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Abstract Tannins are believed to function as antiherbivore
defenses, in part, by acting as prooxidants. However, at the
high pH found in the midguts of caterpillars, the oxidative
activities of different types of tannins vary tremendously:
ellagitannins >> galloyl glucoses > condensed tannins.
Ingested ascorbate is utilized by caterpillars to minimize
phenolic oxidation in the midgut. Thus, leaves that contain
higher levels of reactive tannins and lower levels of
ascorbate were hypothesized to produce higher levels of
phenolic oxidation in caterpillars. We tested this hypothesis
with eight species of deciduous trees by measuring their
foliar phenolic and ascorbate compositions and measuring
the semiquinone radical (oxidized phenolic) levels formed
in caterpillars that ingested each species. When the
generalist caterpillars of Orgyia leucostigma (Lymantriidae)
fed on the leaves of tree species in which condensed tannins
were predominant (i.e., Populus tremuloides, P. deltoides,
and Ostrya virginiana), semiquinone radical levels were
low or entirely absent from the midgut contents. In contrast,
species that contained higher levels of ellagitannins (or
galloyl rhamnoses; i.e., Quercus alba, Acer rubrum, and A.
saccharum) produced the highest levels of semiquinone
radicals in O. leucostigma. Low molecular weight phe-
nolics contributed relatively little to the overall oxidative
activities of tree leaves compared with reactive tannins.
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Ascorbate levels were lowest in the species that also
contained the highest levels of oxidatively active tannins,
potentially exacerbating phenolic oxidation in the gut
lumen. We conclude that the tannin compositions of tree
leaves largely determine the effectiveness of foliar phe-
nolics as oxidative defenses against caterpillars such as
O. leucostigma.
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Introduction

Phenolics are ubiquitous chemical defenses in leaves,
playing protective roles against a wide variety of biotic
agents and abiotic stresses. Tannins are the predominant
phenolics produced in tree leaves, often reaching levels of
5-20% dry weight (DW) in temperate deciduous species.
Whereas tannins were long believed to act as protein-
binding agents that reduced the digestive efficiencies of
insect herbivores, protein binding in vivo is now known to
be precluded by high pH and/or surfactants generated from
lipid digestion (Martin et al. 1987). Instead, as defenses
against caterpillars, tannins can act as anti-feedants or have
toxic or anti-nutritive effects. Because tannins are not
absorbed, their post-ingestive effects are thought to result
from their oxidation in the midgut lumen (Barbehenn 2001;
Barbehenn et al. 2005). The oxidation of phenolics
produces semiquinone radicals and other reactive oxygen
species. If levels of these products overwhelm the antiox-
idant defenses in the midgut lumen or tissues, oxidative
stress ensues. The oxidative damage to a wide variety of
biological molecules (including nutrients, cell membrane
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components, and DNA) that occurs from oxidative stress is
believed to contribute to reduced fitness in insect herbivores
(Summers and Felton 1994; Bi and Felton 1995; Bi et al.
1997).

Ascorbate is the main low molecular weight (MW)
antioxidant found in the gut fluids and tissues of leaf-
feeding insects (Felton and Duffey 1992; Barbehenn et al.
2001, 2003a). However, antioxidant defense systems that
utilize ascorbate can be overwhelmed when insects feed on
leaves that contain either large amounts or highly reactive
types of tannins (Barbehenn et al. 2005). The most reactive
types of tannins in the high pH conditions found in
caterpillar midguts are ellagitannins, followed by galloyl
glycosides (or “gallotannins”) and, distantly, by condensed
tannins (Barbehenn et al. 2006b; Moilanen and Salminen
2008). Whether this pattern of tannin structure and
reactivity also occurs in the complex chemical mixtures
found in the midgut fluids of leaf-feeding herbivores has
been examined with only one pair of tree species. Acer
saccharum (containing relatively high levels of ellagitannins)
produced high levels of semiquinone radicals in the midgut
contents of caterpillars, while Quercus rubra (primarily
containing condensed tannins) produced low levels of
semiquinone radicals in caterpillars (Barbehenn et al. 2005,
2006a). In this study, the association between foliar chemical
composition and phenolic oxidation was examined in a
diverse group of tree species when eaten by the generalist
caterpillar Orgyia leucostigma (Lymantriidae). The caterpil-
lars of O. leucostigma are highly polyphagous and include
the wide variety of tree species in this study in their diet
(Baker 1972; Wagner 2005). Phenolics and ascorbate were
quantified in the leaves of eight North American deciduous
trees: Populus tremuloides (quaking aspen), P. deltoides
(cottonwood), Ostrya virginiana (ironwood), Carya glabra
(bitternut hickory), Q. rubra (red oak), Q. alba (white oak),
A. rubrum (red maple), and A. saccharum (sugar maple).
Phenolic oxidation in the midgut fluids of O. leucostigma
was compared between tree species by measuring levels of
semiquinone radicals with electron paramagnetic resonance
(EPR) spectrometry. EPR spectrometry permits the sensitive
and specific detection of free radicals in the complex
chemical environment of biological samples (Rosen et al.
1999; Barbehenn et al. 2005). This study tested the
hypothesis that the proportion of oxidatively active tannins
to ascorbate in tree leaves is positively associated with levels
of phenolic oxidation in caterpillars.

Methods and Materials

Tree Leaf Chemistry Six trees of each species were tagged
at ten sites, primarily in parks and woodlands in Ann Arbor,
MI, USA. Trees of each species were sampled from at least

three different sites. A mixture of wild and planted trees of
Q. rubra and the Acer species were used. All other trees
were growing wild. Trunk diameters at breast height were
measured to estimate the following tree sizes (mean
[centimeters] + SE): P. tremuloides, 14.5+£2.0; P. deltoides,
39.6+4.5; O. virginiana, 13.6+2.6; C. glabra, 59.5+24.0;
Q. rubra, 32.6+4.6; Q. alba, 39.6+£11.0; A. rubrum, 19.4+
4.5; and A. saccharum, 27.7+£7.7. Branch tips were cut
from the sunny sides of trees at a height of 24 m and
immediately placed in flasks of water. Leaves from the
same collection used for feeding O. leucostigma were kept
intact on twigs in containers of water overnight in an
incubator to control for potential changes in foliar chemistry
during the feeding period. Leaf midribs were removed with a
razor blade, and the remaining leaf lamina were weighed. To
measure ascorbic acid, leaves were ground in liquid nitrogen,
extracted in 5% metaphosphoric acid (containing 1 mM
ethylenediaminetetraacetic acid), and stored at —80°C until
analyzed with high-performance liquid chromatography
(HPLC; Barbehenn 2003). To measure phenolics, leaves
were frozen (—80°C), lyophilized, and ground. Phenolic
analyses were performed in Turku, Finland with HPLC
coupled with a diode array detector and mass spectrometer,
as described previously (Salminen et al. 1999; Barbehenn
et al. 2006a). Hydrolyzable tannins were quantified in
pentagalloyl glucose equivalents (280 nm), flavonoids
in quercetin equivalents (349 nm), chlorogenic acids in
chlorogenic acid equivalents (315 nm), coumaroylquinic
acids in coumaric acid equivalents (315 nm), and the
remaining phenolics (other than condensed tannins) as
gallic acid equivalents (280 nm). In addition, total
condensed tannins were estimated with the acid—butanol
assay (Ossipova et al. 2001), with purified birch leaf
condensed tannins as a standard. The chemical composi-
tions of the leaves fed to larvae during a second experiment
with multiple tree species were also analyzed as described
above.

Free Radicals in Caterpillars Eggs of O. leucostigma were
obtained from the Canadian Forest Pest Management
Institute (Sault Ste. Marie, Ontario). Larvae were reared
until the final instar in an incubator (23°C, 16:8 h, light/dark)
on an artificial diet, as described previously (Barbehenn et al.
2005). Larvae were randomly assigned to feed on the leaves
of one of two tree species examined at one of four dates:
Acer species on July 4, 2006, Quercus species on July 7,
Populus species on July 11, and O. virginiana and C.
glabra on July 14. In the first experiments, a single tree
from each species was used, providing seven to nine insect
replicates on each foliar chemical profile. To demonstrate
that results for each species tested were not limited by the
use of a single tree per species, tree leaves from five of the
tree species were fed to separate groups of O. leucostigma
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on the same day (July 15), using trees from each species
different from those used in the first set of experiments.
Confirmatory EPR measurements were made on two to
three larvae per tree species. Q. rubra and A. saccharum
showed similar results in the first set of experiments as
were found previously (Barbehenn et al. 2005; unpublished
data), and these species were not reexamined. Leaves were
surface sterilized in a dilute bleach solution (2.5 ml/;
10 min) and rinsed in water (10 min). Twigs containing
clusters of leaves were kept in tubes of water to maintain
leaf turgor. Groups of final-instars were placed on the
leaves of each species in separate ventilated plastic boxes
(30%20%10 cm) and placed in an incubator (23°C, 16:8 h,
light/dark). Leaves of each species were readily eaten,
although a lower amount of feeding damage was observed
on Q. alba. Fresh leaves were provided on two consecutive
days, using the same tree from each species. A collection of
leaves from each tree was made on its second day for
chemical analysis, as described above. On the third day of
feeding, larvae were individually chilled (—20°C, 6 min),
and their midguts were dissected. Midgut fluids were
extracted in 300 pl of low-oxygen pH 10 carbonate buffer
(70 mM, containing 10% dimethyl sulfoxide; Barbehenn
et al. 2005).

Semiquinone and ascorbyl radicals were quantified with
EPR spectrometry, as described previously (Barbehenn
et al. 2006b). Standard solutions of the stable free radical,
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO; Aldrich
Chemical Co.) were run to confirm that the method was
consistent through time and to provide a free radical
standard for converting double integrals of spectra to a
concentration basis (nanomolar). Radical concentrations are
expressed as TEMPO radical equivalents. Radical concen-
trations in midgut fluid volumes were calculated by using a
value of 90% water in the midgut contents (Barbehenn
et al. 2003a). In some cases, EPR spectra were either too
weak to integrate accurately (e.g., negative double integral
values) or produced double integral values that were
overestimated because the baseline regions surrounding
the signal contributed (incorrectly) to the overall double
integral values. In these cases, WinEPR software (Bruker
Instruments, Billerica, MA, USA) was used to correct each
spectrum as follows. The first derivative spectrum was
baseline corrected by using the baseline area on either side
of the signal region. The corrected first derivative spectrum
was then integrated. The resulting absorption spectrum was
again baseline corrected by using the baseline areas on
either side of the signal region. This produced a signal
region flanked by flat baseline regions abutting a Y-axis
value of zero. The corrected double integral value was then
determined. For spectra that contained signals from both
semiquinone and ascorbyl radicals, an additional calcula-
tion was made to separate the two component signals. The
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ascorbyl radical double integral value was determined from
a regression of the peak heights of ascorbyl radical
absorption spectra (downfield peaks) vs. the double integral
values of these spectra. The semiquinone portion of the
mixed spectrum was then calculated as the difference
between the total radical and the ascorbyl radical double
integral values.

To test the possibility that the unusual EPR spectra from
caterpillars on C. glabra might have been caused by the
reduction of quinones by ascorbate, EPR was used to
examine juglone (Sigma Chemical Co.), a common quinone
from species of Juglandaceae. Juglone (0.9 mM final
concentration) was run alone and in mixtures with ascorbic
acid (0.4-0.8 mM final concentration). The same parameters
and experimental conditions for EPR were used as described
above.

The relative contributions of low MW phenolics to the
semiquinone levels measured in the midgut fluid O. leucos-
tigma was estimated by using representative compounds
from each of the groups of phenolic compounds measured:
gallic acid, p-coumaric acid, chlorogenic acid, catechin,
rutin, and its aglycone quercetin (Sigma Chemical Co.). In
addition, salicortin, a “phenolic glycoside” purified from P,
tremuloides, was examined (Lindroth et al. 1987). All
compounds were solubilized in 70% ethanol, prepared from
nitrogen-purged solvents, with the exception of rutin, which
was solubilized in 90% methanol. Semiquinone concentra-
tions formed from each phenolic were measured at three
phenolic concentrations (ranging between 22-648 pg/ml;
N=3 independent preparations/phenolic). The slopes of the
regressions of semiquinone concentration on phenolic
concentration normalize semiquinone radical concentrations
for the effect of phenolic concentration (Barbehenn et al.
2006b). Two scans of each sample were run by using
parameters and other experimental conditions identical to
those described for examining gut fluid extracts.

Statistical Analysis Foliar tannins, low MW phenolics and
ascorbic acid were compared among tree species with one-
way analysis of variance (Wilkinson 2000). Post hoc
comparisons among means were made with a Bonferroni
adjustment of « for unplanned comparisons. EPR spectra
from O. leucostigma were not significantly different among
trees (experiments) within species in terms of semiquinone
concentration (P>0.414; see Fig. 3a) or in line shape.
Therefore, EPR data were pooled within tree species,
providing results from two trees for most species and sample
sizes of 9—12 replicate larvae per tree species. Larvae were
fed leaves from only one tree from C. glabra, thus limiting
generalization from these results because of pseudoreplica-
tion. No replication of A. saccharum and Q. rubrum trees
was done after obtaining results that confirmed previous
results from these species (Barbehenn et al. 2005; unpub-
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Table 1 Phenolic and ascorbate composition of eight North American deciduous tree species

Species Ellagitannins  Galloyl glycosides ~ Condensed tannins ~ Low MW phenolics  Total phenolics  Ascorbic acid
Populus tremuloides 0+0a 0+0 5.5+0.9¢ 2.4+0.2cd 7.1+0.9a 0.77+0.08¢c
Populus deltoides 0+0a 0+0 1.6+1.2ab 3.6+0.4¢ 5.3+0.3a 0.45+0.04b
Ostrya virginiana 0+0a 0+0 5.24+0.5¢ 2.4+0.1cd 7.6+0.5a 0.46+0.03b
Carya glabra 1.7+0.2b 0+0 3.140.7abc 1.0+0.1ab 5.8+0.7a 1.18+0.12d
Quercus rubra 0.2+0.06a 0+0 4.0+0.5bc 2.0+0.1bc 5.3+0.5a 0.34+0.04ab
Quercus alba 4.2+0.4c 0+0 0.8+0.7ab 0.5+0.1a 5.8+0.6a 0.32+0.03ab
Acer rubrum 0+0a 17.3£1.1 0.7£0.2a 1.1+0.1c 19.1£1.3b 0.23+0.02a
Acer saccharum 7.5+0.2d 0.4+0.06 2.0+0.6abc 2.6+0.2b 12.9+0.7b 0.27+0.02a

Non-overlapping letters designate significantly different means (P<0.05).

Data are presented as percent DW (mean+SE). N=6 trees/species.

#Total phenolics was calculated as the sum of all individually measured phenolics.

lished data). Free radical levels in O. leucostigma (replicates)
were compared among tree species with Mann—Whitney U
tests, with a Bonferroni adjustment for unplanned compar-
isons (Wilkinson 2000). This experimental design was
intended to examine the main hypothesis that caterpillar gut
biochemistry varies among trees with specific foliar phenolic
profiles. Associations between foliar chemistry in individual
trees fed to O. leucostigma and semiquinone radical levels in
the midgut fluids of each larva were examined with Pearson
correlations (SAS 2003).

Results

Tannins comprised the bulk of the phenolic compounds in
most of the tree species (Table 1, Fig. 1). P. tremuloides, P.
deltoides, O. virginiana, and Q. rubra contained little or no
ellagitannins or galloyl glycosides. By contrast, Q. alba, A.
saccharum, and C. glabra contained substantial amounts of
ellagitannins. 4. rubrum and A. saccharum were the only
species that contained galloyl glycosides; 4. rubrum
contained large amounts of digalloyl rhamnose and lower
levels of tri-, tetra- and pentagalloyl rhamnose (unpublished
data), whereas A. saccharum primarily contained small
amounts of pentagalloyl glucose. Condensed tannins repre-
sented a major fraction (30—70%) of the phenolics in five of
the species (P. tremuloides, P. deltoides, O. virginiana, C.
glabra, and Q. rubra). By comparison, in three of the most
oxidatively active species (Q. alba, A. rubrum, and A.
saccharum), condensed tannin was a minor fraction (4—16%)
of the phenolics (Fig. 1).

Low MW phenolics were present in similar, small
amounts (0.5-2.6% DW) in most species (Table 2),
comprising between 6% and 41% of the total phenolics
(Fig. 1; excluding ascorbic acid). However, in P. deltoides,
low MW phenolics were both at higher absolute levels
(3.6% DW) and comprised a major fraction of the total
phenolics (69%). Chlorogenic acid (and its derivatives) and

flavonoid glycosides were the main types of low MW
phenolics in each species (Table 2). While chlorogenic acid
had relatively high oxidative activity, the oxidative activity
of rutin (a representative flavonoid glycoside) was low
(Table 3). The aglycone of rutin, quercetin, had substan-

P. deltoides

P. tremuloides

Low MW
phenolics

Low MW
phenolics

C. glabra

ET AA

Low MW \
phenolics

~ cT

Q. rubra Q. alba
ET AA
CT
[ Lowuw
"\\\\\\‘Q p::vnolics

A. saccharum

Low MW
phenolics

ET

Low MW
phenolics

GG
Fig. 1 Proportions of phenolics and ascorbate in the leaves of eight
tree species. Average levels from six trees per species are presented.
ET ellagitannin, CT condensed tannin, GG galloyl glycoside, MW
molecular weight, 44 ascorbic acid
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Table 2 Low MW phenolic composition of eight North American deciduous tree species

Species Gallic acid Coumaryl quinic Chlorogenic Catechin Flavonoid Other low MW
acid derivatives acid derivatives glycosides phenolics
Populus tremuloides 0+0 0.04+0.01 0.38+0.06bc 0.14+0.02b 1.48+0.08b 0.40+0.10
Populus deltoides 0+0 0+0 1.50+0.10e 0.04+0.01a 1.82+0.12b 0.24+0.03
Ostrya virginiana 0+0 0.35+0.05 0.52+0.07¢c 0.28+0.03¢ 1.30+0.16b 0+0
Carya glabra 0.01+0.003 0.02+0.01 0.13£0.02ab 0.04+0.01a 0.81+0.10a 0+0
Quercus rubra 0+0 0+0 1.10+0.10d 0.03+0.01a 0.71£0.04a 0.12+0.04
Quercus alba 0+0 0+0 0.05+0.02a 0+0a 0.45+0.04a 0+0
Acer rubrum 0.45+0.09 0+0 0+0a 0+0a 0.68+0.01a 0+0
Acer saccharum 0.024+0.003 0+0 0.96+0.08d 0.04+0.02a 1.36+0.14b 0.06+0.01

Data are presented as percent DW (mean+SE). N=6 trees/species. Derivatives include parent compounds (coumaryl quinic acid or chlorogenic acid).
Non-overlapping letters designate significantly different means (P<0.05).

tially higher activity than the glycoside, but aglycones were
below detectable levels in the tree leaves. The oxidative

the line shapes of condensed tannin radicals. By contrast,
species with substantial levels of ellagitannins, or galloyl

activities of catechin, rutin, and p-coumaric acid appeared
to be negligible. Although gallic acid was highly active, it
was present only in small amounts in A. rubrum. Salicortin
produced no EPR spectrum. Based on these representative
examples and the low foliar concentrations of low MW

glycosides, and low levels of ascorbic acid (i.e., Q. alba, A.
saccharum, and A. rubrum) produced high levels of semi-
quinone radicals (Figs. 1 and 2). These EPR spectra were

P. tremuloides P. deltoides

phenolics, their contributions to the semiquinone radical
levels observed in the midgut contents of caterpillars
appeared to be small.

Ascorbate levels varied widely between tree species: C.
glabra and P. tremuloides » P. deltoides and O. virginiana >
Q. rubra and Q. alba > A. rubrum and A. saccharum
(Table 1). For comparison with results provided on a fresh
weight basis, ascorbate levels ranged from 6.0 pmol/g in A4.
rubrum to 25.6 umol/g in C. glabra.

In the midgut contents of O. leucostigma that fed on tree M M

M

C. glabra

WWWMJ | W

WWM b

O. virginiana

species containing low levels of oxidatively active phenolics
(i.e., P. tremuloides, P. deltoides, and O. virginiana), semi-
quinone radicals were absent or at low levels (Fig. 2;
Table 4). In larvae on P. tremuloides and P. deltoides, only
ascorbyl radicals (benign) were present. In larvae on Q.
rubra and O. virginiana, EPR spectra were consistent with

Q. rubra

MWM — -

Semiquinone concentration®  A. rubrum \
[nM/(pg phenolic/ml)] A )

Table 3 Semiquinone radical concentrations from representative low
MW phenolics

Phenolic
compound

0.000.00a /o

0.50+0.03a M

0.98+0.05a \

4.19+0.38b m\f \J
11.59+0.43¢ L o L S S
28.22+1.11d 3476 3480 3484 3488 3476 3480 3484

[C] [C]

Fig. 2 Representative first derivative EPR spectra of midgut fluid
extracts from O. leucostigma larvae on the leaves of eight tree species.
An indication of the relative scale of each spectrum (in arbitrary Y-axis
units) is given by the constant background noise level

p-Coumaric acid
Rutin

Catechin
Quercetin
Chlorogenic acid

Gallic acid 3488

Measurements were made with EPR spectrometry in pH 10 buffer
(anaerobic).

Non-overlapping letters designate significantly different means (P<0.05).
#Data are presented as mean+SE, with N=3 (except rutin N=2).
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Table 4 Free radical concentrations in the midgut fluids of O. leucostigma larvae after feeding on eight North American deciduous tree species

Species Ascorbyl radical (nM) Semiquinone radical (nM) Number
Populus tremuloides 1098+66d 372+103a 9
Populus deltoides 667+69c 310+87a 9
Ostrya virginiana 369+69b 903+£169b 12
Carya glabra 950+£147d 5395+1060b 8
Quercus rubra 375+122bc 4459+1010b 9
Quercus alba 0+0a 45,450+5206d 11
Acer rubrum 0+0a 49,083+6568d 10
Acer saccharum 0+0a 15,452+1583¢ 9

Data are presented as mean+SE. N = larvae/tree species

Non-overlapping letters designate significantly different means (P<0.05).

similar to those of hydrolyzable tannins (Barbehenn et al.
2006b). EPR spectra from larvae on C. glabra were unique,
showing substantial levels of both ascorbyl and semiquinone
radicals (Fig. 2, Table 4). Similar “hybrid” EPR spectra were
produced in pH 10 reaction mixtures that contained juglone
and ascorbic acid (data not shown).

To quantify the association between foliar chemistry and
levels of semiquinone radicals in O. leucostigma, correla-
tions between these measures were plotted. The resulting
correlations provided some support for the hypothesis that
the proportion of oxidatively active tannins to ascorbate is
positively associated with semiquinone radical levels. The
correlation between total phenolics/ascorbate and semi-
quinone radical levels was relatively weak, in part, because
species that contained high proportions of condensed
tannins produced little or no measurable semiquinone
radicals (»=0.61, P<0.001; Fig. 3a). The correlation
between oxidatively active tannins/ascorbate and semi-
quinone radical levels appears to improve the correlation
because weakly active species are positioned near the origin
(r=0.68, P<0.001; Fig. 3b). However, Q. alba remained an
exception to the pattern presented by the other species. The
correlation between the percentage of oxidatively active
tannins and semiquinone radical levels fits Q. alba and
most other species closely (#=0.78, P<0.001; Fig. 3c). It is
noteworthy that negative correlations were observed be-
tween ascorbate and semiquinone radical levels (r=—0.62;
P<0.001) and between condensed tannins and semiquinone
radical levels (r=—0.53; P<0.001).

Discussion

A major goal of this study was to examine the association
between foliar chemistry (phenolics and ascorbic acid) and
phenolic oxidation in the midgut contents of caterpillars. The
percentage of the total phenolics composed of oxidatively
active tannins (ellagitannins and galloyl glycosides) was

strongly correlated with oxidative stress in O. leucostigma.
A broad range of oxidative activities in tree species could
be distinguished based on the levels of semiquinone
radicals they produced in O. leucostigma: (1) species that
produced a large percentage of oxidatively active tannins
(Q. alba, A. rubrum, and A. saccharum), (2) intermediate
species (C. glabra and Q. rubra), and (3) species that
produced a small percentage of oxidatively active tannins
(P. tremuloides, P. deltoides, and O. virginiana). Although
only one insect species was examined, O. leucostigma is
relatively phenolic tolerant (Barbehenn et al. 2005), and
higher levels of oxidative stress would be expected in many
less tannin-tolerant species.

As expected, ascorbate levels were negatively associated
with phenolic oxidation in O. leucostigma: Low ascorbate
levels were generally present in oxidatively active species,
and high ascorbate levels were commonly present in
species with low oxidative activities. Together with the
analyses of foliar phenolics, these results generally support
the hypothesis that the proportion of oxidatively active
phenolics to ascorbate is associated with phenolic oxidation
in caterpillars. However, Q. alba was an exception to this
pattern. Q. alba produced higher levels of semiquinone
radicals than expected, given its ellagitannin and ascorbate
levels. One potential reason for this exception is the
presence of highly reactive types of ellagitannins in Q.
alba, including vescalagin, castalagin, cocciferin D,, and
castavaloninic acid (Moilanen and Salminen 2008). These
ellagitannins are based on an acyclic glucose, whereas the
main ellagitannins of the other species in this study (i.e., O.
rubra, A. saccharum, and C. glabra) have glucopyranose
backbones (Salminen, unpublished data). Secondly, Q. alba
contained low levels of condensed tannins, both in absolute
terms and relative to the levels of the oxidatively active
phenolics present (Table 1; Fig. 1). Because condensed
tannins can decrease the rate of oxidation of more reactive
tannins (Barbehenn et al. 2006a), a low percentage of
condensed tannins means that the more reactive tannins can
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Fig. 3 Correlations between the foliar chemistry of ingested tree
leaves and semiquinone radical levels in the midgut contents of final-
instar O. leucostigma. Pearson correlation coefficients were calculated
with individual data (P<0.001 for each correlation), but means, from
each experiment, are plotted for clarity. Total phenolics is the sum of
all individually measured phenolics. Filled square Q. rubra, open
square Q. alba, filled diamond A. saccharum, open diamond A.
rubrum, open circle C. glabra, filled circle O. virginiana, ex mark P.
deltoides, asterisk P. tremuloides. Where not visible, data points are
overlapping

Semiquinones (nM)

oxidize near their maximum rates. This may explain the
improved correlation between the percentage of oxidatively
active phenolics and semiquinone radicals in O. leucos-
tigma (Fig. 3c). The correlation in Fig. 3¢ is also a useful
improvement over previous work, in which oxidative stress
was associated with the proportion of total phenolics to
ascorbic acid (Barbehenn et al. 2003b, 2005).

Tannins, especially ellagitannins and galloyl glycosides,
were the primary sources of oxidative stress in the midgut
contents of caterpillars in this study. This was due both to
their intrinsic reactivity and to the high levels of tannins
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produced in oxidatively active leaves. Low MW phenolics
were present in much lower levels than tannins in
oxidatively active tree species, and many of these com-
pounds have relatively low oxidative activities in the low-
oxygen, high pH conditions of caterpillar midguts. Even in
P deltoides, which contained the highest levels of chloro-
genic acid (1.5% DW), no measurable levels of semi-
quinone radicals were produced in the midguts of O.
leucostigma. Although only one representative flavonoid
and flavonoid glycoside was examined in this study, the
low rates of browning of a wide range of these phenolics
compared with ellagitannins support the generality of the
EPR results on quercetin and rutin (Salminen, unpublished
data). At sufficiently high levels, low MW phenolics could
play other roles as chemical defenses in tree leaves. Unlike
tannins, these phenolics can be absorbed from the midgut
contents (Summers and Felton 1994; Barbehenn 2001).
Therefore, low MW phenolics, and the quinones that they
form, might produce oxidative stress and/or toxicity in
insect tissues (Gant et al. 1988; Summers and Felton 1994;
but see Johnson and Felton 2001). Other potential toxins in
the trees in this study include alkaloids in species of
Aceraceae, quinones in the Juglandaceae (e.g., C. glabra),
and salicylates in the Salicaceae (Barbosa and Krischik
1987; Lindroth and Peterson 1988; Hemming and Lindroth
1995; Thiboldeaux et al. 1998).

Salicylates have often been called phenolic glycosides,
and it has been suggested that products of their metabolism
act as prooxidants in the midgut lumen (Clausen et al.
1989; Ruuhola et al. 2001). We were unable to detect the
formation of measurable levels of semiquinone radicals in
O. leucostigma that consumed the leaves of two salicylate-
producing species, P. tremuloides and P deltoides. In
addition, salicortin produced no measurable semiquinone
radicals and had a negligible rate of browning at pH 10
(Barbehenn, unpublished data). Previous work has noted
the difficulty of detecting the oxidation of phenolics from P.
tremuloides leaf tissues (Haruta et al. 2001), and work on
the chemical fate of ingested salicylates from Salix species
found little, if any, catechol (an oxidizable salicylate
metabolite) in the frass of Operophtera brumata (Ruuhola
et al. 2001). Together, these observations suggest that the
chemical defenses of trees in the Salicaceae function most
effectively as antifeedants and toxins in caterpillars.

We suspected that quinones in C. glabra, in combination
with high levels of ascorbate, produced the unique EPR
spectra observed in O. leucostigma. These spectra indicated
the presence of both high levels of semiquinone and
ascorbyl radicals (Table 4; Fig. 2). Mixtures of juglone
and ascorbic acid produced EPR line shapes that were
similar to those in O. leucostigma on C. glabra, suggesting
that the chemical reduction of quinones by ascorbate could
produce large concentrations of semiquinone and ascorbyl
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radicals simultaneously. Only a single tree of C. glabra was
examined, greatly limiting the extent to which results on
this species can be interpreted. It is noteworthy, therefore,
that similar “hybrid” EPR spectra were also observed
when O. leucostigma larvae fed on another species of
hickory (C. ovata) (Barbehenn, unpublished data). Foliar
quinone levels were not measured in this study, and further
work is needed to determine their potential impact on
oxidative stress in caterpillars via redox cycling in the gut
contents or tissues.

The phenolic composition of A. rubrum was unusual
among the trees examined, containing large amounts of
rhamnose-based galloyl glycosides (primarily digalloyl
rhamnose). Previous work on A. rubrum foliar chemistry
identified the presence of 1-O-galloyl-o-L-rhamnose
(Abou-Zaid and Nozzolillo 1999), but found that the major
phenolic component was ethyl m-digallate (Abou-Zaid
et al. 2001). The complete absence of the latter compound
in our analyses, and the presence of much higher levels of
galloyl rhamnosides, lead us to question whether ethyl
m-digallate could have been produced during the 2-day
extraction period in ethanol that was used in previous
studies. For example, methanol is known to cleave the
m-depside bonds of digalloyl groups, producing methyl
gallate (Hofmann and Gross 1990).

The results of this study suggest that trees such as O.
virginiana, Populus species, and possibly Q. rubra might
be superior host plants for generalist caterpillars. These tree
species contain low levels of oxidatively active phenolics and
produced little phenolic oxidation in the midgut lumen when
ingested by O. leucostigma. Some field observations are
consistent with this expectation: Q. rubra and O. virginiana
are among the top host plant species for Lymantria dispar
(Lymantriidae) (Liebhold et al. 1995), and Populus species
are excellent host plants for Malacosoma disstria
(Lasiocampidae) in its northern range (Parry and Goyer
2004). By comparison, 4. saccharum and A. rubrum are
relatively poor host plants for L. dispar and M. disstria
(Liebhold et al. 1995; Parry and Goyer 2004). Given the
high levels of oxidative stress in O. leucostigma on Q. alba
in this study, it is surprising that Q. alba is considered a
favored host for the closely related larvae of L. dispar. There
is a large amount of geographical variation in the tannin
compositions of oak species, including Q. alba (Salminen,
unpublished data), suggesting that the suitability of species
such as Q. alba as host plants could vary geographically.

We conclude that the tannin compositions of tree leaves
largely determine the effectiveness of foliar phenolics as
oxidative defenses against O. leucostigma. The basis for
this conclusion includes the following main findings: (1)
Oxidatively active tree leaves contained high proportions of
ellagitannins or galloyl rhamnoses among their foliar
phenolics; (2) low MW phenolics contributed relatively

little to the overall oxidative activities of tree leaves
compared with oxidatively active tannins; (3) ascorbic acid
levels were lowest in the species that also contained the
highest levels of oxidatively active tannins, potentially
exacerbating phenolic oxidation in the gut lumen; and (4)
even a “tannin-tolerant” caterpillar such as O. leucostigma
was unable to control the oxidation of ingested phenolics
when trees such as A. rubrum, A. saccharum, or Q. alba
were eaten.

Acknowledgments This work was supported by NRI-CSREES-
USDA grants 2004-35302-14940 (to RVB) and 2007-35302-17803 (to
RVB and J-PS). Additional support for J-P Salminen was provided by
grant 119659 from the Academy of Finland. We thank Rick Lindroth
for providing salicortin and KimHang Dinh and Rasika Ranganathan
for measuring ascorbic acid.

References

ABOU-ZAID, M. M., and NozzoLiLLO, C. 1999. 1-O-galloyl-o-L-
rhamnose from Acer rubrum. Phytochemistry 52:1629-1631.

ABOU-ZAID, M. M., HELSON, B. V., NOZZOLILLO, C., and ARNASON,
J. T. 2001. Ethyl m-digallate from red maple, Acer rubrum L., as
the major resistance factor to forest tent caterpillar, Malacosoma
disstria Hbn. J. Chem. Ecol. 27:2517-2527.

BAKER, W. L. 1972. Eastern forest insects. USDA miscellancous
publication no. 1175. Washington, DC.

BARBEHENN, R. V. 2001. Roles of peritrophic membranes in
protecting herbivorous insects from ingested plant allelochem-
icals. Arch. Insect Biochem. Physiol. 47:86-99.

BARBEHENN, R. V. 2003. Antioxidants in grasshoppers: higher levels
defend the midgut tissues of a polyphagous species than a
graminivorous species. J. Chem. Ecol. 29:683-702.

BARBEHENN, R. V., BUMGARNER, S. L., ROOSEN, E., and MARTIN, M.
M. 2001. Antioxidant defenses in caterpillars: role of the
ascorbate recycling system in the midgut lumen. J. Insect
Physiol. 47:349-357.

BARBEHENN, R. V., WALKER, A. C., and UDDIN, F. 2003a.
Antioxidants in the midgut fluids of a tannin-tolerant and a
tannin-sensitive caterpillar: effects of seasonal changes in tree
leaves. J. Chem. Ecol. 29:1099-1116.

BARBEHENN, R. V., PoopPAT, U., and SPENCER, B. 2003b. Semi-
quinone and ascorbyl radicals in the gut fluids of caterpillars
measured with EPR spectrometry. Insect Biochem. Mol. Biol.
33:125-130.

BARBEHENN, R. V., CHEEK, S., GASPERUT, A., LISTER, E., and
MABEN, R. 2005. Phenolic compounds in red oak and sugar
maple leaves have prooxidant activities in the midguts of
Malacosoma disstria and Orgyia leucostigma caterpillars. J.
Chem. Ecol. 31:969-988.

BARBEHENN, R. V., JONES, C. P., KARONEN, M., and SALMINEN, J.-P.
2006a. Tannin composition affects the oxidative activities of tree
leaves. J. Chem. Ecol. 32:2235-2251.

BARBEHENN, R. V., JONES, C. P., HAGERMAN, A. E., KARONEN, M.,
and SALMINEN, J.-P. 2006b. Ellagitannins have greater oxidative
activities than gallotannins and condensed tannins at high pH:
potential impact on caterpillars. J. Chem. Ecol. 32:2253-2267.

BARBOSA, P., and KRISCHIK, V. A. 1987. Influence of alkaloids on
feeding preference of eastern deciduous forest trees by the gypsy
moth Lymantria dispar. Amer. Nat. 130:53—69.

@ Springer



756

J Chem Ecol (2008) 34:748-756

Br, J. L., and FELTON, G. W. 1995. Foliar oxidative stress and insect
herbivory: primary compounds, secondary metabolites, and
reactive oxygen species as components of induced resistance. J.
Chem. Ecol. 21:1511-1530.

B1, J. L., MURPHY, J. B., and FELTON, G. W. 1997. Antinutritive and
oxidative components as mechanisms of induced resistance in
cotton. J. Chem. Ecol. 23:97-117.

CLAUSEN, T. P., REICHARDT, P. B., BRYANT, J. P., WERNER, R. A.,
PosT, K., and FrisBY, K. 1989. Chemical model for short-term
induction in quaking aspen (Populus tremuloides) foliage against
herbivores. J. Chem. Ecol. 15:2335-2346.

FELTON, G. W., and DUFFEY, S. S. 1992. Ascorbate oxidation
reduction in Helicoverpa zea as a scavenging system against
dietary oxidants. Arch. Insect Biochem. Physiol. 19:27-37.

GANT, T. W., RAMAKRISHNA, R., MASON, R. P., and COHEN, G. M.
1988. Redox cycling and sulphydryl arylation; their relative
importance in the mechanism of quinone cytotoxicity to isolated
hepatocytes. Chem.-Biol. Interactions 65:157-173.

HARUTA, M., PEDERSEN, J. A., and CONSTABEL, P. 2001. Polyphenol
oxidase and herbivore defense in trembling aspen (Populus
tremuloides): cDNA cloning, expression, and potential substrates.
Physiol. Plant 112:552-558.

HEMMING, J. D. C., and LINDROTH, R. L. 1995. Intraspecific variation
in aspen phytochemistry: Effects on performance of gypsy moths
and forest tent caterpillars. Oecologia 103:79-88.

HOFMANN, A. S., and GROSS, G. G. 1990. Biosynthesis of gallotannins:
Formation of polygalloylglucoses by enzymatic acylation of 1,2,3,4,6-
penta-O-galloylglucose. Arch. Biochem. Biophys. 283:530-532.

JOHNSON, K. S., and FELTON, G. W. 2001. Plant phenolics as dietary
antioxidants for herbivorous insects: A test with genetically
modified tobacco. J. Chem. Ecol. 27:2579-2597.

LIEBHOLD, A. M., GOTTSCHALK, K. W., MUZIKA, R.-M., MONTGOMERY,
M. E., YOUNG, R., O’DAY, K., and KELLEY, B. 1995. Suitability of
North American tree species to the gypsy moth: a summary of field
and laboratory tests. USDA Forest Service, General Technical
Report NE-211.

LINDROTH, R. L., and PETERSON, S. S. 1988. Effects of plant phenols on
performance of southern armyworm larvae. Oecologia 75:185-189.

LINDROTH, R. L., HSiA, M. T. S., and SCRIBER, J. M. 1987. Seasonal
patterns in the phytochemistry of three Populus species.
Biochem. Syst. Ecol. 15:681-686.

@ Springer

MARTIN, J. S., MARTIN, M. M., and BERNAYS, E. A. 1987. Failure
of tannic acid to inhibit digestion or reduce digestibility of
plant protein in gut fluids of insect herbivores: implica-
tions for theories of plant defense. J. Chem. Ecol. 13:605—
621.

MOILANEN, J., and SALMINEN, J.-P. 2008. Ecologically neglected
tannins and their biologically relevant activity: chemical struc-
tures of plant ellagitannins reveal their in vitro oxidative activity
at high pH. Chemoecology, (in press).

OSSIPOVA, S., OSSIPOV, V., HAUKIOJA, E., LOPONEN, J., and PIHLAJA,
K. 2001. Proanthocyanidins of mountain birch leaves: quantifi-
cation and properties. Phytochem. Anal. 12:128-133.

PARRY, D., and GOYER, R. A. 2004. Variation in the suitability of host
tree species for geographically discrete populations of forest tent
caterpillar. Environ. Entomol. 33:1477-1487.

ROSEN, G. M., BRITIGAN, B. E., HALPERN, H. J., and Pou, S. 1999.
Free Radicals: Biology and Detection by Spin Trapping. Oxford
University Press, NY.

RUUHOLA, T., TIKKANEN, O.-P., and TAHVANAINEN, J. 2001. Differ-
ences in host use efficiency of larvae of a generalist moth,
Operophtera brumata on three chemically divergent Salix
species. J. Chem. Ecol. 27:1595-1615.

SALMINEN, J.-P., Ossipov, V., LOPONEN, J., HAUKIOJA, E.,
and PHLAJA, K. 1999. Characterisation of hydrolyzable tannins
from leaves of Betula pubescens by high-performance liquid
chromatography-mass spectrometry. J. Chrom. A. 864:283-291.

SAS INSTITUTE 2003. The SAS system for Windows. Version 9.1. SAS
Institute, Cary, NC, USA.

SUMMERS, C. B., and FELTON, G. W. 1994. Prooxidant effects of
phenolic acids on the generalist herbivore Helicoverpa zea
(Lepidoptera: Noctuidae): Potential mode of action for phenolic
compounds in plant anti-herbivore chemistry. Insect Biochem.
Mol. Biol. 24:943-953.

THIBOLDEAUX, R. L., LINDROTH, R. L., and TRACY, J. W. 1998.
Effects of juglone (5-hydroxy-1,4-naphthoquinone) on midgut
morphology and glutathione status in Saturniid moth larvae.
Comp. Biochem. Physiol. 120:481-487.

WAGNER, D. M. 2005. Caterpillars of Eastern North America.
Princeton University Press.

WILKINSON, L. 2000. SYSTAT: The system for statistics. SYSTAT,
Inc., Evanston, IL.



	Oxidation of Ingested Phenolics in the Tree-Feeding Caterpillar Orgyia leucostigma Depends on Foliar Chemical Composition
	Abstract
	Introduction
	Methods and Materials
	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


