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Abstract—Phenolic compounds are generally believed to be key components
of the oxidative defenses of plants against pathogens and herbivores.
However, phenolic oxidation in the gut fluids of insect herbivores has rarely
been demonstrated, and some phenolics could act as antioxidants rather than
prooxidants. We compared the overall activities of the phenolic compounds in
red oak (Quercus rubra) and sugar maple (Acer saccharum) leaves in the
midgut fluids of two caterpillar species, Malacosoma disstria (phenolic-
sensitive) and Orgyia leucostigma (phenolic-tolerant). Three hypotheses were
examined: (1) ingested sugar maple leaves produce higher levels of
semiquinone radicals (from phenolic oxidation) in caterpillar midgut fluids
than do red oak leaves; (2) O. leucostigma maintains lower levels of phenolic
oxidation in its midgut fluids than does M. disstria; and (3) phenolic
compounds in tree leaves have overall prooxidant activities in the midgut
fluids of caterpillars. Sugar maple leaves had significantly lower ascorbate:
phenolic ratios than did red oak leaves, suggesting that phenolics in maple
would oxidize more readily than those in oak. As expected, semiquinone
radicals were at higher steady-state levels in the midgut fluids of both
caterpillar species when they fed on sugar maple than on red oak, consistent
with the first hypothesis. Higher semiquinone radical levels were also found in
M. disstria than in O. leucostigma, consistent with the second hypothesis.
Finally, semiquinone radical formation was positively associated with two
markers of oxidation (protein carbonyls and total peroxides). These results
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suggest that the complex mixtures of phenolics in red oak and sugar maple
leaves have overall prooxidant activities in the midgut fluids of M. disstria
and O. leucostigma caterpillars. We conclude that the oxidative defenses of
trees vary substantially between species, with those in sugar maple leaves
being especially active, even in phenolic-tolerant herbivore species.

Key Words—Prooxidant, phenolic compound, oxidation, caterpillar, Mala-
cosoma disstria, Orgyia leucostigma, peroxide, semiquinone radical, protein
carbonyl, red oak, Quercus rubra, sugar maple, Acer saccharum.

INTRODUCTION

The phenolic compounds produced by plants represent a diverse array of over
8000 known structures (Thompson, 1964; Harborne, 1985; Bravo, 1998; Vinson
et al., 2001). Along with oxidative enzymes, such as polyphenol oxidases and
peroxidases, phenolic compounds are generally considered to be key compo-
nents of the oxidative defenses of plants against pathogens and herbivores
(Duffey and Stout, 1996). The products and byproducts of phenol oxidation
include semiquinone radicals, quinones, and reactive oxygen species (e.g.,
hydrogen peroxide and hydroxyl radicals), each of which can damage nutrients
in the gut lumens of insect herbivores or produce cytotoxic effects in their
tissues (Gant et al., 1988; Felton et al., 1989, 1992; Canada et al., 1990; Zheng
et al., 1997; Thiboldeaux et al., 1998; Galati et al., 2002; Hagerman et al.,
2003). Thus, the oxidation of phenolics is believed to be an important step
contributing to their biological activity (Canada et al., 1990; Ahmad, 1992;
Appel, 1993; Summers and Felton, 1994; Pardini, 1995; Barbehenn et al.,
2003b).

The physiological roles played by ingested phenolics vary, however, depend-
ing upon their chemical structures and physicochemical environments (e.g., pH,
redox potential, and concentrations of oxidases, oxidants, and antioxidants)
(Larson, 1995; Metadiewa et al., 1999; Sugihara et al., 1999; Galati et al.,
2002; Sakihama et al., 2002; Hagerman et al., 2003). For example, if certain
phenolics scavenge free radicals or otherwise function as reducing agents and
they have structures that form stable semiquinone or phenoxyl radicals, they can
act as antioxidants (Buettner, 1993; Hagerman et al., 1998; Halliwell and
Gutteridge, 1999). Indeed, recent evidence has suggested that low molecular
weight phenolics may act as antioxidants in some caterpillars (Johnson and
Felton, 2001).

In this study, electron paramagnetic resonance spectrometry (EPR) was
used to measure the steady-state levels of semiquinone radicals (produced by
the one-electron oxidation of di- or trihydroxy phenolics) in caterpillar midgut
fluids. In order to distinguish between the overall prooxidant or antioxidant
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activities of foliar phenolics, semiquinone radical levels were measured in con-
junction with two markers of oxidation (protein carbonyls and total peroxides).
We reasoned that if ingested phenolics had an overall prooxidant activity in
midgut fluids, a positive association would be observed between levels of
semiquinone radicals and markers of oxidation. By contrast, if semiquinone
radicals were formed during the protection of other molecules from oxidation,
then an overall antioxidant activity would be indicated by a negative association.
In support of this rationale, previous work has shown that tannic acid in an
artificial diet acts as a prooxidant in the midgut fluids of two caterpillar species:
high levels of semiquinone radicals were associated with increased levels of
reactive oxygen species and markers of oxidation (Barbehenn et al., 2001, 2003b,
unpublished data).

Phenolic compounds have a strong tendency to oxidize at the high pH found
in many caterpillar midguts (ca. pH 10) unless there is sufficient ascorbate present
to chemically reduce semiquinone radicals (Barbehenn et al., 2001, 2003b). Thus,
the potential for foliar phenolics to oxidize in the midgut fluids of caterpillars
was predicted by examining the ratio of ascorbate to total phenolics in red oak
and sugar maple leaves (Barbehenn et al., 2003b). Based on our previous work
on these tree species (Barbehenn et al., 2003a), sugar maple leaves were
expected to contain low ratios of ascorbate:phenolics and to produce high levels
of phenolic oxidation, while red oak leaves were expected to contain high ratios
of ascorbate:phenolics and to produce low levels of phenolic oxidation
following ingestion.

The two caterpillar species chosen for comparison were expected to differ
in their abilities to handle ingested phenolics. Malacosoma disstria Hiibner
(Lasiocampidae), the forest tent caterpillar, is a phenolic-sensitive species that
feeds on the spring foliage of a wide range of deciduous trees in North America
(Stehr and Cook, 1968). Orgyia leucostigma Smith (Lymantriidae), the white-
marked tussock moth, is a phenolic-tolerant species that also feeds on a wide
range of North American trees during spring and summer broods (Baker, 1972).
The degree of phenolic tolerance ascribed to the two species is based primarily
on the extent to which phenolics ingested in artificial diets are oxidized in their
midguts and, in the case of M. disstria, the formation of pupal deformities
(Karowe, 1989). O. leucostigma maintains lower levels of phenolic oxidation in
its midgut fluids than does M. disstria (Barbehenn and Martin 1992, 1994;
Barbehenn et al., 2001, 2003b), but little work has been done on the gut
biochemistries of these herbivores on their host plants.

This study examined three hypotheses: (1) ingested sugar maple leaves pro-
duce higher levels of semiquinone radicals than red oak leaves; (2) O.
leucostigma maintains lower levels of phenolic oxidation than M. disstria; and
(3) phenolic compounds in tree leaves have overall prooxidant activities in the
midgut fluids of caterpillars.
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METHODS AND MATERIALS

Trees. Red oak (Quercus rubra L.) (N = 14) and sugar maple (Acer
saccharum Marshall) (N = 12) were tagged at three sites in Ann Arbor, MI,
USA, the University of Michigan campus, the Matthaei Botanical Garden, and
the Kuebler-Langford Park. Twigs containing terminal leaf clusters from the
sunlit side of trees were cut with a pole pruner. Twigs were selected
haphazardly, but damaged or diseased leaves were avoided. They were placed
in a flask of water and returned to the lab for feeding experiments or were
placed in labeled plastic bags and kept on ice in the dark until extracted 2—4 hr
later. Leaves were sampled on the 12th of June and the 10th of July 2003. In
addition, preliminary measurements were made on a group of three red oak and
sugar maple trees on the 14th of May. Leaf lengths were measured repeatedly in
the study trees beginning in May to determine the time when leaf expansion was
complete.

A representative leaf (e.g., excluding small or young terminal leaves) was
selected from within each leaf cluster. These leaves were cut in half along the
length of the midrib, and the thickened portion of the midrib was removed. Leaf
halves were immediately weighed (200-800 mg), ground in liquid nitrogen, and
extracted in 3.0 ml of 5% (wW/v) metaphosphoric acid (containing 1 mM EDTA;
ambient oxygen) or nitrogen-purged ethanol (Barbehenn et al., 2003a). Samples
were extracted for 30 min (ambient temperature) and then centrifuged (1000 g,
5 min). The extraction process was repeated, and supernatant solutions were
pooled within samples. Ethanolic extracts were kept under a nitrogen atmo-
sphere, and all samples were stored at —80°C until they were analyzed. A
second leaf from each cluster was weighed, after removing the midrib, and dried
at 70°C for 3 d in an open glassine envelope. The water content of these leaves
was used to estimate the percent dry weight (%DW) of leaves used for chemical
analysis.

Insects. The main comparisons between M. disstria and O. leucostigma
were made in mid-June (on recently expanded leaves) and in mid-July (on
mature leaves). M. disstria normally completes most of its development on
expanding leaves, and EPR measurements were done to coincide with this
period. M. disstria and O. leucostigma eggs were obtained from the Canadian
Forrest Pest Management Institute (Sault Ste. Marie, Ontario, Canada). The diet
for both species was prepared as described previously (Barbehenn et al., 2001),
with the exceptions that linseed oil was substituted for wheat germ oil, methyl
paraben was omitted, and sodium alginate was included (2.9% dry diet). Larvae
were maintained in petri dishes in incubators (primarily at 23°C, 16-hr L, 8-hr
D) until the final-instar. Colonies of both species were maintained at 18°C when
it was necessary to slow their growth to synchronize their developmental stages.
Final-instar larvae were assigned at random to feed on red oak or sugar maple
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leaves collected from three trees of each species on the University of Michigan
campus. The same trees and leaf-sampling protocol were used for all experi-
ments. Twigs with attached leaves were placed in water in 15-ml centrifuged
tubes that were placed inside ventillated plastic boxes (30 x 19 x 10 cm).
Leaves in June and July were coated with 200 pl of a 70% acetone solution of
sucrose (2% dry weight) to promote feeding. The percent dry weight of the
added sucrose was calculated based on the dry weight of untreated leaves. A
micropipet was used to dispense the solvent evenly across each leaf, placing the
pipette tip parallel to the leaf surface to avoid scratching the leaf. Boxes were
replaced in an incubator where larvae were fed for 2 d. Freshly treated leaves
were provided on the second day, using the same trees for each caterpillar
species (but different trees from the previous day). On the third day of each
experiment, midgut fluids were collected from dissected larvae, as described
previously (Barbehenn et al., 2001). Gut fluid samples were kept under a
nitrogen atmosphere at all times to avoid artifactual oxidation (Johnson and
Barbehenn, 1999).

Chemical Analyses. Ascorbic acid was measured in metaphosphoric acid
extracts using high-performance liquid chromatography (HPLC) (Lykkesfeldt
et al., 1995; Barbehenn, 2003). Samples were stored for 1-2 mo before analysis.
Total phenolics were measured in ethanol extracts using the Prussian blue assay
(Price and Butler, 1977) as modified by Graham (1992), using gum arabic to
stabilize the colored product. This redox assay is based on the formation of a
colored complex (ferric ferrocyanide) upon the reduction of iron (Fe III) by
phenolic compounds. Samples were stored for 1-3 mo before analysis. Samples
were diluted 20-fold with nitrogen-purged ethanol before analysis. Purified
tannic acid, composed primarily of tetra- to octagalloylglucose (J.-P. Salminen,
unpublished data), was used to construct standard curves. All assays were scaled
to 200 pl to fit in a 96-well microplate, and absorbances were read at 655 nm
with a Bio-Rad Benchmark microplate reader (Bio-Rad, Hercules, CA, USA).
To correct total phenolics measurements for the absorbance caused by foliar
ascorbate, a regression between ascorbate concentration and Prussian blue
formation was determined. The Prussian blue absorbance contributed by foliar
ascorbate in each sample was then subtracted from the total absorbance value
for each of the samples. Ascorbate accounted for 30-40% of the “total
phenolics” in oak and for 20% of the “total phenolics” in maple. The unknown
phenolic compositions of the tree leaves precluded reporting phenolic concen-
trations on a molar basis, and therefore, all concentrations were expressed on a
percent dry weight basis in purified tannic acid equivalents.

To provide a general indication of the accuracy of the Prussian blue assay,
total phenolics were analyzed with HPLC or the acid—butanol method (for
condensed tannins). A single sample of red oak and sugar maple leaves
(including each of the trees used as food plants) was collected in mid-July 2004.
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Leaf samples were lyophilized, extracted in 70% aqueous acetone, and the
extracts were analyzed with HPLC using a diode array detector (Salminen et al.,
1999). Hydrolyzable tannins were calculated in pentagalloyl glucose equiv-
alents (at 280 nm), flavonoids in quercetin equivalents (at 349 nm), chlorogenic
acids in chlorogenic acid equivalents (at 315 nm), coumaroylquinic acids in
coumaric acid equivalents (at 315 nm), and the remaining phenolics (other than
condensed tannin) as gallic acid equivalents (at 280 nm). Condensed tannins
were measured with the acid—butanol method (Ossipova et al., 2001), using
purified birch leaf-condensed tannins as a standard.

Protein carbonyls were measured in midgut fluids with the 2,4-dinitrophe-
nylhydrazine (DNPH) method (Reznick and Packer, 1994; Quinlan and
Gutteridge, 2000). Samples (50-110 mg) were extracted in 400 ul of pH 6.5
phosphate buffer (200 mM, nitrogen-purged) containing 20 mg of hydrated
polyvinylpolypyrrolidone (Sigma). Samples were collected from five to 11
replicate larvae from each insect species on each tree species on the 13th of
June, and samples from 10 to 15 larvae were collected on the 15th of July (O.
leucostigma) and 17th of July (M. disstria). All samples were stored under a
nitrogen atmosphere at —80°C until they were analyzed after 4—4.5 mo. Protein
carbonyls were measured in thawed extracts (kept on ice) after treating 200
pl of the supernatant solutions with streptomycin sulfate (22.2 pl; 10% w/v in
50 mM, pH 7.0, HEPES buffer). After centrifugation (8000 g, 5 min, 4°C),
proteins remaining in the supernatant solution were precipitated with trichloro-
acetic acid (100 pl, 28% w/v). Protein pellets were treated with 500 ul of 7 mM
DNPH (Acros) prepared in 2 M hydrochloric acid (37°C, 15 min). Treated
protein pellets were washed free of unbound DNPH and solubilized in a
guanidine hydrochloride solution (6 M; Acros) as described by Quinlan and
Gutteridge (2000). An extinction coefficient of 22,000/M for the DNPH protein
carbonyl adduct at 370 nm was used to calculate protein carbonyl concen-
trations (Reznick and Packer, 1994; Quinlan and Gutteridge, 2000). Correction
for interfering substances was made by running DNPH-free controls from each
of the treatments. Protein concentrations in the sample supernatants were
measured with the modified Bradford assay and quantified with a bovine serum
albumin standard curve (Stoscheck, 1990). Protein carbonyl levels were ex-
pressed as nanomoles protein carbonyl per milligram protein.

Total peroxides (hydrogen peroxide and organic peroxides) were measured
in methanol extracts with the FOX assay (Nourooz-Zadeh et al., 1994).
M. disstria midgut contents (25-35 mg from the mid-midgut) were extracted
in 1.0 ml of 90% methanol (nitrogen-purged), and the midgut contents of O.
leucostigma (10-20 mg) were extracted in 0.5 ml of 90% methanol. Following
centrifugation (8000 g, 3 min), a 35-ul aliquot of the supernatant solution was
diluted with 70 ul of 90% methanol. M. disstria (N = 14-22/tree species) were
examined on the 18th of June and the 11th of July, and O. leucostigma
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(N = 14/tree species) were examined on the 14th of July. The FOX reagent was
prepared fresh daily using ambient oxygen solvents. All assays were scaled to fit
in a 96-well microplate, and absorbances were read at 540 nm with a microplate
reader. Measurements were made within a period of approximately 1 hr from
the time of dissection. A hydrogen peroxide standard curve was used to de-
termine total peroxide concentrations.

Electron Paramagnetic Resonance Spectrometry. Midgut contents (20 mg)
were dissected from larvae, alternating between the four caterpillar/tree species
combinations. Midgut contents were extracted in 300 pl of pH 10 carbonate
buffer (70 mM) containing 10% (v/v) dimethyl sulfoxide (nitrogen-purged).
Samples in 2.0-ml microcentrifuge tubes were kept under a nitrogen atmosphere
at all times. Samples were centrifuged for 1 min (approximately 10,000 g,
ambient temperature). Semiquinone radicals in supernatant solutions were
measured with a Bruker EMX spectrometer (Bruker Instruments, Billerica, MA,
USA), using the instrumental parameters described previously (Barbehenn
et al., 2003b). The time between dissecting each caterpillar and starting an EPR
scan was recorded. The area of each spectrum was quantified by double in-
tegration using WinEPR software (Bruker Instruments). The sizes of semi-
quinone radical spectra decreased above a threshold phenolic concentration in
both midgut fluid samples and in standards, apparently from semiquinone
radical disproportionation (unpublished data). Therefore, the EPR spectra from
a range of sample dilutions of each sample type were measured to confirm that
semiquinone radical intensities increased with increasing sample mass over the
full range of sample masses used. Standard curves based on tannic acid were
linear over a shorter range than was necessary for quantifying the large radical
spectra produced by sugar maple phenolics. Therefore, semiquinone radical
intensity was expressed as the double integral area/sample mass, where the
double integral area is in arbitrary units determined by instrumental parameters.
Semiquinone radical intensities could be compared across all sample types in
this and in previous studies because the same instrumental parameters were used
in all cases. Radical intensity measured as the double integral area per milligram
is directly proportional to, but approximately 10- to 17-fold larger than, mea-
surements of spectrum height per milligram used previously (Barbehenn et al.,
2003b). The identity of semiquinone or ascorbyl radicals was based upon the
comparison of their spectra with standards and spectra obtained previously
under identical conditions (Barbehenn et al., 2003b). As observed previously,
semiquinone radical spectra from sugar maple and red oak phenolics had
sigmoidal line shapes similar to those of tannic acid standards.

To correct for the decay in radical spectra through time, regressions were
plotted of radical intensity vs. time. Samples of the four treatment groups were
run in the 15th and 16th of May (Figure 3). These regressions included three to
four samples of each type that were rescanned once or twice to extend the time
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range over which data were collected. Based on these regressions, semiquinone
radical intensities in May, June, and July were adjusted to the levels expected
after a period of 5 min. Time periods between extracting a sample and starting
an EPR scan averaged 5.0 (£0.2 min) in June and 5.2 (£0.3 min) in July,
necessitating only minimal adjustments to these data. Sample sizes in each
experiment ranged from eight to 15 replicate larvae for each of the four
treatment groups. Midgut fluids from all four treatment groups were examined
on the 10th of June, and additional M. disstria and O. leucostigma larvae were
examined on the 11th and the 14th of June, respectively. Midgut fluids from M.
disstria and O. leucostigma larvae were also examined on the 11th and the 14th
of July, respectively.

Statistical Analyses. Concentrations of phenolic compounds and ascorbate,
and ascorbate:phenolic ratios in red oak and sugar maple were compared using
nested ANOVA, with site nested within tree species, and repeated measures on
individual trees (PROC MIXED) (SAS, 2000). Significant effects are reported
in the results. Semiquinone radical intensities, peroxides, and protein carbonyls
were compared using two-way ANOVA, with insect and tree species as main
effects. In May, when multiple EPR runs were made through time on the same
sample, only the first EPR run on each sample was included in the ANOVA. To
compare regressions of semiquinone radical intensity on time in May (Figure
3A, B), entire data sets (including multiple scans per sample) were analyzed
with ANCOVA using time as the covariate (SAS, 2000). The normality of
residuals was tested using PROC UNIVARIATE (SAS, 2000). If residuals could
not be normalized by transformation, the significance of main effects was
determined by Kruskal-Wallis tests (Wilkinson, 2000). Pairwise differences
between means were examined by differences of least-squares means generated
by PROC MIXED (SAS, 2000), or by Kruskal-Wallis tests. No significant
differences were observed between days in experiments that were run on more
than 1 d, and these data were combined for final analysis. The spatial separation
of analytical equipment used in different experiments and the small sample
volumes available necessitated performing separate experiments to measure
each analyte in caterpillar midgut fluids. Thus, the associations between
semiquinone radical formation and markers of oxidation were examined by
plotting mean levels (Figure 5A, B). The associations between semiquinone
radical intensities and protein carbonyl concentrations in the midgut fluids of
M. disstria and O. leucostigma (Figure 5A) were examined with regressions
(Wilkinson, 2000) and by ANCOVA, using semiquinone radical intensity as the
covariate (SAS, 2000). Insufficient data were available to examine the
association between semiquinone radical intensities and total peroxide concen-
trations in O. leucostigma statistically. However, a visual examination of this
relationship in M. disstria and O. leucostigma (Figure 5B) suggested that a
single linear regression for the two species was appropriate and sufficient to
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examine whether semiquinone radical intensities are positively or negatively
associated with the formation of peroxides.

RESULTS

Sugar maple leaves contained lower levels of ascorbate and higher levels of
phenolic compounds than did red oak leaves in mid-June (Figure 1A). Similar
results were obtained in mid-July (Figure 1B), with the exception that ascorbate
levels were not significantly different between the species. Nevertheless,
ascorbate:phenolic ratios remained significantly lower in sugar maple leaves in
June (0.045 +0.009) and July (0.056 +0.007) than in oak in June (0.19 £ 0.02) and
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FIG. 1. Ascorbate and total phenolic levels in red oak (Q. rubra) and sugar maple (4.
saccharum) leaves in mid-June (A) (soon after leaf expansion) and mid-July (B). Upper
case letters that differ indicate significant differences between tree species for ascorbate
(P < 0.05). Lower case letters that differ indicate significant differences between tree
species for total phenolics.
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July (0.25 £ 0.06) (P < 0.001). In a preliminary sample of leaves in May,
ascorbate levels averaged 0.6% in both species. Total phenolics averaged 2.4
and 3.6% in red oak and sugar maple, respectively, demonstrating that levels of
total phenolics doubled as sugar maple leaves matured but remained at lower
levels in red oak. Therefore, the early spring foliage of sugar maple used as food
in this study also had a lower ascorbate:phenolic ratio (0.17 + 0.01) than did red
oak (0.24 + 0.02) (P = 0.050). Total phenolics in July 2004, expressed as the
sum of the individual phenolics, measured 3.4% in red oak and 13.0% in sugar
maple. To the extent that year-to-year variation in the experimental trees was
negligible, the Prussian blue assay appears to have underestimated total
phenolics, but provided a useful estimate of the relative amounts of phenolics
in the two tree species.
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FIG. 2. Semiquinone (SQ) radical intensities in the midgut fluids of final-instar O.
leucostigma and M. disstria larvae that fed on red oak or sugar maple leaves in mid-June
(A) or in mid-July (B). Semiquinone radical intensity is defined as the double integral of
the EPR spectrum per milligram sample, and all EPR spectra were standardized to a scan
time beginning at 5 min after sample extraction. Different letters designate significant
differences between the four treatments.
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Semiquinone radical intensities were higher in the midgut fluids of
caterpillars that were fed on maple than on oak in June and July (Figure 2A, B)
(P < 0.001 for each month). Although semiquinone radical intensities were
greater in M. disstria than in O. leucostigma in July (P = 0.056), they did
not differ in June (P = 0.71). On early spring foliage, semiquinone radical
intensities in O. leucostigma and M. disstria averaged 0.02 = 0.002 SE and
0.14 + 0.02 SE on oak, and 0.18 + 0.01 SE and 0.30 = 0.02 SE on maple,
respectively. Thus, in May, higher semiquinone radical intensities were formed
in maple-feeding caterpillars than in those feeding on oak (P < 0.001), and
higher semiquinone radical intensities were formed in M. disstria than in O.
leucostigma (P < 0.001). Generalizing across all 3 mo, higher semiquinone
radical intensities were formed in maple-feeding caterpillars than in those
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FIG. 3. Changes in semiquinone (SQ) radical intensity through time in the midgut fluids
of final-instar O. leucostigma (open circles) and M. disstria (closed squares) on red oak
(A) or sugar maple (B) in mid-May. Times indicate the number of minutes between the
extraction of a sample and the beginning of an EPR scan of the sample.
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feeding on oak (P < 0.001), and they were higher in M. disstria than in O.
leucostigma (P = 0.002). Semiquinone radical intensities were higher overall in
May than in June (P = 0.002) or July (P = 0.001). In comparison with
semiquinone radical intensities measured previously in M. disstria that were fed
on an artificial diet containing a mixture of 5% tannic acid and 2.3% ascorbate
(Barbehenn et al., 2003b), radical intensities in M. disstria on sugar maple were
roughly half as large.

Phenolic compounds in red oak leaves formed relatively stable semiquinone
radicals in the midgut fluids of O. leucostigma and M. disstria (Figure 3A).
Changes in semiquinone radical levels averaged only +0.0003 and —0.0025
intensity units/min in O. leucostigma and M. disstria, respectively. By
comparison, semiquinone radicals from sugar maple phenolics had decay rates
averaging —0.012 and —0.017 intensity units/min in O. leucostigma and M.
disstria, respectively (Figure 3B). Thus, semiquinone radicals from sugar maple
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FIG. 4. Protein carbonyl levels in the midgut fluids of final-instar O. leucostigma and M.
disstria larvae that fed on red oak or sugar maple leaves in mid-June (A) and in mid-July
(B). Different letters designate significant differences between the four treatments.
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decayed more rapidly than did those from oak in O. leucostigma (P < 0.001)
and showed a similar trend in M. disstria (P = 0.086). Rates of radical decay
were not significantly different between the caterpillar species when they each
fed on red oak (P = 0.508) or sugar maple (P = 0.792).

The formation of brown pigments, especially in larvae that fed on sugar
maple, suggested that a substantial fraction of the semiquinone radicals oxidized
further to form quinones and melanin-like compounds. The gut contents of oak-
feeding larvae were commonly bright green, but some browning was observed
in M. disstria in June and July. Browning was observed in the midgut fluids of
many M. disstria larvae when they were fed on sugar maple in June and July
(and to a lesser extent in May), but the contents of O. leucostigma were
typically dark green in the spring and summer.
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FIG. 5. Association between semiquinone radical intensities and protein carbonyl levels
(A) and total peroxide levels (B) in the midgut fluids of final-instar O. leucostigma and
M. disstria larvae that fed on red oak or sugar maple leaves in mid-June or in mid-July.
In panel B, closed squares = M. disstria in July, closed triangles = M. disstria in June,
open circles = O. leucostigma in July. The lower means plotted for each insect species
are from larvae that fed on red oak in June or July.
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TABLE 1. TOTAL PEROXIDE CONCENTRATIONS IN THE MIDGUT FLUIDS OF FINAL-INSTAR
O. leucostigma AND M. disstria LARVAE THAT FED ON RED OAK OR SUGAR
MAPLE LEAVES®

Host plant Insect species Date Peroxides (mM) N
Red oak M. disstria June 18 0.9 £0.1° 22
Sugar maple M. disstria June 18 3.7 +04° 18
Red oak O. leucostigma July 14 0.7 £0.1° 14
Red oak M. disstria July 11 14+02° 15
Sugar maple O. leucostigma July 14 2.9 +0.4¢ 15
Sugar maple M. disstria July 11 23 +0.2° 15

“Data are presented as mean + SE. Summary statistics followed by different letters (within months)
are significantly different (P < 0.05).

Protein in midgut fluids was oxidized to a greater extent in caterpillars
that were fed on sugar maple than on red oak, both in June (P < 0.001) and July
(P = 0.043) (Figure 4A, B). Protein carbonyl levels were also greater in
M. disstria than in O. leucostigma in June (P < 0.001) and July (P < 0.001).
Protein carbonyls in M. disstria were positively associated with semiquinone
radical intensities in their midgut fluids (R* = 0.95, P = 0.025) (Figure 5A). In
O. leucostigma, there was a much weaker association between protein carbonyls
and semiquinone radical intensities (R* = 0.63, P = 0.21), although a non-
significant result in this case could be due to a small sample size (N = 4).
ANCOVA provided confirmation that, at a given semiquinone radical intensity,
protein carbonyls were formed to a greater extent in M. disstria than in
O. leucostigma (P = 0.043). Proteins also appeared to be oxidized at a higher
rate in M. disstria than in O. leucostigma, as indicated by a significant
interaction between species and semiquinone radical intensity (P = 0.046;
Figure 5A).

Total peroxide concentrations were consistently higher in larvae that were
fed on sugar maple than on red oak (Table 1). However, peroxide levels in July
were higher in O. leucostigma than in M. disstria on maple, the opposite of the
result expected. Nevertheless, total peroxides in both caterpillar species were
positively associated with semiquinone radical intensities in their midgut fluids
(R*> = 0.72; P = 0.033 for both species combined) (Figure 5B).

DISCUSSION

It has been hypothesized that phenolic compounds derive much of their anti-
herbivore activities from being “oxidatively activated” (Appel, 1993). However,
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few previous studies have clearly demonstrated that ingested phenolics in leaves
oxidize in midgut fluids. Phenolic oxidation in the gut lumen has been suggested
by studies that have measured (1) the loss of phenolics or increase in their
oxidation products in frass (Felton et al., 1989; Barbehenn et al., 1996;
Salminen and Lempa, 2002); (2) oxidative damage to the midgut epithelium
(Summers and Felton, 1994; Bi and Felton 1995; Bi et al., 1997); or (3) the
supression of ingested pathogens (Appel and Schultz, 1994; Hoover et al., 1998).
However, in some of this previous work, including our own, it is likely that
some fraction of phenolic oxidation occurred in frass after it left the low oxygen
conditions in the gut, either from autooxidation or from polyphenol oxidase
activity (Johnson and Barbehenn, 1999; Wang and Constabel, 2004). It is also
possible that low molecular weight phenolics produce oxidative damage follow-
ing their absorption into the midgut epithelium. The use of EPR spectrometry
provides a direct measure of phenolic oxidation in the midgut fluids of cat-
erpillars. Thus, a major finding in this study is the observation that phenolic
compounds ingested in red oak and sugar maple leaves are oxidized in the midgut
fluids of caterpillars. The overall prooxidant activity of these mixtures of
phenolics is suggested by the positive relationships between semiquinone radical
formation and two markers of oxidation in the midgut fluids from M. disstria and
O. leucostigma. Although these results are correlative, it is noteworthy that
previous experiments in which levels of phenolic compounds were controlled
produced similar results; tannic acid ingested in an artificial diet also oxidized
to produce elevated levels of semiquinone radicals, protein carbonyls, and
peroxides, particularly in M. disstria (Barbehenn et al. 2001, 2003b, unpublished
data). The results of the present study are consistent with two additional
hypotheses: (1) the oxidation of phenolics and markers of oxidative damage are
greater in the midgut fluids of caterpillars feeding on maple than in those feeding
on oak; and (2) the levels of oxidation are greater in the phenolic-sensitive
species M. disstria than in the phenolic-tolerant species O. leucostigma.

As expected, sugar maple leaves contain lower ascorbate:phenolic ratios
and produce substantially higher semiquinone radical levels in caterpillar
midgut fluids than red oak leaves. However, high levels of semiquinone radicals
were also produced in the midgut fluids of both M. disstria and O. leucostigma
when they ingested an artificial diet containing an ascorbate:gallic acid ratio of
0.21 (on a %DW basis) (Barbehenn et al., 2003b). Therefore, differences in
ascorbate:phenolic ratios alone cannot explain (1) why a similar ascorbate:phe-
nolic ratio in red oak leaves (0.25) produces a low level of semiquinone radicals
in midgut fluids, (2) why high levels of semiquinone radicals are produced in
larvae that feed on sugar maple in May (ascorbate:phenolics ratio of 0.17), or
(3) why semiquinone radicals from sugar maple phenolics decay rapidly, while
those from red oak are relatively stable in gut fluids. It appears likely that both
the propensity of specific types of phenolics to oxidize and the stability of
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the semiquinone radicals formed also affect the extent of oxidative damage
in midgut fluids. Sugar maple leaves analyzed from July of 2004 contained
high levels of ellagitannins, condensed tannins, and gallotannins, while red
oak leaves were rich in condensed tannins, but contained almost no measurable
ellagitannins or gallotannins (J.-P. Salminen, unpublished data). This difference
in phenolic composition, along with the differences in semiquinone radical in-
tensity and decay rates between the two tree species, leads us to suspect that
sugar maple phenolics are more prone to oxidize and to damage other bio-
molecules than are the phenolics in red oak leaves. Other components of the
oxidative defenses of maple and oak leaves, such as their oxidative enzymes,
could also contribute to the observed differences in the activities of ingested oak
and maple phenolics.

The relatively high levels of semiquinone radicals produced in M. disstria
and O. leucostigma in May compared to June and July suggest that feeding on
spring foliage does not necessarily allow these herbivores to avoid the
prooxidant activities of ingested phenolic compounds. It is well known that
the phenolic compositions of tree leaves change seasonally, even in cases in
which there is an apparent lack of change in total phenolic levels (e.g., Salminen
et al., 2004). It would be of interest to examine whether the types of phenolic
compounds in immature leaves produce higher semiquinone radical intensities
than those in mature leaves and to confirm whether biomarkers of oxidation are
also higher in May in maple-feeding caterpillars.

As noted above, the observation that phenolic compounds are oxidized more
extensively in M. disstria than in O. leucostigma is consistent with previous
work on the propensity of ingested phenolics to oxidize in these species
(Barbehenn and Martin, 1992, 1994; Barbehenn et al., 2001, 2003a,b). There-
fore, differences in the gut biochemistries of M. disstria and O. leucostigma that
have been observed on artificial diets are relevant to the more complex mixtures
of phenolic compounds found in their host plants. A key conclusion of these
studies has been that O. leucostigma maintains a more efficient ascorbate
recycling system than does M. disstria, thereby minimizing phenolic oxidation.
Higher ascorbate concentrations are found in O. leucostigma than in M. disstria
on artificial diets and on tree leaves in July, but not on immature leaves in the
spring (Barbehenn et al., 2001, 2003a). Thus, we are unable to explain the lower
levels of semiquinone radicals formed in O. leucostigma on the basis of higher
ascorbate levels in all cases.

Were levels of semiquinone radicals and markers of oxidation sufficiently
low in O. leucostigma to suggest that phenolic compounds in oak can act as
antioxidants in the midgut lumen? An experiment to determine this, such as one
in which phenolic-poor leaves were treated with different levels of oak
phenolics and levels of markers of oxidation were negatively correlated with
phenolic levels, has not been done. However, the low peroxide levels in the
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midgut fluids of caterpillars on artificial diets suggest that peroxide levels in the
midgut fluids of O. leucostigma on oak were increased, rather than decreased,
by oak phenolics. Peroxide levels in midgut fluids of both O. leucostigma and
M. disstria on a phenolic-free diet were on the order of 50-100 uM (using the
FOX and red ferrithiocyanate assays) and even peroxide levels measured on a
diet containing 5% tannic acid were well below the levels of total peroxides
measured in O. leucostigma on oak (Barbehenn et al., 2001, unpublished data).
Nevertheless, red oak does appear to be a relatively benign host plant in terms
of its oxidative defenses for both species of caterpillars tested.

In the case of sugar maple, the oxidative damage it generates in caterpillars
could potentially explain its poor host plant quality for M. disstria in its
northern range (Nicol et al., 1997). Increases in both protein oxidation and
peroxides are potentially harmful to insect fitness (Cadenas, 1995; Felton, 1996;
Halliwell and Gutteridge, 1999). However, we are unaware of studies that have
clearly shown a negative relationship between the oxidation of phenolic
compounds in the gut fluids of insects and their performance. Such work is
needed to examine the effectiveness of plant oxidative defenses against insect
herbivores more closely.
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