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Abstract--Surface-active lysophospholipids are thought to interfere with tan- 
nin-protein interactions and may comprise an adaptation in Lepidoptera to 
tannin-rich diets. We found several lysophospholipids and phospholipids at 
about eight times the critical micelle concentration (CMC) in the midguts of 
gypsy moth larvae, which exhibited appropriately reduced surface tensions. 
We confirmed the interfering activity of lysophosphatidylcholine (lysolecithin) 
in a model astringency assay using tannic acid and hemoglobin (hemanalysis), 
but discovered that tannic acid and red oak tannin extracts precipitate the lipid 
from simulated midgut solutions quantitatively, even at pH 10. Leaf tannin 
extracts from trees on which gypsy moths grew and reproduced poorly pre- 
cipitated lysolecithin more effectively than did extracts from trees on which 
gypsy moths performed well. Adding tannic acid to midgut fluid elevated 
surface tension, and about 25% of larvae feeding on oak leaves exhibited 
elevated midgut surface tension, suggesting a loss of surfactants. Larvae appear 
able to replace lost surfactants to a limited degree. An important effect of leaf 
tannins, and perhaps other phenolics, may be to reduce concentrations of 
surface-active phospholipids in the midgut and produce lipid or other dietary 
deficiencies in insects. 
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INTRODUCTION 

Tannins and other phenolics that occur widely in plants are capable of binding 
to proteins to form soluble (Hagerman and Robbins, 1987) or insoluble (Sumere 
et al., 1975; Hagerman and Butler, 1981) complexes, via hydrogen (Hagerman, 
1988) or covalent (Felton et al., 1989a) bonding. This affinity for proteins can 
result in enzyme inhibition (Goldstein and Swain, 1965; Felton et al., 1989b), 
the repellent taste sensation called astringency or digestion inhibition (Feeny, 
1970; Felton et al., 1989a). However, although tannin activity against pathogens 
and vertebrate herbivores has been demonstrated, there have been few successful 
attempts to show a negative impact of plant tannins on herbivorous insects 
(Bemays, 1981; Martin and Martin, 1984; Schultz, 1989). 

As is the case for many insect species that feed on plants containing toxins, 
natural selection should favor traits that reduce negative tannic influences on 
individuals. Traits such as alkaline midgut pH (Feeny, 1970; Berenbaum, 1980; 
Schultz and Lechowicz, 1986), high cation concentrations (Martin et al., 1985), 
reducing midgut conditions (Appel and Martin, 1990), and the presence of 
detergents (Martin and Martin, 1984; Martin et al., 1985) have been proposed 
as influences on the activity of dietary tannins in insects (Appel and Schultz, 
1992). Each of these factors can reduce the affinity of tannins for proteins (Felton 
and Duffey, 1991). 

Martin et al. (1985) suggested that midgut detergency represents a wide- 
spread adaptation to dietary tannins in Lepidoptera larvae. They showed that 
detergency caused by the presence of lysophosphatidylcholine (lysolecithin) is 
more effective than high alkalinity in reducing the amount of plant protein 
precipitated by tannins under simulated midgut conditions in vitro. Other work 
done in vitro (Felton and Duffey, 1991) suggests that lysolecithin enhances 
protein solubility and diminishes oxidative activation of tannins by polyphenol- 
oxidase. These results have led these authors to call into question the assertion 
(Feeny, 1970) that plant tannins can actually have a negative impact on insects 
in a general, dose-dependent way. 

In this study we confirmed that lysolecithin, which commonly occurs in 
insect guts, does interfere with a model tannin-protein binding-precipitation 
system. However, at least part of the interference is due to binding between the 
detergent phospholipid and tannin, ultimately resulting in precipitation. As a 
result of this interaction, dietary tannins or other phenolics could deplete sur- 
factant phospholipids in the gut, increasing gut surface tension. Because sur- 
factant phospholipids such as lysolecithin are critical to the bioavailability of 
dietary lipids in Lepidoptera (Turunen, 1983; Turunen and Kastari, 1979), and 
because high concentrations are necessary to inhibit tannin-protein binding, 
tannins could act as dose-dependent antidigestive factors under commonly occur- 
ring gut conditions. We present evidence to suggest that these factors influence 
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the performance of the gypsy moth (Lymantria dispar L.), an herbivorous lep- 
idopteran feeding primarily on tannin-rich hosts. 

M E T H O D S  A N D  M A T E R I A L S  

Phospholipid Content of Larval Midgut Fluid. We attempted to determine 
whether surfactant lysophospholipids were present in the midgut lumens of lar- 
vae of the gypsy moth using two-dimensional, thin-layer chromatography (Har- 
borne, 1984). This organism, as larvae, feeds primarily and successfully on 
tannin-rich tree species worldwide (Barbosa and Krischik, 1988). All larvae for 
this and subsequent experiments were reared from eggs obtained from the USDA/ 
ARS Otis Methods Development Laboratory, Otis AFB, Massachusetts. 

Midguts were surgically removed from several diethylether-anesthetized 
fifth-instar larvae reared on artificial diet (Odell and Rollinson, 1966). The 
midgut fluid was removed and centrifuged at 13,000g for 2 min. Lipids were 
extracted from the supernatant according to the method of Bligh and Dyer (1959). 
The lipid extract was applied to a 20 x 20-cm silica gel glass TLC plate (Sigma). 
The solvent system in the first direction was CHC13-methanol-glacial acetic 
acid-water, 170: 25 : 25:4. After the lipids were separated in the first dimension, 
the plate was rotated 90 degrees and subjected to a second solvent system, the 
composition of which was CHC13-Methanol-NHaOH, 65 : 30: 4. The spots were 
visualized using the phospholipid reagent of Fried and Sherma (1982). Spots 
were identified by cochromatography with phospholipid standards. The stan- 
dards used were lysophosphatidylcholine, lysophosphatidylethanolamine, lyso- 
phosphatidylglycerol, lysophosphatidylinositol, lysophosphatidylserine, lyso- 
phosphatidic acid, phosphatidylcholine, phosphatidylethanolamine, phosphati- 
dylglycerol, phosphatidylinositol, phosphatidylserine, and phosphatic acid 
(Sigma). 

Surface Tension and Critical Micelle Concentration of Gypsy Moth Larval 
Midgut Fluid. Surface tension of midgut fluid was determined using an inclined- 
tube manometer (Fisher) according to the method of Ferguson (1943) for micro- 
volume quantities. Midgut fluid from 100 larvae fed on artificial diet (Odell and 
Rollinson, 1966) was individually measured to determine mean surface tension 
expressed in dynes per centimeter. Midgut contents were isolated from diethyl- 
ether-anesthetized larvae as above and subjected to a 2-min, 13,000g centri- 
fugation. The supernatant was drawn into a 25-/~1 micropipet. The surfactant 
concentration, in multiples of the critical micelle concentration, was also deter- 
mined using the method of Martin et al. (1987). The critical micelle concentra- 
tion (CMC) is that concentration of a surfactant at which there is a transition 
between the surfactant in the free, disassociated state and the micellar state 
(Martin et al., 1987). This transition is characterized by an abrupt change in 
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the surface tension of the solution. For this determination, the midgut fluids of 
78 caterpillars were combined and a midgut fluid dilution series was prepared 
using distilled water. Surface tension was determined as above. 

In vitro Inhibition of Tannin-Protein Precipitation by Lysolecithin. The 
impact of lysolecithin on astringency (Bate-Smith, 1973) was quantified using 
hemoglobin as the protein substrate and tannic acid (Sigma, batch T-1025) 
solutions (Bate-Smith, 1973; Schultz et al., 1981). For this and subsequent 
experiments, tannic acid was purified using Sephadex LH-20 columns as 
described by Hagerman and Klucher (1986). Hemoglobin solutions were diluted 
with either distilled water or a solution of lysophosphatidylcholine (lysolecithin; 
Sigma) in water to give a blank absorbance of 2.0 at 578 nm. This wavelength 
was used because it is an absorption maximum for hemoglobin. One milliliter 
of tannic acid in distilled water was added to 2 ml of these hemoglobin solutions 
while vortexing. Final concentration of tannic acid solutions ranged from 0 to 
10 mg/ml. Hemoglobin-lysolecithin-tannin solutions had final lysolecithin con- 
centrations of either 0.06% or 0.09% (w/v); these concentrations were chosen 
to represent likely physiological levels in larvae (Martin and Martin, 1984). The 
final pH of the solutions was found to be about 7 throughout the range of tannic 
acid added. In all cases, vortexed solutions were centrifuged at 13,000g and the 
absorbance of the supernatant read at 578 nm to quantify protein (hemoglobin) 
precipitation (Schultz et al., 1981). 

In vitro Precipitation of Lysolecithin by Tannic Acid and Oak Leaf Extracts. 
Tannic acid or red oak (Quercus rubra L.) leaf extracts were used to precipitate 
lysolecithin from a radiolabeled lysolecithin solution. A lysolecithin solution 
having a specific activity of 17/zCi/mM was prepared by mixing 53 mCi/mM 
of [~4C]lysopalmitoylphosphatidylcholine (New England Nuclear) in methanol- 
toluene (1:1, v/v) with unlabeled lysopalmitoylphosphatidylcholine (Sigma). 
Atiquots of this lysolecithin solution, containing 1.2/~mol, were then placed in 
1.5-ml polypropylene microcentrifuge tubes. 

After the organic solvents were evaporated to dryness, 0.5 ml of a stock 
saline solution and 0.25 ml of a buffer solution were added to the tubes and 
vortexed for 2 min. Final composition of the saline solution was 2.5 mM NaC1, 
131 mM KC1, 16 mM CaC12, and 25 mM MgC12. These were chosen to approx- 
imate the conditions in the midgut of lepidopteran larvae (Martin et al., 1985). 
It is known that the pH of a gypsy moth gut can vary over a wide range, 
depending upon larval age, larval diet, and gut region (Schultz and Lechowicz, 
1986). Because of this, several different buffers were used, over a range of pHs, 
to determine the effects of pH on the ability of tannin to precipitate lysolecithin. 
The buffers used were 50 mM MES [2(N-morpholino)ethanesulfonic acid, pH 
6.0], 50 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 
7.0), 40 mM CHES [2(N-cyclohexylamino) ethanesulfonic acid, pH 9.0], and 
50 mM CAPS (3-cyclohexylamino-l-propanesulfonic acid, pH 10.0). 
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For precipitation assays, 0.25 ml of either the tannic acid (Sigma, T-1025) 
solutions or aqueous red oak leaf extracts were added to the lysolecithin solu- 
tions. Final lysolecithin concentration in both cases was 0.06% (w/v) (1.2 mM). 
This concentration of lysolecithin is about 15 times the critical micelle concen- 
tration (Martin and Martin, 1984), which was calculated to be 80 /zM. Final 
tannic acid concentrations used ranged from 0 to 0.60 mg/ml. 

Leaf extracts were obtained from the mature leaves of two red oak indi- 
viduals as in Rossiter et al. (1988). The two trees used were numbered 34 and 
43. These two trees were selected because they had the lowest and highest 
hemoglobin-binding capacity and supported the best and worst growth by gypsy 
moth larvae, respectively, in a concurrent study (Rossiter et al., 1988). An 
extract dilution series in 10% increments from 0 to 100% full strength was 
prepared for the two extracts using distilled water. The astringency of the extracts 
was determined in the absence of lysolecithin using hemoglobin as the protein 
substrate (Schultz et al., 1981). 

After the addition of either the tannin or oak leaf extract solutions, the 
tubes were vortexed for 1 min, allowed to stand at room temperature for 15 
min, and then centrifuged at 13,000g for 4 min. The supernatant was carefully 
and completely removed from each microcentrifuge tube, placed in a scintillation 
vial with 10 ml of scintillation cocktail (Hydrocount, Baker) and vortexed for 
15 sec. Disintegrations per minute (dpm) were determined in a Beckman scin- 
tillation counter (model LS8000) with automatic quench correction. The amount 
of lysolecithin remaining in the supernatant after tannic acid or leaf extract 
addition was determined from the disintegrations per minute and expressed as 
micromoles per milliliter. 

Impact of Tannic Acid on Surface Tension of Larval Midgut Fluid and 
Lysolecithin Solutions. Midgut fluid of gypsy moth larvae reared to the fifth 
instar on artificial diet was collected as described above and pooled. Nonbuffered 
tannic acid solution was added to subsamples of  this midgut fluid in a ratio of 
1 : 3 tannic acid solution to midgut fluid. The final concentration of tannic acid 
ranged from 0 to 2.4 mg/ml. Surface tension of the resulting solution was 
measured. The influence of tannic acid on the surface tension of buffered, saline, 
lysolecithin solutions, simulating midgut fluid, was also determined. Final com- 
position of the saline solutions was as before, 2.5 mM NaC1, 131 mM KCI, 16 
mM CaCI2, and 25 mM MgC12. The final lysolecithin concentration was 0.06% 
(w/v). The pH of the solutions was either 6 (buffer: 50 mM MES) or 10 (buffer: 
50 mM CAPS). Tannic acid, dissolved in water, was added to the above, 
yielding final concentrations ranging from 0 to 0.60 mg/ml. The solution was 
vortexed and the surface tension measured. Significance of differences among 
treatments was determined using general linear models (GLM) procedures (SAS 
Institute, 1985). 

Impact of Oak Leaf Diets on Midgut Surface Tension. To determine the 
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effects of dietary tannins on midgut fluid surface tension, 77 fifth-instar gypsy 
moth larvae reared on artificial diet were switched to randomly selected, fresh 
red oak leaves. Other red oak leaves from the same tree were harvested and an 
astringency profile was determined for the tree (see below). The larvae were 
allowed to feed freely for 24 hr, at which time the surface tension of their 
midgut fluid was measured. 

Astringencies of Red Oak Leaves. We randomly collected 64 leaves from 
the same red oak tree used for the effects of dietary tannins on midgut surface 
tension to ascertain the frequency with which gypsy moth larvae might encounter 
and ingest leaves having astringencies high enough to influence midgut surface 
tension. Four hundred milligrams of lyophilized powder from each leaf were 
extracted with acetone. The astringency of the extract was measured as its ability 
to precipitate hemoglobin from solution (Bate-Smith, 1973; Schultz et al., 1981; 
Rossiter et al., 1988). Astringency of the extract is expressed as percent tannic 
acid equivalents (% TAE) using purified tannic acid as a standard (Sigma, batch 
T-1025). The % TAE is therefore the equivalent fraction of the dry weight of 
the original leaf that would have to be tannic acid to produce a measured affinity 
for hemoglobin, although tannic acid per se is not likely to be present in red 
oak leaves. This measure of astringency was then converted to an equivalent 
concentration of tannic acid in water for comparison with other experimental 
results. 

Impact of Variation in Dietary Lipids on Surface Tension. To determine 
what effect dietary lipids had on the surface tension of midgut fluid, 150 larvae 
were reared on a lipid-rich artificial diet (Odell and Rollinson, 1966). Upon 
reaching fifth instar, half were switched to a low-lipid diet in which wheat germ 
was replaced with casein, on a gram for gram basis. A lipid extraction (Bligh 
and Dyer, 1959) of the components of the diet, followed by gravimetric deter- 
mination, indicated that the original artificial diet was about 6.6% dietary lipid 
by dry weight, whereas the lipid-reduced diet was approximately 0.8% lipid. 
At intervals of 24 hr, 10 larvae were randomly harvested from each group and 
the surface tension of their midgut fluids measured individually. 

Significance of variation in midgut surface tensions among treatments (diets) 
and dates was determined using GLM procedures (SAS Institute, 1985). 

RESULTS 

Phospholipid Content of Larval Midgut Fluid. Two-dimensional, thin-layer 
chromatographic analysis of the phospholipids of midgut fluid of fifth-instar 
gypsy moth larvae revealed three principal phospholipids in addition to several 
minor ones (data not shown). The three were identified, by cochromatography 
with known standards, as lysolecithin, phosphatidylcholine, and phosphatidyl- 
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ethanolamine. Some of the minor phospholipids cochromatographed near the 
position of some of the other lysophospholipid standards, but they could not be 
positively identified. 

Surface Tension and Critical Micelle Concentration of Gypsy Moth Larval 
Midgut Fluid. The mean surface tension of undiluted midgut fluid from larvae 
reared on artificial diet was 32.4 + 1.4 (standard deviation) dynes/cm. The 
surfactant concentration of pooled midgut fluid from moth larvae reared on 
artificial diet was estimated to be eight times that of the CMC. 

In vitro Inhibition of Tannin-Protein Precipitation by Lysolecithin. The 
relationships among protein precipitation, lysolecithin concentration, and tannic 
acid concentration are illustrated in Figure 1. At 0% lysolecithin, there was a 
threshold of 1.0 mg/ml tannic acid before significant amounts of hemoglobin 
were precipitated. Once this concentration was reached there was a linear rela- 
tionship between percent hemoglobin precipitated and tannic acid concentration 
(slope = 0.586; r 2 = 0.989). The addition of lysolecithin raised the threshold 
concentrations of tannic acid required to precipitate hemoglobin. As the tannic 
acid concentration was increased to 4.0 mg/ml in the presence of 0.06% lyso- 
lecithin, more hemoglobin was precipitated, but to a lesser extent than without 
lysolecithin. Only at tannic acid concentrations greater than 4.0 mg/ml were 
significant amounts of hemoglobin removed from solution in 0.06 % lysolecithin. 
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FIG. 1. Precipitation (as percent of maximum) of hemoglobin by purified tannic acid 
with 0%, 0.06%, and 0.09% lysolecithin (w/v) present. Vertical bars are one standard 
deviation. 
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In 0.09% lysolecithin, tannic acid concentrations greater than 6.0 mg/ml were 
required for hemoglobin precipitation. 

In vitro Precipitation of Lysolecithin by Tannic acid and Oak Leaf Extracts. 
Tannic acid precipitated lysolecithin from solution quantitatively (Figure 2). At 
pH values of 6.0 and 7.0, there was a linear relationship between tannin con- 
centration and lysolecithin precipitation above a threshold concentration of 0.24 
mg/ml. Tannic acid, at a concentration of 0.60 mg/ml, precipitated lysolecithin 
to the point that it was below its CMC at both pH 6.0 and 7.0. For pH 9 and 
10, a threshold tannic acid concentration was not evident; some lysolecithin was 
removed at the lowest tannic acid concentration, although more tannic acid was 
required per unit lysolecithin precipitated. As a result, more lysolecithin remained 
in solution at high tannin concentration at pH 9 and 10 than at 6 or 7. However, 
the lysolecithin remaining in solution at 0.60 mg/ml tannic acid at pH 9 was 
still near the critical micelle concentration of 80/zM. 

Oak leaf extract also precipitated lysolecithin from solution (Figure 3). The 
extract from tree 43, which had an estimated astringency (affinity for hemoglo- 
bin) of 30.1% TAE, was more effective at precipitating lysolecithin than was 
the extract from tree 34, which had an astringency of 10.5% TAE (Figure 3). 
Both extracts precipitated lysolecithin more effectively at pH 6 than at pH 10. 

Impact of Tannic Acid on Surface Tension of Larval Midgut Fluid and 
Lysolecithin Solutions. The effect of tannic acid on the surface tension of midgut 
fluid is illustrated in Figure 4. The pH of the gut fluid was 8.0. Tannic acid 
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deviation. 
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concentration of about 1.2 mg/ml in the midgut fluid caused an increase in 
surface tension. Tannic acid also caused an increase in the surface tension of a 
0.06% lysolecithin solution in a dose-dependent, pH-sensitive fashion (Figure 
5). At pH 6.0, tannic acid concentration in a range of 0-0.54 mg/ml had no 
effect on the surface tension of a lysolecithin solution. However, there is a 
distinct rise in surface tension at a tannic acid concentration of 0.60 mg/ml. 
Tannic acid, in the range of 0-0.60 mg/ml, had no effect on surface tension of 
a 0.06% lysolecithin solution at pH 10.0. 

Impact of  Oak Leaf  Diets on Midgut Surface Tension. The consequences 
of switching larvae from artificial diet to red oak leaves can be seen in Figure 
6. The 100 larvae reared on artificial diet had a mean midgut fluid surface tension 
of 32.4 + 1.4 dynes/cm. Although the mean midgut fluid surface tension of 
the larvae that had consumed oak leaves for 24 hr was not significantly different 
(33.2 4-_ 2.5 dynes/cm; P > 0.05), the shapes of these two frequency distri- 
butions were significantly different (chi-square analysis, P < 0.05). This dif- 
ference was due mainly to greater variation in midgut fluid surface tension 
among leaf-fed larvae (coefficient of variation = 7.5%) than in artificial diet- 
fed larvae (coefficient of variation = 4.3 %). In our experiments, midgut fluid 
ranged between 32 and 33 dynes/cm. Approximately 22% of leaf-fed, but only 
9 % of diet-fed, larvae had midgut surface tensions above 33 dynes/cm; 36% of 
leaf-fed and 23 % of diet-fed larvae had midgut surface tension below 32 dynes/ 
cm.  
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Fro. 5. Effect on surface tension of adding tannic acid to simulated midgut fluid with 
0.06% (w/v) lysolecithin at 2 pH values. Surface tension was different only at tannic 
acid concentration of 0.60 mg/ml, pH 6 (ANOVA, P < 0.05). Vertical bars are one 
standard deviation. 
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Astringencies of Red Oak Leaves. The majority of the red oak leaf extracts 
assayed exhibited astringencies high enough to permit protein binding with phys- 
iological concentrations (0.06 %) of lysolecithin present. In the protein-binding 
inhibition studies described above (Figure 1), hemoglobin precipitation in a 
0.06% lysolecithin solution proceeded above tannic acid concentrations of 4 
mg/ml. An extract from leaf powder having an astringency of 10% TAE has 
the same ability to precipitate hemoglobin as if it was 10% tannic acid by weight 
(Schultz et al., 1981). Because we used 400 mg dry weight of leaf powder and 
concentrated the extract to 10 aqueous ml, an extract from leaf material exhib- 
iting 10% TAE has the same astringency as a 4 mg/ml tannic acid solution. 
Hatched bars represent leaves having TAE values above this level in Figure 7. 

Impact of Variation in Dietary Lipids on Midgut Surface Tension. Larval 
midgut surface tension on normal and a reduced-lipid diet are shown in Figure 
8. Initially, the mean midgut surface tension was 33.1 dynes/cm. The midgut 
fluid surface tension from larvae that remained on the lipid-rich diet did not vary 
significantly from this value over a seven-day period. After 24 hr, there was no 
significant change in the midgut fluid surface tension of larvae eating the reduced- 
lipid diet. However, at 48 hr and beyond, there was a significant increase in the 
surface tension of the midgut fluid (ANOVA, GLM procedure P < 0.01). The 
size of the larval fat bodies decreased over several days (unpublished observa- 
tion). Midgut contents of larvae on reduced-lipid diet included exoskeleton parts, 
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and the number of caterpillars remaining in the common feeding container 
decreased at a rate greater than could be accounted for by harvest (unpublished 
observations). This strongly suggests that the surviving larvae were engaging in 
cannibalistic behavior. No such behavior was noted for larvae fed lipid-rich diet. 

D I S C U S S I O N  

We found that surfactant phospholipids, including lysophosphatidylcholine 
(lysolecithin), occur in the midguts of gypsy moth larvae, where they appear to 
alter the surface tension of gut fluid. Larvae on tannin-free, lipid-containing 
diets had gut fluid surface tensions indicating lysolecithin concentrations up to 
eight times the critical micelle concentration. These results are similar to those 
of other workers (Martin and Martin, 1984, Felton and Duffey, 1991) for several 
other lepidopteran species. Martin and Martin (1984) pointed out that such gut 
fluid surfactants have been found in every insect species that has been studied. 
For this reason, and because the gypsy moth focuses much of its feeding on 
tannin-rich host plants (Barbosa and Krischik, 1988), it is not surprising to find 
detergents present in its midgut. 

Larvae feeding on astringent red oak leaves exhibited more variable midgut 
surface tension than did larvae fed artificial diet. This is not surprising, given 
the numerous ways in which oak leaves must differ from the homogenous lab 
diet, and the fact that we could not measure the actual components of the leaf 
portions consumed and did not know how recently they had been consumed. 
These results suggest that dietary variation can influence concentration of surface 
active phospholipids. About 25 % of leaf-fed larvae exhibited elevated midgut 
surface tensions, suggesting a reduction in surfactant concentrations. We hypoth- 
esized that surfactant activity might be lost (and surface tension increased) on 
diets having high tannin and/or low lipid concentrations. 

As predicted, adding tannic acid to gypsy moth larval midgut fluid did 
increase surface tension. A significant rise in surface tension occurred above 
1.2 mg/ml tannic acid, suggesting the existence of a threshold. A sharp threshold 
increase in surface tension was found above 0.54 mg/ml tannic acid in aqueous 
lysolecithin solutions buffered to pH 6. Although no such increase was seen in 
lysolecithin solutions buffered to pH 10, we only worked with tannic acid con- 
centrations up to 0.60 mg/ml. This amount is insufficient to reduce the lyso- 
lecithin concentration at pH 10 below its CMC and half the amount seen to 
increase surface tension in midgut fluid. These results support our hypothesis 
that dietary tannin can reduce or eliminate surface activity of midgut phospho- 
lipids. More tannin is required for this impact at higher pH levels. 

The mechanism by which tannin reduces midgut surfactance apparently 
involves tannin-lipid complexing. Takechi and Tanaka (1987) reported that 
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gallotannins were able to bind to basic lipids, such as lecithin and lysolecithin, 
although no precipitation was noted. We showed that the ability of lysolecithin 
to inhibit precipitation of hemoglobin (astringency) is lost above threshold tannin 
concentrations. These results, plus the observation of precipitates formed in 
tannin-lysolecithin solutions at low protein concentrations, indicated that tannins 
might actually be able to remove phospholipids from solution. 

Indeed, we found that both tannic acid and red oak tannin extracts precip- 
itate lysolecithin quantitatively from solution under conditions that simulate mid- 
gut cation concentrations and over a range of pH values. At lower pH values, 
this effect exhibited a prominent threshold; the threshold is less evident at higher 
pH values. Although we have not carried out a competitive binding study, our 
results lead us to hypothesize that the anticomplexing activity of midgut surfac- 
tants may be due to competitive binding with dietary tannins. 

Surfactant concentrations in simulated gut fluid were reduced below the 
CMC by leaf extracts as dilute as 50% of full strength, even at pH 10. Larvae 
consuming these leaves are likely to experience a loss of surfactance. Extracts 
from tree 43 had a stronger effect on surfactant loss than did those from tree 
34. These two trees were chosen for these experiments because extracts from 
tree 43 had three times the astringency of extracts from tree 34, and female 
gypsy moths reared on tree 43 had 50% lower pupal mass and fecundity than 
did females reared on tree 34 (Rossiter et al., 1988). Individual egg dry weights 
were also significantly lower on tree 43 than on tree 34 (Rossiter, personal 
communication). 

We suggest that the ability of higher concentrations of leaf phenolics to 
reduce phospholipid concentrations below midgut CMC may be responsible for 
reduced growth and reproduction in gypsy moth larvae. Surface active lyso- 
phospholipids play a direct role in glyceride transport across mucosal cells in 
Pieris brassicae (Lepidoptera; Pieridae) (Turunen and Kastari, 1979) and facil- 
itate lipid solubilization in many insects, activities analogous to those of bile in 
vertebrate digestive systems (Turunen and Kastari, 1979; Turunen, 1983; Turu- 
nen and Chippendale, 1989). Tannin-induced loss of surfactants in the midgut 
therefore could produce lipid deficiency, reduced adult weight, and reduced egg 
production and egg weight. 

Dietary tannins might also be able to bind to the lipid component of epi- 
thelial cell membranes. This could lead to the disruption of membrane integrity 
and/or function. Such a phenomenon would explain why gut lesions are often 
observed in insects fed on high tannin diets (Steinly and Berenbaum, 1985). If 
epithelial cell membranes are vulnerable to tannin and/or phenolic binding, 
lysolecithin in the gut fluid may play a role in protecting these cells. 

Two lines of evidence suggest that gypsy moth larvae may be able to 
"recharge" lost midgut lysolecithin from some source other than the diet for at 
least a limited time. First, caterpillars did not exhibit elevated midgut surface 
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tensions for 48 hr after being deprived of any phospholipid substrates. Second, 
fewer larvae than expected exhibited elevated midgut surface tensions when fed 
oak leaves that probably had high enough astringencies to reduce midgut sur- 
factant concentrations. 

The possibility that larvae may "recycle"  or synthesize lysophospholipids 
to "recharge" midgut surfactants is inconsistent with present views of the sources 
and fate of these molecules in Lepidoptera. The lysolecithin in lepidopteran 
midguts is thought to arise from ingested lysolecithin and the hydrolysis of 
ingested dietary lecithin (Turunen, 1983). Lysolecithin is then absorbed by mid- 
gut mucosal cells, where it is resynthesized into the corresponding phosphatide 
(lecithin), which passes into the hemolymph (Turunen, 1983). Turnover time 
for lecithin in midgut cells is estimated at under 11 hr, and there is at present 
no known pathway by which it is returned to the midgut lumen (Turunen, 1983); 
in P. brassicae, " . . .  dietary lecithin was found to be utilized by the larvae 
almost completely" (Turunen and Kastari, 1979). The means by which gypsy 
moth larvae maintained elevated midgut surface tensions 48 hr after their last 
meal containing phospholipids is therefore unknown. Some of the observed fat 
body depletion in these insects could have been caused by the use of fat reserves 
in maintaining midgut surfactant levels. 

We have shown that gypsy moth larvae can suffer reduced midgut surfac- 
tance if they consume diets with moderate to high tannin concentrations. This 
effect appears to be due to precipitation of detergent lipids from solution by 
tannins and maybe other phenolics and is pH dependent~ Reducing the midgut 
phospholipid concentration below its CMC should produce lipid deficiencies or 
reduced protein availability, depending on the tannin concentrations actually 
consumed. Because leaf tannin concentrations high enough to reduce lysolecithin 
concentrations below the CMC occur frequently in nature and seem to have a 
negative impact on gypsy moth growth and reproduction (e.g., Rossiter et al., 
1988), we postulate that the loss of surfactant activity might comprise an impor- 
tant impact of plant tannins on this insect. 
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