole (untreated leaves); NON-ORTH, two representative n
(treated leaves).
square-root) or analyzed using nonparametric methods (Wilcoxon
rank sum test). Data were analyzed using SAS statistical package
version 9.2 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. 18FDG distribution among aboveground tissues

Three hours after the petiole of leaf seven was labeled with 18FDG,
radioactivity was most concentrated in the petiole of that leaf and in
the younger and older leaves most directly above and below it in the
phyllotaxy (Figs. 2 and 3). This pattern of tracer movement is
consistent with previously described vascular connections between
the labeled leaf and others in its orthostichy [29,30] and occurred in
both vegetative and reproductive plants (Figs. 2 and 3). Sectoriality
was also apparent in individual leaves, where labeling was often
stronger on one side of the midrib than the other (Fig. 2).

Wounding and MeJA treatment increased the accumulation of
radioactivity in treated, nonorthostichous leaves in vegetative plants
3 h after labeling (Fig. 3A). This increase was statistically significant
(Fig. 4; ANOVA of treatment: P=.0095 and tissue: P=.016; control
n=9, MeJA n=6). Wound/MeJA treatment also visibly increased the
average amount of radiotracer in untreated leaves, which included
leaves both orthostichous and nonorthostichous to the labeled
petiole; however, this effect was not statistically significant (Fig. 4,
‘untreated leaves’).

In reproductive plants, 18FDG transport to nonorthostichous,
wound/MeJA-elicited leaves was visibly increased relative to controls
(Fig. 3B). The quantified increase was statistically significant at Pb.08
(Fig. 4B; control n=8, MeJA n=8). Wounding leaves and treating
nonorthostichous leaves with MeJA increased the average radiotracer
accumulation in the stem of the bolt in reproductive (bolting) plants
(Fig. 3B), although a large degree of variation among replicates limited
our ability to support this obvious change statistically (Fig. 4B). There
was no increase in radiolabel in untreated leaves.

3.2. Whole-plant allocation patterns

Both aboveground and belowground tissues accumulated 18FDG
3 h after labeling. However, untreated vegetative and reproductive
plants differed in how much of the label went aboveground and
belowground. In reproductive plants, the major fraction of tracer
accumulated aboveground, compared to vegetative plants, which
accumulated the major portion of tracer belowground (Fig. 5). The
difference in allocation pattern between the two plant stages was
picting sectorial distribution of 18FDG among aboveground tissues in vegetative plants.
in reproductive plants (not shown). Plants were imaged 3 h after tracer administration
es low radioactivity with increasing radioactivity for yellow and then red. ORTH, Leaves
onorthostichous leaves selected for wounding andMeJA treatment during experiments

image of Fig.�2


Fig. 3. Positron autoradiographs showing the combined effect of wounding andMeJA treatment on the distribution of 18FDG among aboveground tissues in representative vegetative
(A) and reproductive (B) plants. Plants were imaged 3 h after tracer administration through the cut petiole of L7 (labeled with white arrow). In all images, blue coloration indicates
low radioactivity with increasing radioactivity for yellow and then red. The two nonorthostichous leaves (NON-ORTH) treated with MeJA (and equivalent leaves for control plants)
and bolted stem (BS) were removed from the rosette containing the untreated leaves (ORTH) and shown separately in all images. Circles indicate NON-ORTH leaf pairs. Distribution
values were calculated as radioactivity in treated, untreated and bolted tissues and are shown as mean percent±S.E. of total plant radioactivity (vegetative: control n=9, MeJA n=6;
reproductive: control n=8, MeJA n=8).
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statistically significant (growth stage and tissue type interaction:
Pb.0001; vegetative control n=8, MeJA n=4; reproductive control
n=7, MeJA n=6). The increase in aboveground tracer accumulation
in reproductive plants appeared to be due largely to increased
allocation to the growing reproductive stem (Fig. 3B). Wounding
and MeJA treatment did not induce reallocation of 18FDG to
belowground tissues of vegetative and reproductive plants (Fig. 5;
vegetative: P=.57, control n=8, MeJA n=4; reproductive: P=.73,
control n=7, MeJA n=6).

3.3. 18F-metabolite characterization

Soluble sugar analysis of radiolabeled petioles using HPLC
System-2 revealed that 18FDG persists as an intact sugar molecule
during its transport to distal tissues of Arabidopsis. When the
radiolabeled HPLC sugar peak was compared with authentic sugar
standards including 18FDG, we only observed radiotracer in its
original 18FDG form (data not shown).

For all treatments and tissue types, HPLC chromatograms from
HPLC System-1 of methanol tissue extracts showed two distinct
radiolabeled peaks in addition to that of 18FDG (Fig. 6B; Peak 1 and
Peak 2). We found that Peak 1 coincided with the elution time of an
authentic anthocyanin standard (Fig. 6A), cyanidin 3-O-[2-O(2-
O-(sinapoyl)-β-D-xylopyranosyl)-6-O-(4-O(β-D-glucopyranosyl)-p-
coumaroyl-β-D-glucopyranoside] 5-O-[6-O-(malonyl) β-D-glucopyr-
anoside], which is known to be a major anthocyanin present in leaves
and stems of Arabidopsis [31].

Further characterization of the radiolabeled metabolites involved
postcolumn derivatization. Peak 1 and Peak 2 were individually
collected HPLC System-1 and subjected to acid digestion to cleave
possible conjugated sugar molecules from the backbone skeleton.
Subsequent reanalysis on HPLC System-2 enabled us to look for the
presence of the radiolabeled sugar component after acid digestion. Our
results showed that Peak 1 included the original 18FDG sugar (Fig. 7B),
matching that of an authentic 18FDG standard (Fig. 7A), and thus
represented one or more glycosidic compound(s) where one of the
units contained 18FDG. However, acid digestion of Peak 2 did not yield
the original 18FDG structure (Fig. 7C).

The combination of wounding and MeJA treatment elicited
changes in 18FDG utilization in secondary metabolism of Arabidopsis.
We found that 18FDG incorporation into Peak 1 metabolites differed
among treated and untreated tissues of vegetative and reproductive
plants (Fig. 8; ANOVA, Pb.001). Wounding and MeJA application
increased 18FDG incorporation into Peak 1 in treated leaves of both

image of Fig.�3


Fig. 4. Effect of treatments on fine-scale distribution of 18FDG in aboveground tissues of
vegetative (A) (control, n=9; MeJA, n=6) and reproductive (B) (control, n=8; MeJA,
n=8) plants 3 h after administration. Bars represent mean PSLs corrected for
background radiation (BG) for each image and normalized to FW (mg) of tissue.
Error bars reflect the mean±S.E. Bars denoted by * (Pb.08) and ** (Pb.05) show the
significance of the effect of defense induction on 18FDG allocation to aboveground
tissues (Wilcoxon rank sum test).

Fig. 5. The effect of treatments on whole-plant distributions of 18FDG. Tissue allocation
was determined by the amount of radioactivity measured in above- and belowground
tissues as the percent of the total radioactivity taken up by the plant determined by
scintillation counting. Percentages were arcsine transformed for statistical analysis
using ANOVA (control: vegetative n=8, reproductive n=7; MeJA: vegetative n=4,
reproductive n=6). The difference in allocation pattern between the two plant stages
was statistically significant (**Pb.0001). Wounding and MeJA treatment did not induce
reallocation of 18FDG to belowground tissues of vegetative and reproductive plants
(vegetative, P=.57; reproductive, P=.73).

Fig. 6. HPLC chromatograms showing a typical metabolite profile of plant tissue extract
after 18FDG administration. Trace (A) shows the elution profile of a standard of an
anthocyanin compound commonly found in Arabidopsis. The chromatogram was
acquired on System-1 using a reverse-phased analytical HPLC column (Luna C18
column, 5-μm particle size, 250×460 mm at 20°C; Phenomenex) with an isocratic
gradient of 20 mM tetrabutylammonium bisulfate in 20% acetronitrile/80% water (1.5
ml min−1) monitored at 230 nm. Trace (B) shows the radioactivity response from
aqueous methanol tissue extract injected onto the same system. In addition to 18FDG,
two radiolabeled metabolite peaks were observed.
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vegetative (Fig. 8A; P=.056; control n=7, MeJA n=6) and reproduc-
tive plants (Fig. 8B; P=.056; control n=6, MeJA n=8). Untreated
leaves were unaffected.

The amount of free 18FDG present in the bolted stem decreased
marginally in reproductive plants treated with MeJA compared to
controls (Fig. 8B; P=.071; control n=8, MeJA n=8). Utilization of
18FDG in Peak 1 increased in the same tissue (Fig. 8B; P=.13; control
n=8,MeJA n=8); however, this effect was not statistically significant.
This observation parallels our imaging results showing an apparent
increase in 18FDG transport to the bolt tissue of MeJA-treated
reproductive plants (Fig. 3B).

4. Discussion

Our results illustrate how the use of short-lived tracers like 18FDG
provide another tool for exploring rapid resource dynamics and
factors controlling resource partitioning into secondary metabolic
pathways in plants. Earlier work demonstrated that 18FDG can be
loaded into phloem and transported between source and sink tissues
[25], but our results suggest that this tracer travels as an intact 18FDG
sugar molecule to distal tissues where it is incorporated into
secondary metabolites. While it remains to be seen whether transport
of 18FDG accurately reflects movement of other commonly trans-
ported sugars in plants (e.g., sucrose and raffinose), this work
provides a strong foundation for developing the use of 18FDG as a
radiotracer in future studies, as well as a surrogate for glucose
metabolism during the induction of defense chemistry.

Our results showed that wounding and MeJA elicit changes in
resource dynamics of Arabidopsis within 3 h. Plant responsiveness
was measured on two levels: movement of the radioactive sugar
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Fig. 7. HPLC chromatograms from System-2 showing sugar profiles. Trace (A) shows
the sugar profile of a commercial batch of 18FDG. Trace (B) shows the sugar profile of
Peak 1 after acid digestion. We see good correlation in retention times between the
digested Peak 1 sample and the 18FDG standard. Trace (C) shows the sugar profile of
Peak 2 after acid digestion. We did not see a correlation in retention times between
digested Peak 2 radioactive components and the 18FDG standard.

Fig. 8. Effect of treatments on theutilizationof 18FDG in secondarymetabolites in vegetative
(A) and reproductive (B) plants. Bars represent the ratio of mean MeJA treatment group
divided by the mean of its relevant control group. Error bars are ±S.E. *.08NPN.05 and
**P=.05 (Tukey's Honestly Significant Difference multiple comparisons tests).
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surrogate 18FDG among tissues and its incorporation into secondary
metabolism. Unelicited vegetative and reproductive plants exhib-
ited sectorial tracer movement consistent with well-defined
vascular connections among leaves when 18FDG was administered
to a single cut petiole. In the rosette, a sector could be identified
that consisted of the leaf petiole that received the 18FDG and the
vertical column of younger and older leaves above and below it,
reflecting the 3+5 spiral leaf phyllotaxy in Arabidopsis [32]. Within
leaves of the rosette, sectoriality extended to leaf halves on one
side parallel to the midrib, similar to patterns reported for other
species [33], and is likely to arise from restricted vascular
connections that constrain patterns of carbon movement [34].
This finding is consistent with that of Kiefer and Slusarenko [29],
who reported partial-leaf labeling with 14C in Arabidopsis, but found
the sector to comprise the basal half of the leaf, perpendicular to
the midrib.

Others have linked variation in induced defenses with the degree
of connectivity between damaged and undamaged leaves, and it has
long been thought that signaling molecules such as JAs may travel via
direct vascular connections within orthostichous tissues to cue
systemic defense induction [5,35]. Two additional studies found
that vasculature constrains Arabidopsis defense responses to patho-
gens [29,30]. Our study links the movement of potential defense-
related substrates in Arabidopsis in response to wound or herbivore-
related elicitation.

Because orthostichies defined the major route of 18FDG transport
when a single petiole was cut and labeled, we expected that the
response to elicitation with wounding and MeJA would also be
constrained by the flow of signals or resources between opposite
leaves, as determined by the orthostichy. However, when nonorthos-
tichous leaves were damaged and treated with MeJA, 18FDG transport
to these tissues also increased. These findings are consistent with a
recent study in tobacco demonstrating that 11C-MeJA travels to leaves
that are nonorthostichous to the tracer administration site, despite
that plant's highly sectorial vascular architecture [8]. While plant
phyllotaxy links source and sink tissues by a common transport
stream, minor connections among other leaves on the stem still exist
[36]. The transport of 18FDG into nonorthostichous tissues observed in
this study may reflect rapidly occurring lateral transfer of resources
between vascular bundles [5].

In vegetative plants, most of the radiotracer had accumulated
belowground 3 h after labeling, suggesting that the roots are normally
a significant sink drawing photosynthate from source leaves to a
greater extent than do aboveground leaves. Eliciting two leaves
shiftedmore tracer to aboveground tissues, but allocation to roots still
dominated. As expected, bolting reversed this pattern because of
allocation to the growing stem, although, in unelicited plants, the
stem did not accumulate greater tracer concentrations than leaves.
However, eliciting two leaves on reproductive plants increased the
average tracer concentrations not only in those leaves but also in the
bolted stem. This latter observation could not be confirmed
statistically, but the pattern was consistent in autoradiographs. We
speculate that variation in tracer reaching the stem in treated plants
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may have depended on the vascular connections between the labeled
leaves and the stem.

The shift in tracer allocation from belowground in vegetative
plants to aboveground allocation in reproductive plants indicates
that the bolt is a strong-enough sink to compete with roots. Sink
competition between roots and reproductive structures may also
extend to vegetative structures on reproductive plants. The average
tracer accumulation in leaves of vegetative plants was decreased by
as much as 67% compared with reproductive plants, although these
differences were not statistically significant. This kind of competition
among reproductive, vegetative and root sinks is common, highly
dynamic [37] and ecologically significant. It has been shown to
influence the success of galling aphids on Populus [38] and Pistacia
trees [39], where aphid success depends on the insects' ability to
enhance the sink strength at the feeding site [40]. Other in-
vestigators have acknowledged different responses in defense
chemistry and subsequent resistance to herbivory as plants enter
their reproductive stage [41]; indeed, the observation that the
photosynthate invested in reproduction has a negative impact on
investment in defense has a long and storied history in ecology [42].
Many of these relationships might be explained by understanding
competition among sinks.

Increased transport of 18FDG into elicited leaves is consistent with
our previous studies indicating that MeJA, wound, or insect elicitation
increases local sink strength, increasing transport of carbon-contain-
ing materials to elicited sites [10,27]. We previously found this
transport to occur primarily among orthostichous leaves (in Populus);
the present study extends this observation to elicited leaves not in the
same orthostichy with the labeled leaf. It seems likely that different
plant species may have greater or lesser lateral transport among
orthostichies [5].

Wound- or MeJA-enhanced sink strength in treated leaves is likely
to be the basis for increased import of 18FDG to MeJA-treated leaves.
Wounding increases local sink strength [43] and up-regulates
expression of the sucrose transporter (AtSUC3), as well as a
monosaccharide/H+ symporter (AtSTP4) in Arabidopsis to supply
hexoses for secondary metabolite biosynthesis induced during stress
responses [44,45]. These results also are consistent with our previous
studies showing that the ability of a leaf to respond to herbivory or JA
elicitation with elevated phenolic concentrations depends on that
leaf's ability to import carbohydrates from other plant modules
[10,27]. This carbohydrate import may be necessary because both
herbivory and JAs decrease photosynthesis in leaves, limiting the
production of local carbon resources available for secondary metab-
olism [46]. As a result, the ability of an attacked leaf to respond with
enhanced phenylpropanoids may depend on enhanced sink strength
induced by attack, as these compounds can be large metabolic sinks
for carbon substrates [10].

Analyses of plant extracts did indeed show that wounded leaves
treated with MeJA incorporated 18FDG transported from nonorthos-
tichous sources into phenolic glycoside synthesis. Our results
suggested that the major radiolabeled metabolite (Peak 1) was likely
an anthocyanin [31]. We acknowledge, however, that other glycosy-
lated phenylpropanoid derivatives common in Arabidopsis [47] could
also be associated with this radiolabeled metabolite. Our findings
contrast with findings in animals where 18FDG does not participate in
metabolic processes that utilize intact glucose [48], but is predicted by
our previous work in Populus, showing that labeled carbon is
transported and incorporated into phenolic compounds [10,27].

In general, phenolic compounds are known to be involved in
responses to biotic and abiotic stresses, functioning as UV-B pro-
tectants and in chemical defense against herbivores and pathogens in
a wide range of plant species [49]. JA treatment and insect herbivory
have been shown to induce accumulation of gene transcripts and key
enzyme activities associated with phenylpropanoid biosynthesis and
to increase the accumulation of downstream phenolic metabolites
[22,50]. Several phenolic glycosides conjugated with malate (5-
hydrocyferuloyl-, caffeoyl-, coumaroyl-, feruloyl- and sinapoyl-
malate), for example, have been shown to be significantly induced
in Brassica rapa leaves treated with MeJA [51]. Similar results have
also been reported in Medicago truncatula cell cultures [52] and
soybean seedlings [53]. Rapid accumulation of phenolic metabolites
also has been observed in Arabidopsis cells undergoing a hypersen-
sitive response [54].

We found enhanced transport to elicited leaves within 3 h after
treatment. We have obtained similar results in Populus after 24 h [27].
Others have reported mobilization of resources away from damaged
sites (toward roots and storage organs), sometimes within minutes
following herbivory [55] and up to several days post-treatment [19–
21,56–58]. The adaptive value of moving resources away from
damage sites has been explained in various ways including storing
reserves for later re-growth and sequestration away from herbivores
[59]. While we found that the majority of labeled material fed to
Arabidopsis leaves was transported belowground whether or not
plants were elicited, elicitation clearly caused more radiotracer to be
moved into treated leaves than untreated leaves. Similarly, while we
found that blocking transport to roots greatly enhanced aboveground
accumulation in Populus, indicating that substantial labeled material
is transported belowground during induction [10], there, too, labeled
carbon was concurrently imported to elicited leaves and incorporated
into phenolics. Frost and Hunter [57] also found enhanced movement
of carbon from labeled leaves into insect-damaged leaves coincident
with belowground movement. These studies indicate that in
Arabidopsis, red oak and hybrid poplar, movement of 18F-labeled
sugar and 13C to leaves and their incorporation into phenolics are
enhanced when those leaves are wounded, attacked by insects and/or
treated with JAs, while normal transport to roots continues. We find
that these events are best explained by localized increases in
invertase activity in the elicited leaves [10,27], which we have
found in these and several other plant species (T. Arnold, unpub-
lished; A. Ferrieri, unpublished).

5. Conclusions

Our conclusions may differ from those of investigators finding
export away from elicited tissues for several reasons. With one
exception, studies finding elicited increases in transport to roots
commonly employ 11C as the tracer, while others have used 13C or
18FDG. It is possible that molecules moving in different directions
in the plant differentially acquire these tracers, thus highlighting
the need to identify the materials actually transported in future
studies. The direction and extent of transport, as well as response
to elicitation, all depend on the specific sink or source status of the
leaves fed and elicited. While several of the studies on elicited
changes in carbon transport describe the leaves studied as ‘sink,’
‘source’ or ‘transition,’ a clear basis for this (such as pretreatment
carbon movement or invertase activity) was not given. Over the
course of most experiments (up to a week), fed and treated leaves
can age from sink to source status rather quickly, so even if the
sink/source status of a leaf is known at the start, that will have
changed during the course of the experiment. We suspect that
carbon movement to and from individual leaves is highly dynamic
and that responsiveness to elicitation also changes rapidly as leaves
age. Moreover, it is clear that the presence or absence of competing
sinks can alter movement patterns as well. Resolving the
conundrum of “bunkering” resources away from attacked leaves
versus induced defenses depending on wound-enhanced movement
to elicited leaves will require studies done with the same tracers
and precise knowledge of the starting and ending sink/source
status of each leaf.

This study furthers our understanding of resource transport with
regard to vascular architecture and documents the ability of
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competing sinks to shape plant responses to diverse environmental
stimuli. Our results contribute to our understanding of source–sink
interactions in relation to plant secondarymetabolism and its broader
importance for pest resistance in other plant species. An understand-
ing of source–sink relationships in Arabidopsis can be readily
transferred to related Brassica crops and highlights the tradeoffs
that exist between defense, fruit size and quality, which have
implications in biotechnology.
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