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We examined the pH and Eh (redox potential) of the lumen of the digestive tract of gypsy moth 
caterpillars on six different host plants to understand the physiochemical conditions under which plant 
nutrients are extracted and allelochemicals are detoxified. To identify potential plant characteristics 
associated with the gut conditions, we determined the plant pH, Eh, pH buffering capacity, and level 
of reducing phenolic groups for each host. We found (1) host plants differ in specific traits such as leaf 
pH, pH buffering capacity, Eh, and the level of phenolic reducing groups; (2) the pH of the midgut is 
alkaline and independent of host plant, hut the pH of the foregut and hindgut is acid to neutral and host 
plant dependent; (3) the Eh of foregut, midgut, and hindgut are oxidizing and determined by both plant 
and insect traits; and (4) the plant trait that best predicts midgut Et, is the level of phenolic reducing 
groups. We argue that the alkaline and oxidizing midgut conditions of gypsy moth caterpillars improve 
nutrient digestion and influence the activity of host plant allelochemicals, especially foliar phenolics. 

Lymantria dispar Phenolics Digestion Allelochemicals Insect-plant interactions 

INTRODUCTION 

Foliage contains nutrients refractory to digestion and 
allelochemicals of potential toxicity so that herbivores are 
frequently nutrient-limited (Bernays and Barbehenn, 
1987; Mattson and Scriber, 1987; Tabashnik and 
Slansky, 1987; Slansky, 1992). As a result, insect 
herbivores have morphological and physiological traits 
that enhance nutrient digestion and reduce allelochemical 
toxicity. Although morphological traits of the gut 
have been described for most insect groups, physiological 
traits of the digestive tract are less well known (Appel, 
1993a). Some herbivores maintain extreme physio- 
chemical conditions in the digestive tract, presumably to 
enhance digestion and inhibit the activity of some 
allelochemicals. A striking example of this is the high 
alkalinity of the midgut lumen of larval Lepidoptera. 
In these herbivores, the midgut is the primary site of 
digestion and absorption and midgut epithelial cells are 
modified to generate pHs (hydrogen ion availability) 
ranging from 8.0 to 12.0, depending on the species 
(Berenbaum, 1980; Dow, 1984, 1986; Appel, 1993a). 
In addition, some larval Lepidoptera maintain midgut 
redox conditions that are reducing, so that the Eh 

(redox potential) of the gut lumen may range from - 200 
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to + 300 mV depending on the caterpillar species (Appel 
and Martin, 1990). 

Physiochemical conditions of the midgut in caterpillars 
are likely to have a major impact on nutrient digestion and 
allelochemical activity. The efficiency of extraction of 
nutrients from plant tissue has been shown to depend on 
pH (Felton and Duffey, 1991), and may also depend on 
Eh (Appel and Martin, 1990). In addition, gut pH and E,, 

may influence the absorption and/or interaction of 
allelochemicals with other compounds (Appel, 1993a). 
Variation in gut conditions among insect herbivores 
could be extremely important to predicting the ecological 
activity of plant chemistry. For example, if the gut 
conditions of herbivore species differ, then the impact of 
plant chemistry will depend not only on how much is 
consumed, but which herbivore consumes it. Similarly, if 
the gut conditions of a herbivore vary with host plant, 
then the impact of particular nutrients or allelochemicals 
will depend on the host plant on which they are consumed. 

Herbivore gut conditions may be influenced by both 
plant and insect traits, but little is known about the role 
of plant traits. Foliar pH, Eh, foliar pH and Eh buffering 
capacity, and the concentration of compounds that 
donate or withdraw protons or electrons could influence 
insect gut pH and Eh. Although there is previous 
documentation of the impact of pH and pH buffering 
capacity of two host plant species on insect gut pH 
(Schultz and Lechowicz, 1986), we know nothing about 
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E,, values of foliage, or the impact of a broader range of 
species on insect gut pH and E,,. In addition, we know 
nothing about the plant traits responsible for these effects. 

In this paper, we report the influence of six host plants 
on the gut conditions of gypsy moth caterpillars 
(Lymantria dispar, Lepidoptera: Lymantriidae). To 
evaluate the impact of particular host plant traits on gut 
conditions, we compared the pH and E,, of foregut, 
midgut, and hindgut contents of foliage-fed larvae with 
the plant pH, pH buffering capacity, Eh, and level of 
phenolic reducing groups. We show that (1) host plants 
differ in specific traits such as leaf pH, pH buffering 
capacity, Eh, and the level of phenolic reducing groups; (2) 
the pH of the midgut is alkaline and independent of host 
plant, but the pH of foregut and hindgut is acid to neutral 
and host plant dependent; (3) the E,, of foregut, midgut, 
and hindgut are oxidizing and determined by both plant 
and insect traits; and (4) the plant trait that best predicts 
midgut E,, is the level of phenolic reducing groups. We 
argue that the alkaline and oxidizing midgut conditions 
of gypsy moth caterpillars improve nutrient digestion and 
influence the activity of host plant allelochemicals, 
especially foliar phenolics. 

METHODS AND MATERIALS 

Insects and host plants 

To determine the effect of host plant on insect gut 
conditions, we measured gut conditions of late-instar 
gypsy moths that had recently completed feeding 
overnight on different host plants in the field. We chose 
to work with older instar caterpillars because their larger 
size facilitates gut measurements; however, we recognize 
that younger instars may have different gut conditions 
that are influenced differently by host plant character- 
istics. Fifth-instar gypsy moths were collected in the 
morning, between 10 and 11 a.m., from stems and trunks 
of six host plant species: red oak (Quercus rubra L.), 
chestnut oak (Q. prinus L.), trembling aspen (Populus 

tremuloides Michx.), big-tooth aspen (P. grandidentata 
Michx.), black walnut (Juglans nigra L.), and red maple 
(Acer rubrum L.). Insects and leaves were sampled from 
young trees (3-7 m) in a mixed stand in Centre County, 
PA on 13-14 July 1991. Branches were placed into large 
plastic bags with caterpillars and returned to the lab. 
Between 12 and 1 p.m., gut pH and Eh were measured for 
five randomly chosen larvae on each host plant species. 
The leaves were frozen in liquid nitrogen and stored at 
-40°C for later chemical analysis. 

Foliar reducing phenolics 

To extract phenolics, frozen foliage was lyophilized and 
ground to a fine powder, and 200 mg of leaf powder were 
washed in 10 ml of ether for 30 min to remove pigments 
and waxes. The leaf powder was then extracted in 70% 
acetone at 45°C for 3 h, with ascorbate (10 mM) added to 
the acetone to prevent phenolic oxidation. Acetone was 
removed by evaporation under reduced pressure, and 

distilled water added to each aqueous extract to a 5 ml 
volume. 

The level of reducing phenolic groups was determined 
for each host plant species using the Folin-Denis reagent 
(Swain and Goldstein, 1964). The Folin-Denis reagent 
measures the ability of phenolics to reduce phospho- 
molybdic and phosphotungstic acids, and is thus a 
measure of the reducing power of phenolic extracts. 
Although the Folin-Denis assay is commonly used to 
estimate the level of total phenolics in leaf extracts, we 
recognize it is inappropriate to do so when phenolic 
structure varies between host plants, as in this study. 
While all species we examined produce a ubiquitous 
group of monomeric phenolics: oaks, maples, and 
walnuts produce hydrolyzable and condensed tannins; 
aspens produce condensed tannins and phenolic 
glycosides; and walnuts produce the anthraquinone 
juglone. We made single determinations of the level of 
reducing phenolic groups, and expressed our results in 
terms of the level of tannic acid equivalents. The 10 mM 
ascorbate used in the phenolic extractions is not detected 
by the Folin-Denis reagent, as extracts made with and 
without ascorbate had identical Folin-Denis values 
(Appel unpublished results). 

Foliar pH, pH bufering capacity and Eh 

Approximately 300 mg of frozen foliage were weighed, 
the midrib removed with scissors, and the foliage 
homogenized in 10 ml of chilled deionized distilled water 
in a mini-blender (12-37 ml capacity; Waring MC- 1)) for 
15 s at low speed. This resulted in a leaf macerate with 
particle sizes similar to those observed in the midguts of 
late instar gypsy moth caterpillars. The leaf homogenate 
was transferred to a 20 ml scintillation vial and the initial 
pH and E,, determined. The pH and Eh probes were the 
same as those used in gut measurements. The homogenate 
was then titrated with 0.02 N NaOH to pH 9, an average 
pH of the gypsy moth midgut (Schultz and Lechowicz, 
1986). NaOH was dispensed with a peristaltic pump with 
a flow rate of 240-630 pl/min, depending on the host 
plant species. NaOH stability was determined with a 
potassium phthalate standard. The vials were capped and 
the homogenate was stirred at very low speed during 
the titration with a magnetic stirbar designed to reduce 
aeration. Leaf buffering capacity was calculated using the 
following formula 

buffering capacity = 

(normality of NaOH)(ml NaOH)(ml water) 
(mg foliage)(ml sample) 

Insect gut pH, and Eh 

Larvae were immobilized on ice and the gut exposed by 
a ventral longitudinal incision. The body was pinned 
away from the gut and the gut blotted dry to avoid 
contamination of gut contents with hemolymph. 
Longitudinal profiles of pH and Eh were made through the 
gut wall using a micro-needle pH electrode (Sam 
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TABLE 1. Means f SD (n = 5) of the pH, pH buffering capacity, EI,, and level of reducing phenolics of macerated foliage of 

six host plants 

Host plant PH 

pH buffering 

capacity Eh 

Reducing 

phenolics 

Quercus rubra (red oak) 4.5 f 0.08a 189 + 38.5a 496 k 9.6a 7.9 

Quercus prinus (chestnut oak) 4.9k0.15b 110+38.0b 536k 11.9b 6.9 

Populus grandidentata (big-tooth aspen) 6.4kO.02~ I?& 16.5b 457*11.5c 6.9 

Populus rremuloides (trembling aspen) 6.2f0.05~ 107 k 8.2b 433 + 7.6~ 15.0 

Juglans nigru (black walnut) 5.8+0.13d 114_+ 15.6b 490*27.4a 12.0 

Acer rubrum (red maple) 3.6+0.14e 177*22.7a 521 f 10.8a, b 12.5 

Significant interspecific differences among host plant means are indicated by different letters, using Tukey’s Studentized Range 
(HSD) test (a = 0.05; df= 24 for pH and &, and df = 34 for pH buffering capacity). Units for pH buffering capacity are 

reported as micromoles-OH/mg fresh wt; for .& as mV; and for level of reducing phenolics as percentage tannic acid 

equivalents. 

Agulian, Hamden, CT), a 0.02 in. platinum electrode 
(Microelectrodes, Inc.), and liquid junction Ag-AgCl 
reference electrodes (Mere-l, WPI) on Accumet (Model 
291) and WPI (Model ~~-250) meters. Values stabilized 
within 10 s, making it possible to complete measurements 
on an individual within several minutes. E,, values are 
reported relative to the hydrogen reference probe by 
adding 200 mV to the reading obtained with our reference 

probe. 

Statistical analyses 

The impact of host plant species on insect gut pH and 
E,, was determined using General Linear Models (GLM; 
SAS Institute) in which host plant was the main effect. 
Significant differences among host plant species in insect 
gut pH and Eh were identified using Tukey’s Studentized 
Range Test (SAS) with CY = 0.05. The impact of particular 
host plant traits on insect gut pH and E,, was also 
determined using GLM, with plant pH, pH buffering 
capacity, E,,, and level of phenolic reducing agents as the 
main effects. Significant differences among host plants in 
these traits were identified using Tukey’s Studentized 
Range Test with a = 0.05. 

RESULTS 

Leaf pH, pH buffering capacity, and Eh differed 
significantly among host plants (Table 1). Leaf pH ranged 
from 3.6 in red maple to 6.4 in big-tooth aspen. All species 
but the two aspens differed significantly from each other 
in pH. Foliar E,, was highly oxidizing and differed 
significantly among host plants, although the range of 
variation was less than that for pH. E,, ranged from 
+433 mV in trembling aspen to + 536 mV in chestnut 
oak. The pH buffering capacity of foliage also varied 
significantly among species, ranging from 189 in red oak 
to 77 in big-tooth aspen. Buffering capacity and pH of 
macerated foliage were inversely correlated; well buffered 
plants were more acidic (Fig. 1). 

The pH of field-collected fifth-instar gypsy moths 
varied with the region of the gut and the plant species 
consumed (Table 2). The foregut contents were acidic to 
neutral, ranging from 5.2 to 7.4. The midgut contents 
were uniformly alkaline, ranging from 8.0 to 8.6. The 

hindgut contents resembled those of the foregut, ranging 
from 5.7 to 7.3. Plant species had a significant effect on 
the pH of foregut and hindgut contents, but not midgut 
contents (F and P values were 11.41 and 0.0001, 1.38 and 
0.2685, and 3.94 and 0.0095 for foregut, midgut, and 
hindgut respectively). 

The Eh of fifth-instars also varied with the region of the 
gut and the plant species consumed (Table 3). Conditions 
in all three gut regions were oxidizing. The foregut 
contents were the most oxidizing, ranging from +239 to 
+ 364 mV. The midgut contents were the least oxidizing, 
ranging from + 173 to + 28 1 mV. The hindgut contents 
were intermediate between those of the foregut and 
midgut, ranging from + 19 1 to + 308 mV. Plant species 
had a significant effect on the Eh of all three gut regions 
(Fand P values were 4.47 and 0.0051,5.02 and 0.0027 and 
5.55 and 0.0016 for the foregut, midgut, and hindgut 
respectively). 

We evaluated the relationship between insect gut 
conditions and leaf pH, pH buffering capacity, Eh, and the 
level of foliar reducing groups. Leaf pH was not a 
significant predictor of the pH of any gut region. 
However, leaf buffering capacity significantly predicted 
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FIGURE 1. Leaf pH, leaf buffering capacity (micromoles-OH/mg fresh 
wt), and midgut pH of fifth-instar gypsy moths collected from six host 

plants. Error bars represent 1 SD from the mean. RO = red oak, CO, 

chestnut oak; BTA, big-tooth aspen; TA, trembling aspen; WAL, black 
walnut; RM, red maple. 
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TABLE 2. The pH (mean f SD; n = 5) of the contents of foregut, midgut, and hindgut of fifth-instar gypsy 
moths collected in the field in 1991 on six host plants 

Host plant 

Quercus rubra (red oak) 

Quercus prints (chestnut oak) 

Populus grandidentata (big-tooth aspen) 

Populus tremuloides (trembling aspen) 

Juglans nigra (black walnut) 

Acer rubrum (red maple) 

Foregut 

5.2 k 0.69a 

6.3 f 0.39a,b 

7.4k0.37d 

6.4_fO.llb,c,d 

7.2f0.86c,d 

5.5f0.78a,b 

Midgut 

8.0f0.45a 

8.5+0.6la 

8.5 *0.43a 

8.2*0.30a 

8.6i0.32a 

8.2 k 0.39a 

Hindgut 

6.3*4l.Ola,b 

7.2f0.50b 

7.3 f0.27b 

6.8 + 0.67a,b 

7.2 k 0.39b 

5.7 f 1.06a 

Significant interspecific differences among host plant means are indicated by different letters, using Tukey’s 

Studentized Range (HSD) test (c( = 0.05; df = 24) 

the pH of foregut contents (F=4.35 and P=O.O474). 
Ingesting well buffered, acid foliage resulted in more acid 
foregut contents. None of the plant traits we examined 
were significant predictors of the pH of midgut (Fig. 1) 
and hindgut contents. 

Leaf Eh was not a significant predictor of gut Eh. Leaf 
Eh was consistently more oxidizing than midgut Eh by 
more than 200 mV (Fig. 2). However, the level of reducing 
phenolics in the leaf significantly predicted the Eh of 
midgut and hindgut contents (F and P values were 9.39 
and 0.0052, and 4.43 and 0.0455 for midgut and hindgut 
respectively). In general, host plants with high levels of 
reducing phenolics had lower midgut Eh values (Fig. 2). 

initially depress midgut pH before alkaline titration is 
complete, but its impact must be minor over the residence 
time of food in the midgut. Unlike midgut pH, foregut 
and hindgut pH were influenced by the host plant 
consumed. Foregut pH was inversely related to leaf pH 
buffering capacity; consuming highly buffered foliage 
resulted in lower foregut pH. None of the plant traits we 
measured was significantly associated with hindgut pH. 

DISCUSSION 

The midgut fluid of late instar gypsy moth caterpillars 
is alkaline and oxidizing. The gut pH, plant pH, and pH 
buffering capacities reported in this study are consistent 
with those previously reported for morning samples of 
caterpillars on two host plants (Schultz and Lechowicz, 
1986). However, maximum pH may well exceed the values 
reported here in situations where food has remained in the 
midgut for longer periods of time, as in late afternoon 
samples of fourth and fifth instars, when the midgut pH 
may exceed 11 (Schultz and Lechowicz, 1986). The gut Eh 
values are also similar to our previously reported values 
on several host plants (Appel and Schultz, 1992). 

Although we detected no impact of host plant on 
midgut pH, plant traits such as pH and pH buffering 
capacity may influence larval performance through their 
demands on larval energy budgets. The cation pump of 
the midgut epithelium has been estimated to consume 
10% of cellular ATP (Dow, 1986), and the growth of 
Manduca sexta (Lepidoptera: Sphingidae) is reduced by 
37% on acidic, well-buffered artificial diets (Karowe and 
Martin, 1993). As a consequence, differences among host 
plants in leaf pH and pH buffering capacity could 
influence the growth rates of gypsy moth caterpillars. 
There is sufficient variation among plant species in the pH 
of cell sap and vacuoles (Kurkdijan and Guern, 1989) to 
generate differences in macerated leaf pH and potentially 
influence insect herbivore performance. 

Midgut pH was not influenced by the host plant 
consumed in this study, remaining alkaline despite the 
ingestion of acidic, well-buffered foliage. The indepen- 
dence of midgut pH reflects the action of the powerful 
cation pump in the midgut epithelium of caterpillars 
(Dow, 1984). It is possible that acidic foliage could 

In contrast to midgut pH, midgut Eh was significantly 
influenced by both the host plant and the caterpillar. 
Although the ranking of midgut and foliar Eh across host 
plants was similar, the gypsy moth midgut is consistently 
less oxidizing than foliage, and the foregut is intermediate. 
The lower Eh of the midgut reflects a higher electron 
availability, which may be produced by the alkaline pH, 
higher oxygen availability, and/or plant cell lysis. For 
example, alkaline-induced changes in the redox state of 
previously acid foliage constituents could increase 
electron availability in the midgut, particularly when 

TABLE 3. The EI, (mV; mean f SD; n = 5) of the contents of foregut, midgut, and hindgut of fifth-instar 
gypsy moths collected in the field in 1991 on six host plants 

Host plant Foregut Midgut Hindgut 

Quercus rubra (red oak) 

Quercus prinus (chestnut oak) 
Populus grandidentata (big-tooth aspen) 
Populus tremuloides (trembling aspen) 

Juglans nigra (black walnut) 
Acer rubrum (red maple) 

315*31.6a,b 

364+60.8a 
276 f 28.8a,b 

239 rt 46.4b 

265+48.8b 
3 1 1 + 55.7a,b 

248 k 36.8a,b 
281 _f56.la 

218f25.2a,b 
173+ 17.8b 

210+37.7a,b 

195_f45.0b 

244 k 36.3a,b 

308 + 59.4a 
243 + 22.2a,b 
191+21.8b 

220f39.lb 
262 + 32.5a,b 

Significant interspecific differences among host plant means are indicated by different letters, using Tukey’s 

Studentized Range (HSD) test (a = 0.05; &= 24). 
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FIGURE 2. Leaf &, leaf levels of reducing phenolics, and midgut & 

of fifth-instar gypsy moths collected from six host plants. Error bars 

represent 1 SD from the mean. Units for ,!$, are reported as mV, and for 

level of reducing phenolics as percentage tannic acid equivalents. RO, 

red oak; CO, chestnut oak; BTA, big-tooth aspen; TA, trembling aspen; 

WAL, black walnut; RM, red maple. 

phenolics are present. Phenolics are good reducing agents 
at or above pH 8.5, the pK, of the phenoxyl hydrogen, but 
poor electron donors at acid pHs (Appel, 1993b). 
Similarly, the activity of phenolic reducing agents 
depends, in part, on oxygen tension, which is probably 
lower in the chitin-lined foregut than in the metabolically 
active, epithelium-lined midgut. Lastly, more leaf 
phenolics will be released in the midgut where cell lysis 
occurs than in the foregut. For one or all of these reasons, 
leaf phenolics should have a strong effect on Eh in the 
midgut and not in the foregut. Indeed, in this study the 
level of leaf reducing phenolic groups significantly 
predicted midgut Eh but not foregut Eh. 

Gut conditions are likely to have a major influence 
on the efficiency of nutrient extraction in insect herbi- 
vores (Appel, 1993a). Although some plant cells are 
macerated during ingestion, most cell lysis occurs in the 
gut, and midgut alkalinity greatly enhances the extraction 
of protein. Cytoplasmic and chloroplast proteins are 
generally more soluble at alkaline pHs (Betschart and 
Kinsella, 1973; Jones et al., 1989); the extraction of 
amino acids from tomato foliage is increased by 
43% when extraction is made at pH 9.7 rather than at 
8.0 (Felton and Duffey, 1991). Midgut redox potential 
can also enhance the efficiency of digestion. For 
example, a high redox potential can increase the 
polarity of midgut fluid and enhance solubilization. Or a 
low redox potential can break disulfide bonds in protein, 
as in the webbing clothes moth caterpillar digestion of 
keratin (Yoshimura et al., 1988). Some herbivorous 
insects also maintain reducing midguts (Appel and 
Martin, 1990) but the impact on nutrient extraction has 
not been examined. In the gypsy moth, the mildly 
oxidizing conditions of the midgut are not likely to 
enhance nutrient extraction above and beyond the effect 
of pH. 

Gut conditions are also likely to have a major influence 

on the activity of plant allelochemicals in insect 

herbivores because they influence allelochemical protona- 
tion and redox state (Appel, 1993a). This is especially true 
of plant phenolics, including the polymeric tannins, 

whose biological activity is thought to result from binding 
to other compounds and/or forming oxygen radicals, 
both of which are pH- and Eh-dependent processes 
(Appel, 1993b). Which reactions occur depend not only 
on the pH and E,, conditions, but also the pK, and redox 
potential of the phenolics and the presence of oxidizing 

enzymes. Unfortunately, the redox potentials (the Eh at 
which electrons are lost) of phenolics are structure 
dependent, and either unknown altogether, or unknown 
for the specific conditions under which they are active in 
insect guts. Similarly, the activity of foliar enzymes 

capable of oxidizing phenolics is usually uncharacterized. 
However, phenolics are frequently encountered in an 
oxidized state by herbivores, due to enzymatic and 

non-enzymatic oxidations in macerated foliage (Appel, 
1993b). In fact, some plant polyphenol oxidases and 
peroxidases retain activity in the midgut of caterpillars 
(Felton et al., 1989; Felton and Duffey, 1991). 

In the gypsy moth, the conditions of the midgut appear 
sufficient to oxidize some phenolics because the green 
contents of the foregut turned brown in the midgut on all 
host plants in this study (personal observation). Although 

the browning reaction we observe may also be a 
consequence of other processes (e.g. charge transfer 
complexes, protein-degraded-carotenechlorophyll pro- 
tein complexes, or mercaptan-quinone or mercaptan- 
phenolic free radical complexes), oxidized phenolics are 
likely to play an important role. Furthermore, we have 
evidence that oxidized phenolics bind to proteins in the 
gypsy moth midgut (Appel, unpublished results). While it 

may at first appear maladaptive to maintain gut 
conditions that can activate phenolics known to reduce 

growth and fecundity (Rossiter et al., 1988) two factors 
suggest otherwise. First, some phenolics may be toxic 
when reduced, and thus an oxidizing gut may inhibit 
activity. Second, leaf phenolics have been shown to 
improve survivorship of gypsy moth caterpillars exposed 
to a naturally ocurring baculovirus (Keating et al., 1988). 
Thus, negative effects on growth and reproduction may 
be balanced by improved survivorship when challenged 
by microbial pathogens (Foster et al., 1992). 

Our results point to the need to take into account the 
physiochemical conditions under which nutrient 
extraction and allelochemical activity occur in 
herbivorous insects. It is highly likely that leaf 
constituents undergo dramatic transformations inside 
insects that vary with the physiochemical conditions 
along the digestive tract and with the host plant 
consumed. Measuring foliar constituents, may in fact, 
provide little information on nutrient availability or 
allelochemical activity unless accompanied by knowledge 
of the physiochemical background against which these 
processes occur. 
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