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ABSTRACT The effect of host plant on the effectiveness of Thuricide, a commercial
formulation of Bacillus thuringiensis sp. kurstaki Berliner, toward gypsy moths, Lyman-
tria dispar L., was examined. Thuricide was administered to second- and fourth-instar
gypsy moths on foliage from red oak, Quercus rubra L.; chestnut oak, Quercus prinus L.;
and quaking aspen, Populus tremuloides Michaux. Oaks were 2-5 times more inhibitory of
Thuricide than aspen. Red oak was more inhibitory than chestnut oak. The differences
among host-plant species were greatest at the higher dose of34 IU per larva. Mortality was
correlated negatively with the concentration of total phenolics, gallotannins, and protein-
binding activity in leaves. Purified tannins from the oaks were highly inhibitory, indicating
that leaf tannins are primarily responsible for reducing the effectiveness of Thuricide. We
conclude that oak tannins reduce the effectiveness of this B. thuringiensis formulation, that
stand composition may have a major effect on the effectiveness of microbial control
measures, and that tannin inhibition may represent a useful target for formulation improve-
ment.
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PESTICIDE RESISTANCEOFTEN is considered the
exclusive domain of insect genes, and genetic
changes underlying resistance have been identi-
fied for many pest species (Berenbaum 1986,
Soderlund & Bloomquist 1990). However, non-
genetic resistance may be equally important.
Nongenetic resistance may take the form of phe-
notypic changes in insect behavior or physiology
or of host plant interference with pesticide ac-
tion. Some plant chemicals significantly reduce
the effectiveness of chemical pesticides by stim-
ulating insect enzymes that detoxify pesticides
or by inhibiting insect enzymes that activate
them (Yu 1986, Brattsten 1988). Plant chemicals
also can inhibit the action of microbial pesticides
such as entomopathic bacteria and viruses,
which are particularly sensitive to plant chemis-
try because they infect through the gut (Tanada
& Kaya 1993). As a consequence, the composi-
tion of foliage ingested with the microbial pesti-
cide can influence dramatically its effectiveness.
Ingested foliage contains a large number of po-
tentially inhibitory compounds, including phe-
nolics, proteinase inhibitors, nonprotein amino
acids, and alkaloids, which can singly, or in con-
cert, inactivate microbial proteins (Appel 1993a).
Commercial formulations of Bacillus thurin-

giensis sp. kurstaki Berliner are used widely
against the gypsy moth, Lymantria dispar L. The

potential for resistance of gypsy moth to B. thu-
ringiensis based on genetic and maternal effects
has been documented (Rossiter et al. 1990). The
potential for resistance based on leaf chemicals
was demonstrated >20 yr ago in studies showing
inhibition of bacterial growth by tree leaf ex-
tracts (Smirnoff & Hutchinson 1965, Maksymiuk
1970, Morris 1972). However, there have been
no studies of tree-leaf chemical inhibition of B.
thuringiensis effectiveness in insects.
We report here the inhibition of Thuricide, a

commercial formulation of B. thuringiensis, in
gypsy moth caterpillars by oak tannins. In this
article, we compare the mortality of gypsy moth
caterpillars at three Thuricide doses on foliage
from red oak, chestnut oak, and trembling aspen;
correlate the mortality with several measures of
leaf tannins; inhibit Thuricide mortality with pu-
rified oak tannins; and propose a model for en-
zymatic activation of tannin action on B. thurin-
giensis.

Materials and Methods

Plant Material. The following three host-plant
species preferred by gypsy moth larvae were
studied in 1991: red oak, Quercus rubra L.;
chestnut oak, Quercus prinus L.; and quaking
aspen, Populus tremuloides Michaux. In 1992,
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we focused on red and chestnut oak. Leaf sam-
ples were collected randomly from young trees
(3-7 m) in a mixed stand at Wind Ridge Farm,
Union Township, Centre County, Pennsylvania.
In 1991, branches from 12 trees of each species
were collected 11 and 28 May, coincident with
second and fourth instars in the field. In 1992,
branches from four trees were collected 13 May,
coincident with second ins tars in the field. Leaf
clusters from branches were cut underwater and
placed into aquapicks to prevent wilting, after
which they were transferred to coolers for trans-
port to the laboratory. In the laboratory, foliage
was surface sterilized by immersion for 10 min in
a 10% hypochlorite solution, thoroughly rinsed
in distilled water for 10 min, and air dried.
Insects. Egg masses were obtained from the

Animal and Plant Health Inspection Service,
USDA, Otis, MA. After hatching, larvae were
reared at 25°C under a photoperiod of 12:12
(L:D) h in groups of three on the standard wheat
germ diet (ODell et al. 1985) in 50-cell jelly trays
(Hopple Plastics, Florence, KY) covered with
mylar. The diet contained (grams per liter): 15 g
agar (Sigma A7002, Sigma, St. Louis, MO), 120 g
stabilized wheat germ (Bio-Serv G1661, Bio-
Serv, Frenchtown, NJ), 8 g salt mix (ICN 902851,
ICN, Cleveland, OH), 10 g USDA vitamin
premix (Hoffman-LaRoche 26862, Hoffman-
LaRoche, Nutley, NJ), 2 g sorbic acid (ICN
102937), and 1 g parahydroxybenzoic acid (ICN
102577). The day before the dosing, larvae that
had slipped head capsules before the molt to the
second or fourth instar were removed from the
diet and maintained in cells without food over-
night. Larvae that molted by the next morning
were used in the experiments.
Thuricide Preparation. Thuricide 48LV, a

commercial preparation of B. thuringiensis ssp.
kuritaki delta endotoxin, was obtained from San-
doz, with an initial concentration of 1.7 x 104
IU/m!. The preparation was diluted with deion-
ized distilled water to obtain Thuricide doses of
8.5, 17, and 34 IU in a 100-nanoliter droplet and
dispensed with a 5-JL! Hamilton syringe (model
7105, Hamilton, Reno, NV) fitted with a Hamil-
ton repeater dispenser (model 83700). These
doses of Thuricide are similar to those encoun-
tered by feral larvae in aerial applications (Yen-
dol et al. 1990).
Foliage Bioassays. The bioassays were mod-

eled after the method of Keating & Yendol
(1987), in which larvae are contained individu-
ally with leaf disks inoculated with Thuricide.
We used a factorial design in which factors were
host plant and dose. The design of the experi-
ments differed slightly between 1991 and 1992.
In 1991, we used two instars (second and fourth)
in separate experiments, three host plants (red
oak, chestnut oak, and aspen), three doses of
Thuricide (0, 8.5, and 34 IV per larva), and eight
trays of caterpillars per host plant per dose. In

1992, we used only one instar (second), two host
plants (red oak and chestnut oak), three doses of
Thuricide (0, 17, and 34 IV per larva), and 12
trays of caterpillars per host plant and dose.
Trays, each containing 20 larvae, were 25-cell
jelly trays covered with mylar (A-84 polyester,
Anchor Industries, Fenton, MO). Leaf disks (10
mm) were made with a sterilized paper punch
and inoculated with a droplet of either distilled
water as control or Thuricide at two concentra-
tions and allowed to dry before larvae were
added to each cell. To reduce desiccation and
wilting, leaf disks were placed on 0.5-cm2 blocks
of 1.2% agar, and the cell contained a 0.5-cm
cylinder of dental cotton saturated with distilled
water. The larvae did not consume the agar. Ad-
ditional leaf disks were dried to obtain a dry
mass. The remaining leaf material was frozen in
liquid nitrogen and stored at -40°C. After 24 h,
larvae that had consumed the disks were placed
on the standard wheat-germ diet in jelly trays,
returned to the growth chamber, and scored
daily for mortality until no additional mortality
was observed on three consecutive days.
Artificial Diet Bioassays with Purified Tan-

nins. These were conducted by the method of
Keating et al. (1989) and are identical to the fo-
liage bioassays except that larvae were dosed
on artificial diet amended with tannins. The
artificial-dosing diet (mg/lOO ml) contained 2 g
agar (Sigma A7002), 9 g stabilized wheat germ
(Bio-Serv GI661), and 9 g cellulose (Sigma
S5504). The amount of cellulose was reduced by
the amount of tannin added to maintain a con-
stant water content of 80%. Three separate ex-
periments were conducted with tannins we pu-
rified from red and chestnut oak leaves and a
commercially prepared tannic acid from sumac
(Sigma TOI25). We used a factorial design in
which the factors were dose (0 and 34 IU per
larva) and tannin (present or absent). The
amount of tannin, the number of replicates
(trays), and the number of caterpillars per tray
varied among experiments because of differ-
ences in the availability of purified tannins. In
the red-oak-tannin experiment, three trays of 30
larvae each were dosed with 0 and 4% tannins.
In the chestnut-oak-tannin experiment, three
trays of 40 larvae each were dosed with 0 and 5%
tannin. In the tannic-acid experiment, eight trays
of 40 larvae each were dosed with 0 and 8%
tannin.
Newly molted fourth instars were dosed in 50-

cell jelly trays covered with mylar. Disks of arti-
ficial diet, averaging 6 mg dry weight, were cut
with a cork borer and placed in cells with a
0.5-cm cylinder of dental cotton saturated with
distilled water to reduce desiccation of the diet
disks. A tannin solution, the volume of which
was determined by the dry mass of 10 diet disks
dried the night before, was placed by pipette
onto the disk to achieve the desired concentra-
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tion (wt:wt). After the tannin solution was ab-
sorbed completely (=:::1h), 34 IU of Thuricide
was placed by pipette as described for the foliage
bioassays. After 24 h, larvae that had consumed
the disks were placed on the standard wheat
germ diet, returned to the growth chamber, and
scored daily for mortality until no additional
mortality was observed on three consecutive
days.
Leaf Chemistry. Total protein and four phe-

nolic measures were made of foliage used in the
1991 and 1992 bioassays. Polyphenol oxidase ac-
tivity was only measured in foliage used in the
1992 bioassays. Frozen foliage was lyophilized
and ground to a fine powder in an air mill (UDY
Cyclone Mill, UDY, Ft. Collins, CO). For protein
assays, 20 mg of leaf powder was boiled for 2 h in
10 ml of 0.1 N NaOH to minimize phenolic in-
terference (Jones et al. 1989) and analyzed for
protein concentration using a modification of the
micro method of Bradford (1976). For phenolic
assays, 200 mg of leaf powder was washed in
10 ml of ether for 30 min to remove pigments and
waxes and extracted in 70% acetone at 45°C for
3 h. Ascorbate (10 mM) was added to the acetone
to prevent phenolic oxidation. Acetone was re-
moved by evaporation under reduced pressure,
and distilled water was added to the aqueous
extracts to a constant 5 ml volume. Total pheno-
lics were determined by the Folin-Denis assay
(Swain & Hillis 1959) using tannic acid as a stan-
dard. Protein-binding affinity was determined by
the radial-diffusion method (Hagerman 1987) us-
ing tannic acid as a standard. Condensed tannins
were estimated by the Butanol-HCI assay (Bate-
Smith 1977) which identifies proanthocyanidins,

. using purified quebracho tannin as a standard.
Hydrolyzable tannins were estimated by the
potassium-iodate method modified for quantitive
use (Schultz & Baldwin 1982) which identifies
galloyl ester residues, using tannic acid as a stan-
dard. Chemistry measures are expressed on a
dry-weight basis.
Polyphenol oxidase activity in foliage was de-

termined by the method of Felton et al. (1989).
The midrib was removed from 800 mg of frozen
foliage, and the foliage was homogenized in 20
ml of 1 M KH2P04 (pH 9) for 15 s in a micro-
blender (Eberbach 8575, Eberbach, Ann Arbor,
MI). The leaf slurry was poured into 7-ml centri-
fuge tubes on ice, to which was added 1.6 ml
10% Triton X-100 in 1 M KH2P04 (pH 9). The
tube contents were mixed thoroughly and centri-
fuged for 10 min at 11,000 g at 10°C. The super-
natant was drawn off, placed in clean tubes, and
centrifuged again. The second supernatant was
placed in 1.5-ml spin tubes on ice and stored at
-40°C until use. Polyphenol oxidase activity was
determined spectrophotometrically by the in-
crease in absorbance of oxidized substrate. The
substrates were purified red and chestnut oak
tannins. The reaction mixture contained 0.300 ml

of extract, 0.010 ml of 1 M KH2P04 (pH 9), 0.016
ml 30% acetone:water, and 0.344 ml of 5 mM
substrate in 1 M KH2P04 (pH 9). Absorbance of
the products of active enzyme was read against
a blank containing heat-inactivated enzyme in
0.600-ml microcuvettes at 475 nm at intervals of
1 min for 5 min. The protein content of foliage
extracts was determined by the Bradford assay
(Bradford 1976) using 0.020 ml of midgut fluid,
0.080 ml of 1 M KH2P04 (pH 9), 1 ml of Bio-Rad
reagent, and 4 ml H20. Results are expressed as
the maximum optical density achieved in 5 mini
milligram protein in extract.
Preparation of PuriGed Tannins. Phenolics

were batch puriGed from red and chestnut oak
foliage collected in 1991. Foliage, collected in
bulk at the time of the dosing experiments, was
flash frozen in the Geld, freeze dried, and ground
as described. Nontannin phenolics were eluted
from a slurry ofleaf powder and Sephadex LH20
(Pharmacia, Piscataway, NJ) with 95% ethanol,
after which tannins were eluted with 70% ace-
tone. Acetone was removed by evaporation un-
der reduced pressure, and the extract was freeze
dried. Yields averaged 5% of the dry weight of
the leaf. Tannic acid (Sigma T0125) was purified
similarly with Sephadex LH20 to remove small
molecular weight contaminants.
Statistical Treatment. Mortality was calculated

as a mean percentage of replicate trays of larvae.
The effect of host-plant species and dose on
arcsine-transformed mortalities was examined
using general linear models (GLM, SAS Institute
1985) in a factorial design. The effect of purified
tannin on mortality also was examined by GLM
procedures. Mortality among treatments was
compared using Tukey's studentized range test
with alpha set at 0.05. Leaf-chemistry measures
were correlated with mean percent mortalities
(PROCCORR, SAS Institute 1985).

Results

Second-ins tar gypsy moths died at different
rates when Thuricide was administered on red
oak, chestnut oak, and aspen (Fig. 1A). In 1991,
mortality was highest on aspen, intermediate on
chestnut oak, and lowest on red oak. GLM anal-
ysis indicated a significant effect of dose (F =
131.7; df = 2, 67; P = 0.0001) and species (F =
21.8; df = 2, 67; P = 0.0001) on mortality of
second instars. Mortality of fourth-instar caterpil-
lars was less sensitive to tree species than was
that of second instars (Fig. 1B). Although red oak
remained the most inhibitory at the higher dose,
its effect was indistinguishable from that of
chestnut oak and aspen at the lower dose. GLM
analysis indicated a significant effect of dose (F =
135.3; df = 2, 67; P = 0.0001) and species (F =
7.6; df = 2, 67; P = 0.0011) on mortality of fourth
instars. In 1992, mortality of second instars was
also lower on red oak than chestnut oak, although
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Fig. 1. Mortality of second- (A) and fourth-instar (B)

gypsy moths given three doses ofThuricide, a commer-
cial formulation of B. thuringiensis, on leaves of three
tree species in 1991. Error bars represent one standard
deviation. Bars with different letters are significantly
different at P < 0.05.

the difference was only statistically significant at
the higher dose (Fig. 2). GLM analysis indicated
a significant effect of dose (F = 219.4; df = 2, 66;
P = 0.0001), species (F = 28.6; df = 1, 66; P =
0.0001), and dose x species (F = 8.1; df = 2, 66;
P = 0.0008) on mortality.
Mortality of both instars in 1991 was correlated

negatively with measures of leaf phenolics (Ta-
ble 1). Both Folin-Denis reactive phenolics, a
measure of total phenolics including nontannin
phenolics, and potassium-iodate reactive phe-
nolics, a measure of galloyl esters comprising

Bt (IU/larva)
Fig. 2. Mortality of second-instar gypsy moths

given three doses of Thuricide, a commercial formula-
tion ofB. thuringiensis, on leaves of two tree species in
1992. Error bars represent one standard deviation. Bars
with different letters are significantly different at P <
0.05.

hydrolyzable tannins, explained significant
amounts of the variation in mortality at both
doses. Radial diffusion, a measure of the ability
of tannins to form hydrogen bonds with protein,
also explained significant amounts of mortality.
These three measures also were positively inter-
correlated. Protein and condensed tannin con-
tents of the leaves bore no relationship to mor-
tality.
Purified tannins strongly inhibited Thuricide

(Fig. 3). Red oak tannin added to artificial diet at
4% of diet dry weight reduced mortality by 95%.
Chestnut oak tannin at 5% of diet dry weight
reduced mortality by 89%. Tannic acid, a com-
monly used model hydrolyzable tannin extracted
from sumac, was equally inhibitory, reducing
mortality 92% at 8% of diet dry weight. GLM
analysis of each experiment indicated a signifi-
cant effect of tannin on mortality for red oak tan-
nin (F = 381.0; df = 1, 4; P = 0.0001), chestnut
oak tannin (F = 432.6; df = 1, 4; P = 0.0001), and
tannic acid (F = 2.79; df = 1, 14; P = 0.0001).
The levels of polyphenol oxidase (PPO) activ-

ity in red oak foliage were correlated inversely
with mortality (Fig. 4). Mortality was higher on
trees with low PPO levels, suggesting that enzy-
matic activation may be required for red oak tan-
nin inhibition ofThuricide. PPO activity was not
detectable in chestnut oak foliage and probably
reflects either constitutively low levels or the
presence of a form undetectable by standard as-
says.
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Table 1. Pearson correlation coefficients of mortality and leaf chemistry in 1991 experiments, with instars and plant
species combined

Chemistry
r

Total phenolics, Folin-Denis -0.61
(% tannic acid equivalents)
Protein binding, radial diffusion -0.54
(% tannic acid equivalents)
Hydrolyzable tannins, Galloyl esters -0.55
(% tannic acid equivalents)
Condensed tannins, proanthocyanidins -0.08
(% quebracho equivalents)
Protein, Bio-Rad +0.02
(% BSA equivalents)

Dose, IU per larva
8.5 34.0

p n r P n

0.0001 48 -0.73 0,0001 48

0.0001 48 -0.69 0,0001 48

0.0001 48 -0.41 0,0031 48

NS 48 -0.10 NS 48

NS 48 +0.00 NS 48

NS. Not significant.
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Discussion
Inconsistent efficacy of B. thuringiensis formu-

lations usually is attributed to improper timing of
application and postspray weather that reduce
its persistance in the field (van Frankenhuyzen
1990). However, the differential effectiveness of
Thuricide on different tree species means that
stand composition also can contribute to varia-
tion in efficacy. Our results indicate that stands
dominated by oaks would require a 2-5-fold
higher dose of Thuricide than stands dominated
by aspen for equivalent control. This problem is
exacerbated by the higher defoliation potential
of gypsy moth on oak-dominated stands (USDA
1993). As a consequence, oak-dominated stands
require control measures of higher potency be-
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cause they provide both preferred food and pro-
tection against microbial pesticides.
The differential effectiveness of Thuricide on

different tree species also means that bioassays
for B. thuringiensis activity should use foliage
whenever possible. Formulation screening con-
ducted on artificial diet or noninhibitory species
may underestimate significantly Leso values in
field use and fail to detect formulations provid-
ing reduced foliar inhibition. Tannins appear to
influence the activity of B. thuringiensis formu-
lations in a manner different from that of smaller
phenolic compounds. Although tannins reduce
the effectiveness of B. thuringiensis formulations
to L. dispar, Pieris brassicae L. (Luthy et al.
1985), Heliothis virescens F. (Navon et al. 1993),
and Aedes aegypti L. (Lord & Undeen 1990),
simple phenolics increase its effect on Helico-
verpa zea Boddie (Ludlum et al. 1991) and He-
liothis armigera Hiibner (Sivamani et al. 1992) .
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Fig. 3. Mortality of fourth-instar gypsy moths given
Thuricide, a commercial formulation of B. thuringien-
sis, on artificial diet disks containing purified tannins.
Error bars represent one standard deviation. Mortality
of larvae on diets lacking Thuricide with and without
tannin were <3%.

Fig. 4. Mortality of second-instar gypsy moths
given two doses of Thuricide, a commercial formula-
tion of B. thuringiensis, on leaves from four red oak
trees in 1992, and the PPO activity of those leaves
(optical density per milligram of units/protein per
minute). Error bars represent one standard deviation.
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The mechanism of tannin inhibition of Thuri-
cide is unknown but could provide a useful tar-
get for reducing inhibition in formulations. Tan-
nins may be active in any or all of the processes
necessary for infection; i.e., cleavage of the crys-
talline protoxin to the active endotoxin in the
midgut; movement of the endotoxin through
the food and across the peritrophic membrane to
the midgut epithelium; or binding of the endo-
toxin to epithelial receptors that open ion chan-
nels, causing cell lysis and septicemia (Gill et al.
1992).
Tannin inhibition of Thuricide may require

tannin oxidation by foliar enzymes. Oxidation
should occur readily in macerated foliage, and
phenolics frequently require it for activity (Ap-
pel 1993b). Our preliminary analysis revealed a
negative correlation between leaf PPO activity
and mortality from a fixed dose ofThuricide; i.e.,
the higher the PPO activity, the lower the mor-
tality. This correlation was not simply the result
of a correlation between tannin content and PPO
activity; in fact, they were unrelated in this study
(unpublished data). Thus, variation among trees
or tree species in PPO activity independent of
tannin content may contribute to variation in
Thuricide effectiveness. The ability of purified
tannins to inhibit mortality to a greater extent
than foliage suggests that leaves also contain
chemicals that can moderate tannin activity.
Plant chemicals other than tannins have been

shown to influence the effectiveness of B. thu-
ringiensis formulations. For example, proteinase
inhibitors increase the effectiveness of B. thurin-
giensis to H. zea, Triehoplusia ni Hubner, Man-
duea sexta (L.), and Leptinotarsa deeemlineata
(Say) (MacIntosh et aI. 1990); nonprotein amino
acids increase effectiveness in M. sexta (Felton
& Dahlman 1984). In contrast, the alkaloid nico-
tine reduces effectiveness to M. sexta (Krischik
et aI. 1988). There are also several systems in
which plant chemicals have been shown to have
no influence on B. thuringiensis activity. Phe-
nolic glycosides of aspen have no effect on B.
thuringiensis action in gypsy moth larvae (Arteel
& Lindroth 1992), linear furanocoumarins in cel-
ery have no effect in Spodoptera exigua Hiibner
(Trumble et al. 1991), and the phenolic glycoside
rutin does not influence B. thuringiensis effec-
tiveness in M. sexta (Krischik et aI. 1988).
Use of microbial pesticides is expanding rap-

idly. The insect gut and its contents influence
the activity of microbial pathogens and provide
targets for microbial pesticide improvement.
Plant chemicals that enhance the activity of mi-
crobial pathogens are potentially useful adju-
vants in commercial formulations, and chemicals
that reduce activity may be prevented from do-
ing so by appropriate adjuvants. However, effi-
cient selection of potential adjuvants to reduce
host-plant resistance requires knowledge of the
mode of action of allelochemicals on micro-

bial pesticides. As a consequence, physiological
studies conducted with a range of host plants
will become increasingly important for identify-
ing sources and mechanisms of resistance impor-
tant to formulation improvement.
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