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Abstraet--Bioassays with nuclear polyhedmsis virus (NPV) administered to 
gypsy moth larvae on leaf disks from various tree species reveal strong viral 
inhibition by some tree species. Phenolic extracts from inhibitory tree leaves 
cause virus polyhedral inclusion bodies (PIBs) to form large aggregations. 
However, aggregated PIBs treated with leaf extracts and administered to lar- 
vae on laboratory diet (without phenolics) retain virulence. Our results sug- 
gest that leaf phenolics, especially hydrolyzable tannins, inhibit NPV 
infection, hut may not act via aggregations formed in the foregut. 

Key Words--Gypsy moth, Lymantria dispar, Lepidoptera, Lymantriidae, 
tannins, nuclear polyhedrosis virus, phenolics. 

INTRODUCTION 

The suscept ibi l i ty  of  gypsy moth Lymantria dispar (Lepidoptera,  Lymant r idae ,  
larvae to the gypsy moth  nuc lear  polyhedrosis  virus ( G M N P V )  can be influ- 

enced by  the foliage of  the p lant  species on  which the viral  polyhedral  inc lus ion  
bodies  (PIBs) are c o n s u m e d  (Keat ing and Yendol ,  1987). Differences in larval  
suscept ibi l i ty  may  be the result  o f  the interact ions be tween  the gypsy moth vires  
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and various foliage chemicals (Keating et al., 1988). Specifically, previous work 
has shown that decreases in larval mortality are strongly correlated with increas- 
ing levels of hydrolyzable tannin in natural and artificial diets (Keating et al., 
1988; Keating and Yendol, 1988). 

The GMNPV plays a conspicuous role in gypsy moth population dynamics 
(USDA, 1981). For example, GMNPV epizootics are closely associated with 
outbreak collapse. Because leaf phenolics, especially hydrolyzable tannins, can 
reduce gypsy moth growth and fecundity (Rossiter et al., 1988), the possibility 
of enhanced resistance to disease acquired from the same chemicals needs to 
be explored before we can understand the host plant's net influence on gypsy 
moth population dynamics. 

Tannins are polyphenolic compounds capable of binding to proteins and 
reducing the activity of many enzymes (Swain, 1979). While the ecological 
significance of these phenolics is in dispute, tannins can be strongly inhibitory 
of wide range of microorganisms including viruses, bacteria, and fungi and thus 
may protect organisms from pathogens (Swain, 1979). The possible mecha- 
nisms for antimicrobial activity are several but could certainly include the for- 
mation of complexes between tannins and microbial proteins (Cadman, 1960). 

Virions of GMNPV are occluded in a paracrystalline matrix composed of 
polyhedrin protein (USDA, 1981). The polyhedral inclusion bodies (PIBs) are 
ingested and pass first through the larval foregut where pH levels (pH 4.0-8.0) 
may be adequate for the occurrence of tannin-polyhedrin binding (Schultz and 
Lechowicz, 1986). When PIBs enter the midgut, the imbedded virions are 
released when the protein matrix dissolves because of alkaline pH levels and 
protease activity (McCarthy and DiCapua, 1979). Since virions must be released 
from the inclusion bodies before infection can occur, we hypothesized that tan- 
nin-polyhedrin complexes formed in the foregut may reduce larval mortality by 
inhibiting PIB dissolution and virion release. 

The goals of this study were to confirm the positive correlations between 
foliage tannin content or protein-binding capacity and reductions in larval sus- 
ceptibility to virus, to examine the possibility that foliage tannins might form 
complexes with PIB proteins of the GMNPV, and to determine whether tannin 
binding of PIBs explains viral inhibition on foliage. 

METHODS AND MATERIALS 

Bioassays with Virus. The susceptibility of gypsy moth larvae to the 
GMNPPV when the virus was consumed on different host plants was examined 
using methods previously described by Keating and Yendol (1987). In brief, 
larvae were reared through second instar on an artificial diet, removed from 
food for 24 hr upon molting to third instar, and then allowed 24 hr to consume 
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a single 10-mm-diameter disk of host-plant foliage treated with 60,000 PIBs/ 
disk. Larvae not consuming a complete dose were discarded. Control larvae 
received virus-free leaf disks to test for any mortality resulting from diet-induced 
stress. Following inoculation, larvae were returned to artificial diet and held 
individually for a 17-day incubation period during which mortality resulting 
from virus was recorded daily. Since larvae were treated identically before and 
after inoculation, differences in mortality among larvae inoculated with the same 
viral dose but on different diets can be attributed to the effect of foliage on vires 
or the infection process. Host-plant species were red oak (Quercus rubra L.), 
black oak (Q. velutina Lam.), white oak (Q. alba L.), quaking aspen (Populus 
tremuloides Michx), bigtoothed aspen (P. grandidentata Michx.), and red maple 
(Acer rubrum L.). All but the latter are highly favored, suitable hosts for the 
gypsy moth; red maple is a common codominant with preferred hosts (USDA, 
1981). 

The significance of differences in mortality among larval groups inoculated 
on different host-plant species was assessed using an ANOVA of the arcsin- 
transformed percent mortality in each replication (Steel and Torrie, 1980). 
Treatments on each host-plant species were replicated four times with approx- 
imately 50 larvae in each replicate. Significant differences in mortality were 
determined using Duncan's new multiple-range test (Steel and Torrie, 1980). 

Chemical Analysis of Leaf Material. Concurrent with the virus bioassay, 
additional leaf samples were collected for chemical analysis from the same trees 
used in the bioassay, and the foliage was treated in the same manner as bioassay 
foliage prior to any analysis. Three samples from each of six host-plant species 
were frozen with liquid nitrogen, ground into small fragments, freeze-dried, 
and then further ground to a fine powder in a cyclone mill. Approximately 400 
mg of powder was washed twice with diethyl ether and extracted in 20 ml of 
70 % acetone. The acetone was removed by evaporation under reduced pressure, 
and distilled water was added to the aqueous extracts to bring the final extract 
volume to 10 ml. 

At the same time, 10 leaves were collected from each tree, weighed and 
dried at 104~ for 48 hr. They were reweighed and used to calculate percent 
dry weight for each tissue used in this study. Mean dry weight/wet weight ratios 
were used to calculate the dry mass of disks used in bioassays (above); for each 
tree, 30 disks actually used in bioassays were weighed fresh for this calculation. 
We could then calculate the actual fraction of leaf disk fresh weight that com- 
prised the various phenolic constituents, and thus the phenolic dose consumed 
in each disk with virus. 

The hydrolyzable tannin content of the aqueous extracts was estimated as 
galloyl esters using a potassium iodate reagent (Bate-Smith, 1977) under care- 
fully timed conditions modified to assure quantitative results (Schultz and Bald- 
win, 1982). Condensed tannins were estimated as leucoanthocyanins (Bate- 
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Smith, 1975) and the protein-binding capacity of extracts ("astringency") was 
determined using hemoglobin as a substrate and tannic acid as a standard 
(Schultz and Baldwin, 1982; Schultz et al., 1981). Levels of hydrolyzable tan- 
nins and astringency are expressed as percent dry weight tannic acid (Sigma, 
Inc., batch T-0125) equivalents (% TAE). Condensed tannin levels are expressed 
as percent dry weight wattle tannin equivalents (% WTE) from a purchased stan- 
dard (Leon Monnier, Inc.). Percent dry weight equivalents were converted to 
fresh weight values using average dry weight/fresh weight ratios derived from 
samples of 10 leaves of each foliage type (above). The total amount of equiv- 
alents in the bioassay leaf disks was then calculated using the average fresh 
weight of the disks. 

Differences between host-plant species in tannin content and binding 
capacity of the foliage were determined using Duncan's new multiple-range test 
following ANOVA of the data. The relationship between leaf chemistry and 
larval susceptibility to virus was assessed by simple regression of weighted (1/ 
variance) average larval mortality following virus treatment on each host-plant 
species on tannin contents, and binding capacity of the leaf disks from the same 
trees (Steel and Torrie, 1980). 

PIB Aggregation Assay. Preliminary work indicated that the addition of 
aqueous leaf extracts to suspensions of GMNPV PIBs resulted in the formation 
of large aggregates of PIBs. To quantify this observation, 0.925 ml aqueous 
leaf extract from the above chemical analysis as combined with 0.075 ml from 
a 1.5 x 108 PIBs/ml suspension and gently stirred for 15 min. A 15-rain inter- 
val represents the median residence time for leaf material and PIBs in the larval 
foregut (Keating and Schultz, unpublished observations). A sample was drawn 
from the mixture, added to a hemacytometer, and observed at 400 x magnifi- 
cation. PIBs were considered unaggregated if they appeared to be more than 
one PIB diameter from the nearest PIB and/or if they appeared to have inde- 
pendent brownian movement. The number of unaggregated PIBs observed in a 
0.2 x 0.2 • 0.1-mm field was recorded, and the average number of unaggre- 
gated PIBs in 10 fields was used as an inverse measure of the aggregating capac- 
ity of the leaf extract sample. PIBs were added to 0.925 ml of distilled water 
to determine the number of unaggregated PIBs in an extract-free suspension. 
The experiment was repeated using 1 : 10 dilutions of each leaf sample to deter- 
mine the effect of changing foliage chemical concentrations on PIB aggregation. 

Finally, the PIB aggregation assay was repeated using tannic acid solutions 
(Sigma, Inc., batch T-0125) of four different concentrations prepared in 0.05 
M MES buffers to determine the aggregating capacity of this commercial hydro- 
lyzable tannin. The pH of the tannin-buffer solutions was adjusted to pH 5.0 
to approximate pH levels found in the foregut when filled with macerated leaf 
tissue. Tannin concentrations were adjusted so that the addition of 0.075 ml of 
PIB suspension to 0.925 ml of tannic acid solution resulted in final tannin con- 
centrations of 1.0, 0.2, 0.04, and 0.008%. The average number of unaggre- 
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gated PIBs was again determined for 10 fields per replicate and each tannin- 
concentration treatment was fully replicated three times. 

Differences in the PIB aggregating capacity between extracts of different 
host-plant species were determined using Duncan's new multiple-range test fol- 
lowing ANOVA of the data. The relationship between leaf chemistry and PIB 
aggregating capacity and between aggregating capacity and larval mortality was 
assessed with GLM (SAS Institute) and linear regression analysis (Steel and 
Tolwie, 1980). 

Bioassays with Aggregated PIBs. To determine whether PIBs aggregated 
by tannins had lost infectivity, viral bioassays were performed as described 
above. However, viral PIBs were administered on laboratory diet plugs instead 
of leaf disks (Keating et al., 1988). A new set of extracts from quaking aspen 
(Populus tremuloides Michx.), red oak (Quercus rubra L.), and pitch pine 
(Pinus rigida P. Mill) leaves was prepared as described above, but with 1 g of 
leaf powder in 10 ml of 70 % acetone. Pitch pine was selected because of reports 
that late-instar larvae feeding on it appeared relatively resistant to viral mortality 
(Rossiter, 1987). 

Acetone was removed by evaporation at reduced pressure to produce 
aqueous extracts with phenolic concentrations approximating those in spring 
leaf tissue (Keating and Schultz, unpublished data; Rossiter et al., 1988). Thus, 
these extracts were about 10 times more concentrated than the undiluted extracts 
used in the PIB aggregation assay described above. Dilutions (1 : 5) of these 
highly concentrated extracts were also used to investigate changes in GMNPV 
efficacy with changes in leaf chemical concentration. PIBs, 4 x 106, were added 
to 1.0 ml of each extract and stirred for 30 mins. After extract treatment, PIBs 
were resuspended in sterile distilled water. Microscopic examination confirmed 
that extract-treated PIBs remained aggregated following resuspension. The 
infectivity of the PIBs was assessed by feeding third-instar larvae a single arti- 
ficial diet plug treated with 2.0 ~1 of 4.0 x 105 PIB/ml suspensions of vires. 
Thus, individual larvae received approximately 800 PIBs/larva of extract-treated 
or distilled water-treated virus. Control larvae received diet plugs treated with 
virus-free distilled water. All other bioassay conditions were as described above. 

Leaf extracts were assayed for hydrolyzable and condensed tannin con- 
tents, protein binding, and ability to aggregate PIBs as described above. Sig- 
nificance of variation in mortality among extract types and phenolic 
concentrations was assessed using ANOVA (SAS Institute). 

R E S U L T S  

Bioassays with Virus. The susceptibility of larvae to GMNPV was strongly 
affected by the type of foliage consumed in conjunction with the virus. Larvae 
fed virus on red maple and red or black oak leaf disks showed significantly 



1450 KEATING ET AL. 

lower mortality when compared with larvae fed either species of aspen; mor- 
tality on white oak was intermediate (Table 1). Mortality among control larvae 
was less than 2 % for each host-plant species. 

Chemical Analysis of Leaf Material. Foliage from different host-plant spe- 
cies also differed significantly in hydrolyzable and condensed tannin content 
and protein binding capacity. Leaf disks from foliage collected from the black 
and red oak trees provided significantly more hydrolyzable tannin per disk (in 
TAE) than did disks from the other trees, and white oak and red maple foliage 
contained significantly more hydrolyzable tannin per disk than did quaking or 
bigtooth aspen (Table 1). Disks from red and black oak contained significantly 
greater protein binding capacity than did disks cut from white oak, red maple, 
quaking aspen, and bigtooth aspen (Table 1). Condensed tannin estimates were 
highest for the two aspen species, intermediate for red maple and black oak, 
and lowest for red and white oak. 

A significant negative relationship was found between larval mortality and 
hydrolyzable tannin content of leaf disks (P < 0.02, r 2 = 0.79). The relation- 
ship between hemoglobin binding and mortality was negative but weak (P = 
0.07). No significant relationship was found between mortality and condensed 
tannin content (P = 0.31). 

PIB Aggregation Assay. The capacity of foliage extract to promote the 
formation of PIB aggregates was clearly dependent on the type of foliage used 
and the concentration of the extracts (Table 2). When PIBs were treated with 
undiluted extracts (400 mg powder in 10 ml H20), all extracts showed some 

TABLE 1. MEAN ( ~  SD) MORTALITY FOR LARVAE INOCULATED WITH 60,000 PIBs/ 

LARVA ON LEAF DISKS OF SIX HOsT-PLANT SPECIES, AND MEAN (~  SD) VALUES FOR 
TANNIN CONTENT AND PROTEIN BINDING CAPACITY OF LEAF DISKS FROM THE SAME 

SPECIES a 

Hydrolyzable Condensed Protein 
Host-plant Mortality tannin tannin binding 

species (%) (mg/disk) (mg/disk) (mg/disk) 

Red maple 44.7 (14.3)a 0.44 (0.04)b 0.2444 (0.033)a 0.12 (0.01)b 
Black oak 49.5 (7.2)a 0.86 (0.23)a 0.2137 (0.074)a 0.22 (0.01)a 
Red oak 52.0 (16.1)a 0.74 (0.14)a 0.0076 (0.007)b 0.23 (0.02)a 
White oak 79.0 (2.0)b 0.52 (0.02)b 0.0136 (0.004)b 0.13 (0.01)b 
Quaking aspen 91.5 (4.1)c 0.11 (0.01)c 0.6368 (0.039)c 0.13 (0.01)b 
Bigtooth aspen 96.0 (2.8)c 0.09 (0.01)c 0.5481 (0.050)c 0.11 (0.02)b 

Chemical units are mg tannic acid or wattle tannin per 
arcsine transformed for analysis; untransformed values 
same letter are not signifieantly different (P > 0.05). 

leaf disc. Mortality data were square root 
are reported here. Values followed by the 
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TABLE 2. MEAN (___ SD) NUMBER OF UNAGGREGATED PIBs REMAINING IN 0 .04  m m  2 

HEMACYTOMETER FIELD AFTER TREATMENT FOR 15 MINUTES IN HOST-PLANT FOLIAGE 

EXTRACTS a 

Host-plant 
species 

Unaggregated PIBs 

Condensed extract Dilute extract 

Red maple 7.5 (0.91)a 19.5 (1.88)b 
Black oak 11.3 (2.25)ab 20.0 (3.92)b 
Red oak 6.3 (0.69)a 10.8 (2.31)a 
White oak 8.3 (1.68)a 28.1 (1.80)c 
Quaking aspen 17.2 (5.01)c 44.3 (0.65)d 
Bigtooth aspen 15.7 (4.36)bc 44.6 (1.74)d 
Control (no extract) 46.6 (3.07)d 

aValues followed by the same letter are not significantly different (P > 0.05). 

PIB aggregating capacity. Significantly fewer unaggregated PIBs were found 
following treatment with red oak, red maple, and white oak extracts than with 
the undiluted quaking and bigtooth aspen extracts (Table 2). Differences were 
even greater following a 1 : 10 dilution of  all extracts. Dilute red oak extracts 
appeared to have a significantly greater PIB aggregating capacity than did the 
extracts from any other host-plant species (Table 2). Diluted black oak and red 
maple extracts had significantly greater aggregating capacities than did dilute 
extracts from white oak, quaking aspen and bigtooth aspen. Finally, aggrega- 
tion was significantly greater in dilute white oak extract than in dilute quaking 
or bigtooth aspen, which were indistinguishable from controls. 

PIB aggregation was greater in extracts having higher hydrolyzable tannin 
contents and higher protein binding capacity. The number of  free (unaggre- 
gated) PIBs after treatment in extracts was negatively correlated with hydrolyz- 
able tannin contents of  both undilute ( r  2 = 0 . 4 0 ,  P < 0.005) and dilute (r 2 = 
0.54, P < 0.001) extracts (Figure 1). The protein binding capacity of  the 
extracts also was negatively correlated (undilute r 2 = 0.25, P < 0.03; dilute 
r 2 = 0.46, P = 0.002), with the number of  unaggregated PIBs found at both 
foliage extract concentrations. However,  the condensed tannin content of  
extracts was negatively correlated with aggregation (r 2 = 0.79, P = 0.03 dilute; 
r 2 = 0.87, P = 0.006 concentrated). 

Larval mortality due to virus was less when larvae received virus on foliage 
with strong aggregating capacity (Table 1). Average larval mortality following 
consumption of  virus on host-plant foliage was negatively correlated with PIB 
aggregation in undilute extracts, although statistical significance was marginal 
(P = 0.07) despite a relatively large r value (r = 0.799). The marginal signif- 
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FI6. 1. Numbers of GMNPV PIBs left unaggregated ("free") per standard microscope 
field as a function of hydrolyzable tannin concentrations in disks cut from foliage of six 
tree species (solid line, see Table 2). Bars represent 1 SD. Regression for concentrated 
extracts: Y = 48.32 x 10 -0.63 X, R 2 = 0.46. Regression for dilute (1:5) extracts: Y = 
15.46 • 10 -~ R 2 = 0.71. 

icance may be a result of the saturation of the aggregating capacity of oak and 
maple extract; a few PIBs always remained unaggregated. However, there was 
a significant positive correlation between larval mortality in the leaf disk bioas- 
say and the average number of unaggregated PIBs following treatment with 
dilute extracts of the same species (r = 0.929, P = 0.008). A linear regression 
of this relationship yielded the equation: Y = 1.51X + 26.6 with an r 2 of 0.857, 
where Yis mortality and X is the number of unaggregated PIBs. Larval mortality 
was greatest on quaking and bigtooth aspen leaf material and dilute extracts of 
this foliage showed little or no PIB aggregating capacity compared with the 
oaks or red maple. 

Observations of PIBs treated with tannic acid solutions demonstrated that 
hydrolyzable tannins can cause PIBs to aggregate. Aggregating activity was 
strongly dependent on tannin concentration, with few unaggregated PIBs 
remaining after treatment with 1.0% tannic acid (Figure 2). 

Bioassays with Aggregated PIBs. PIBs treated directly with concentrated 
(3.33 g powder/10 ml water) or dilute (0.66 g powder/10 ml water) leaf extracts 
and aggregated prior to inoculation yielded larval mortalities indistinguishable 
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FIG. 2. Numbers of GMNPV PIBs left unaggregated ( " f l e e " )  per standard microscope 

field at increasing concentrations (w/v) of purified tannic acid in 0.05 M MES-buffered 
water medium. Bars represent 1 SD. Regression: Y = 43.43 x 10 -0.95 X, R 2 = 0.98. 

(P > 0.05) from untreated controls when administered on lab diet (Table 3). 
Control and treatment mortalities were somewhat higher in this experiment and 
chemical measures were somewhat lower than in previous trials (Table 4). 
However, these extracts were shown to aggregate PIBs effectively (Table 3). 

TABLE 3. MEAN (SD) PERCENT MORTALITIES OF LARVAE INOCULATED WITH 800 PIBs 

PRETREATED AND AGGREGATED WITH EXTRACTS OF THREE TREE SPECIES, AND MEAN 
(SD) NUMBER OF UNAGGREGATED FIBs IN EACH PRETREATMENT ~ 

Mortality (%) 

Host-plant Concentrated Dilute Unaggregated 
species extract extract PIBs 

Red oak 91.25 (2.50) 93.75 (2.76) 8.53 (0.48) 
Pitch pine 93.00 (1.47) 91.25 (2.76) 9.30 (1.49) 
Quaking aspen 90.62 (2.47) 92.48 (4.24) 9.43 (0.58) 
Control (lab diet) 91.80 (2.49) 88.58 (3.04) 46.60 (3.07) a 

aValue followed by letter is significantly different from the rest in the same column (P < 0.05). 
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TABLE 4. PHENOLIC CONTENTS OF LEAVES EXTRACTED AND USED IN PIB 
AGGREGATION PRETREATMENT 

Hydrolyzable Total Protein 
Host-plant tannins phenolics binding 

species (% TAE) a (% TAE) (% TAE) 

Red oak 22.33 3.82 4.16 
Pitch pine 13.41 1.66 2.22 
Quaking aspen 15.18 3.18 3.05 

~TAE = tannic acid equivalents as % fresh weight. 

DISCUSSION 

The susceptibility of gypsy moth larvae to the GMNPV was significantly 
affected by the type of foliage consumed in conjunction with the virus. Larvae 
fed virus-treated foliage from oak and maple species had lower mortalities than 
larvae fed virus-treated foliage from aspen species. Decreased susceptibility to 
the virus was negatively correlated with the hydrolyzable tannin content of the 
leaf disks, but not significantly correlated with foliage hemoglobin binding 
capacity. These results are essentially consistent with previous observations, 
although past studies have found significant negative correlations between mor- 
tality and hemoglobin binding (Keating and Yendol, 1987; Keating et al., 1988). 

When treated with phenolic extracts from foliage, PIBs formed large 
aggregates. This strongly suggests that compounds in the extracts were able to 
bind to the proteinaceous PIBs. The resulting PIB agglutination was dependent 
on both extract concentration and on the extract source. Extracts from oak and 
maple foliage were clearly more effective at promoting the formation of PIB 
aggregations than were extracts from aspen foliage. The ability of commercial 
tannic acid to promote aggregation suggests that it is indeed the tannins in these 
extracts that are responsible for the aggregation of PIBs. 

The aggregating capacity of the extracts was strongly correlated with extract 
hydrolyzable tannin content and somewhat correlated with hemoglobin binding 
capacity. In general, fewer unaggregated PIBs remained following treatment 
with extracts containing higher tannic acid equivalents (TAE). Red maple 
extracts were an exception; maple extracts were as effective as oak extracts at 
causing PIB aggregation despite lower hydrolyzable tannin concentrations and 
much lower hemoglobin binding capacities. Red maple tannins may have a 
greater affinity for polyhedrin than hemoglobin, and the lower affinity of red 
maple tannins for hemoglobin may account for the absence of a significant cor- 
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relation between mortality and hemoglobin binding. In general, it appears that 
interactions between tannin and hemoglobin may be a poor model for interac- 
tions between phenolics and viral proteins. 

Surprisingly, the correlation between aggregation of PIBs and condensed 
tannins was negative. We had expected condensed tannins to bind to PIB pro- 
teins as strongly or more strongly than hydrolyzable tannins. Wattle tannin, a 
mixture of condensed tannins from Acacia sp., exhibits weak but significant 
viral inhibition in lab diet bioassays (Keating and Yendol, 1988). However, 
leaf condensed tannins generally do not predict larval mortality to NPV when 
administered on leaf disks (Keating et al., 1988). As before, we observed strong 
negative correlations between hydrolyzable and condensed tannin measures 
within and among the tree species studied (Rossiter et al., 1988; Schultz, 
unpublished data). We suggest that this correlation creates an artificial negative 
relationship between condensed tannin measures and PIB aggregation. Con- 
densed tannin measures in aspen leaves may actually reflect concentrations of 
nonbinding monomeric flavonoids, as indicated by the weak hemoglobin bind- 
ing of aspen extracts (Table 1). Condensed tannins appear to play a minor role, 
if any, in gypsy moth viral inhibition. 

We had expected larval susceptibility to virus on different host-plant spe- 
cies to be related to the ability of foliage extracts to promote PIB aggregation. 
In general, foliage types that reduced mortality most in leaf disk bioassays also 
yielded extracts that aggregated PIBs most strongly, and these mortality patterns 
parallel previous bioassay results using these tree species (Keating and Yendol, 
1987). 

However, PIBs recovered from extract aggregations were as lethal as nor- 
mal unaggregated PIBs (Table 3). Because these extracts clearly formed PIB 
aggregations prior to consumption by larvae, our results suggest that binding 
tannins to PIBs and PIB aggregation alone did not inhibit viral infection in these 
experiments. Hydrogen-bonded tannin-polyhedrin complexes may have quickly 
dissociated in the midgut because of alkaline or detergent conditions (Martin et 
al., 1985). While the frass was not examined for intact PIBs, indirect evidence 
suggests that PIBs dissolved and released virions at the same rate whether treated 
with extracts or water, because mortality was similar among larvae fed extract- 
and water-treated PIBs. 

There may be several explanations for the discrepancy between PIB aggre- 
gation-mortality correlations and the absence of inhibition of the virus follow- 
ing direct treatment with extracts. First, leaves (and leaf disks) are more strongly 
buffered than is lab diet, and larval midgut pH levels are lower when larvae 
consume well-buffered plant material (Schultz and Lechowicz, 1986). This could 
permit ingested aggregations to remain intact longer than in our experiments 
with unbuffered lab diet. Previous work (Keating et al., 1988, and unpublished) 
showed that the presence of phenolics in the diet, especially tannins, inhibits 
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GMNPV activity regardless of buffering conditions, but that the impact was 
increased when acid buffers were added to the diet. 

Second, tannins bound to PIBs may have had greater affinity for lab diet 
components (such as agar or wheat germ) than for viral proteins, and PIBs may 
have been released by competitive interaction of the tannin with lab diet com- 
ponents. 

Third, the concentrations of phenolics actually accompanying aggregated 
PIBs into the insect in these experiments were much less than when leaves are 
consumed. If tannin-PIB interactions are dynamic, higher concentrations of 
tannins may be required in the digestive tract to keep PIBs and tannins com- 
plexed, especially if competitive substrates are -available or pH conditions are 
unfavorable for tannin-polyhedrin binding. 

Fourth, leaf phenolics may undergo oxidation in the midgut to form qui- 
nones (Felton et al., 1987). These can bind covalently with virions, inactivating 
them (Cadman, 1960). Perhaps such complexes slow PIB dissolution and deac- 
tivate virions that are not exposed to phenolics until released in the midgut. 

Finally, ingested tannins could bind to or otherwise modify the larva's 
peritrophic membrane, a proteinaceous network through which virions must 
pass to enter the midgut epithelium (see Feeny, 1970; Richards and Richards, 
1970). All of these mechanisms would require high tannin concentrations in the 
gut itself. 

It is clear that leaves of various tree species inhibit GMNPV differentially, 
and phenolics (especially tannins) are implicated as causal factors. However, 
inhibition seems to be dependent on conditions and chemical concentrations in 
the larval midgut, and the precise mechanism remains unknown. These results 
corroborate field observations that larval mortality from virus varies among host- 
plant species (USDA, 1981), although further work is required to determine 
whether host plant-virus interactions comprise an important influence on natural 
gypsy moth populations. 
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