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ABSTRACT Second-instar gypsy moths (Lymantrla dispar L.) from three wild populations
and one laboratory population were challenged with Bacillus thurlngiensts subspecies kur-
staki (HD-l strain), which was incorporated into synthetic diet at concentrations ranging
from 10 to 295 international units (IU) per ml. Susceptibility among the 16-19 families
within each of the four populations varied significantly. Families within a population had
variable regression coefficients. Significant variation in LC50's suggested the potential for
resistance development through natural selection. Significant variation among populations
was observed; the average LC50's for three wild populations and the laboratory strain were
76, 106, 121, and 180 IU/ml diet, respectively. Variation in B. thuringiensts susceptibility
within families was measured by comparing LC50's of siblings from eggs of an egg mass laid
first versus laid last (egg mass position is correlated with timing of maternal provisioning).
We found that differential egg provisioning among eggs of a single mother yielded offspring
with differential sensitivities to B. thuringiensts; the LC50 of larvae from eggs laid first versus
those laid last averaged 401 IU/ml diet and 211 IU/ml diet, respectively. Based on oviposition
sequence, qualitative differences among siblings accounted for 42% of the total variation in
B. thurlngiensts susceptibility, whereas familial differences (due to genetic and mean ma-
ternal effect differences among families) accounted for 16% of the total variation. We
hypothesize that variation in susceptibility to B. thuringiensts in the gypsy moth is based
on vigor differences in growth and developmental capability, attributes that are the product
of both genotype and the maternally determined nutritional status of the egg.

KEY WORDS Insecta, microbial pesticide resistance, gypsy moth maternal effects, Bacillus
thurlngiensis

THE HD-l STRAIN of B. thuringtensts subspecies
kurstaki is used in commercial formulations to con-
trol the gypsy moth, Lymantrta dtspar (L.). The
success of this product and other commercially de-
veloped strains (e.g., Dubois et al. 1988) is generally
good (Kaya et al. 1974, Lewis et al. 1974, Andreadis
et aI. 1983), but field failures do occur (Yendol et
al. 1973, Wollam & Yendol 1976). From 1978 to
1988, spray concentrations increased from 8 to 16
billion international units/acre (BIU /acre); in 1990,
the use of 20 BIU / acre was the standard.

Failure to reduce the pest population adequately
has been considered a problem of formulation, de-
livery technology, and timing (e.g., Abrahamson
& Eggen 1985), and much research has focused on
these topics. In contrast, the role of the insect in
variable field results of B. thurtngtensts application
has been ignored for at least two reasons. First,
routine dose-response efficacy tests performed in
the laboratory commonly are based on the as-
sumption that variation in the response of stock
insects to a toxin is due to experimental error rather
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than innate variation in the insect population (but
see Tabashnik & Cushing [1989]). Second, many
assume that if the development of resistance were
likely, it would have happened by now (Boman
1980, Briese 1981).

The use of B. thurtngtensts continues to increase,
and the recent development of genetically engi-
neered crops that express the B. thuringtensts toxin
makes the study of resistance development critical
(Gould 1988). To date, little work has been done
on the potential for resistance development in wild
Lepidoptera. Most of the research that has been
done has focused on stored-grain pests, such as the
Indianmeal moth, Plodia interpunctella (Hubner)
(Kissinger & McGaughey 1979, McGaughey 1985,
McGaughey & Beeman 1988, Stone et al. 1989).
McGaughey (1985) argued that selection for de-
velopment of resistance in field populations in open
environments would be much weaker compared
with the protected and closed systems of stored
grain pests.

Our research focused on the potential for resis-
tance development in gypsy moth larvae from three
natural populations and one laboratory colony. This
species warranted study for several reasons: the
requirement of increased doses of B. thuringtensis
for effective control (Gimble & Lewis 1985), the
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presence of variation in the laboratory colony to
B. thuringiensis in efficacy tests, the presence of
geographic variation in wild gypsy moth popula-
tions in response to B. thuringiensis (Dulmage et
al. 1985), and the demonstration of resistance de-
velopment to B. thuringiensis in other Lepidoptera
(Van Rie 1990 and references therein).

We examined the potential for resistance de-
velopment by measuring variation in dose-re-
sponse regressions of three wild Pennsylvanian
populations and one laboratory population (NJSS-
Otis, commonly used in gypsy moth research).
Within each of these populations, genetic variation
for susceptibility to B. thuringiensis was estimated
by comparing the dose-response of families using
full-sibling analysis, which measures familial vari-
ation. Full-sibling analysis can provide information
on the nature of variation in populations within
the span of a single generation. This quantitative
genetic technique partitions phenotypic variation
(susceptibility to B. thuringiensis) into familial and
environmental components (Falconer 1981). The
familial component includes genetic variation and
can include maternal effect variation (Type I), i.e.,
that which arises from a maternally or parentally
provided common environment (e.g., mean family
egg quality due to the mother's nutritional expe-
rience [Rossiter In press aD. The environ-
mental component includes response variation to
treatments, variation due to unplanned microen-
vironmental variation, and maternal effect varia-
tion (Type II), i.e., that which arises from mater-
nally or parentally provided environmental
variation (e.g., differential egg provisioning among
siblings). When phenotypic variation is analyzed,
Type II variation appears as experimental error
when not included. Depending on the magnitude,
Type II maternal effects can obscure the signifi~
cance of familial-genetic differences.

Maternal effects (Type II) might impair the abil-
ity to obtain accurate measurements of familial
variation for the response of the gypsy moth to B.
thuringiensis. In the gypsy moth, egg provisions
vary within families. The entire reproductive out-
put of a female occurs in a single egg mass, and
within this egg mass, egg size varies (Leonard 1970;
M.C.R. & J. C. Schultz, unpublished data). Egg size
is correlated with egg quality (Capinera & Barbosa
1976, Capinera et al. 1977) and offspring quality:
Individuals from large eggs (generally those laid
first) hatch earlier in both sexes, develop faster, and
become larger pupae (daughters only) compared
with their siblings from small eggs (generally laid
last) (Rossiter In press a).

Materials and Methods

The correlation between egg size and offspring
quality in the gypsy moth suggested the possibility
that susceptibility to B. thuringiensis might differ
as a function of maternal egg provisioning. This
maternal effect (Type II) was accounted for in the

experimental design in the following way. Because
within-mother variance in egg size is correlated
with yolking order (Chapman 1982) and oviposi-
tion order (Leonard 1970), each bioassay subject
was classified on the basis of its egg mass position
(first, middle, or last laid egg), and this descriptor
became an accountable source of variation in the
analysis.

Egg Mass Sources. Egg masses were collected
from three gypsy moth populations near State Col-
lege in Centre County, Pa., in August 1986. At least
18 km separated each of these sampling sites-
Boalsburg foothills (A), Sand Mountain (B), and
Scotia Barrens (C). Eggs were overwintered at 4-
6°C in an environmental chamber (Model 352620,
Hotpack, Philadelphia). To equilibrate maternal
nutritional experience, one generation was reared
on synthetic diet (ODell & Rollinson 1966) under
constant conditions in the laboratory (23°C) and a
photoperiod of 16:8 (L:D). Outcrossing was en-
sured with paired matings that maximized unique
family combinations and avoided sibling matings.
The F 1 generation from each population was used
for the susceptibility experiments. For each pop-
ulation, 20 families were selected at random from
the available pool. Poor hatch in several families
reduced the sample to 17-19 families per popu-
lation. In addition, we tested 16 families from the
31st generation of the New Jersey laboratory stock
(NJSS-Otis), which is maintained at the APHIS-
Otis facility (Cape Cod, Mass.).

Insecticide Source. The B. thuringiensis subspp.
kurstaki preparation was from the HD-I-S-1980
international standard obtained from H. Dulmage
of the VSDA-ARS, Subtropical Cotton Insect Re-
search Laboratory in Weslaco, Tex. This standard
contains only spores and crystals of the RD-I strain
as the active ingredients; its potency is 16,000 IV
of insecticidal activity per milligram (Dulmage
1970).

Experimental Design. Experiments to quantify
familial contributions to dose-response variation
have some limitations not encountered in the ex-
perimental design of the standard bioassay in which
limitless larvae are available because families are
not kept separate. For familial-genetic analysis,
clutch size limits the sample size. For each egg
mass (i.e., family), five doses were tested. Ten in-
dividuals received treatment with each dose. Three
experimental replicates were based on position in
the egg mass. Within each family, ISO larvae were
tested, with 10 larvae per treatment group per
replicate. Egg mass size of wild gypsy moths de-
termined the number of larvae per treatment group.
Time constraints imposed by the univoltine nature
of the wild gypsy moth limited the number of
families that could be tested from late spring to
early summer.

Experiment 1. Eggs were removed from the cen-
tral third of each egg mass where we assumed that
they were average in size and maternal provisions.
Eggs were disinfected with a 10% formalin solution
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(Rossiter 1987). Upon hatch, each neonate was
moved to a labeled container holding synthetic diet.
Each larva was transferred to an empty container
just before molting to second instar. Twenty-four
hours after molting, individuals were assigned to
one of five concentrations and observed daily for
mortality. This method ensured that all larvae en-
tered the bioassay in an equivalent developmental
state (24 h after molting to second instar while
starved).

An insect was considered to be dead if it did not
move when prodded with a disinfected dissecting
pin. Throughout the experiment, we kept a cal-
endar for each larva because of natural variation
in hatch time and development time.

The treatment groups included a control (un-
treated synthetic diet) and a range of doses achieved
by incorporating the HD-1 preparation into syn-
thetic diet after cooling to 55°C. For each wild
population, treatment groups were 10, 50, 100, and
200 IU/ml diet. This range was used because it
bracketed the LCso on day 5 (70-80 IU/ml diet)
of a gypsy moth laboratory colony (NJF22-Ham-
den), kept at the Center for Biological Control of
Northeastern Forest Insects and Diseases, USDA
Forest Service in Hamden, Conn" since 1981. This
strain is a subset of the New Jersey stock (NJSS-
Otis), kept at the USDA-APHIS facility in Mas-
sachusetts. However, preliminary data from NJSS-
Otis indicated that this laboratory strain was less
susceptible than the NJF22-Hamden laboratory
strain. Consequently, the treatment groups were
adjusted to 50, 100, 200, and 295 IU/ml diet for
the laboratory population to estimate reliable LC5(,'s;
20 larvae per treatment group were tested.

To detect differences among families within a
population, data were analyzed with the computer
program POLO-PC (Robertson et al. 1980, LeOra
Software 1987), Comparison of family regression
lines within each population was made with a like-
lihood-ratio test of equality that determines wheth-
er family regression lines are equal (i.e., slopes and
intercepts are the same), and a likelihood-ratio test
of parallelism that determines whether family re-
gression lines are parallel (i.e., slopes are the same).
To detect and characterize differences among pop-
ulations, LCso's were used as the dependent vari-
able in a single factor ANOVA and a Tukey's test
(P < 0.05) (PROC GLM, SAS Institute 1985, 431-
506).

Experiment 2. In this experiment, we tested the
hypothesis that maternal egg provisions were sig-
nificant in the susceptibility of the gypsy moth to

. B. thuringiensis. The experiment followed the same
protocol as described above with two exceptions.
First, we used a different dose range based on the
results of the first experiment because 8 d (rather
than the expected 5 d) were required to get enough
mortality to calculate LCso's. Based on graphical
extrapolation, the B. thuringiensis concentration
range was adjusted to 1l0, 170, 295, and 688 IU/
ml of diet. Second, eggs were taken from either

the top third or bottom third of the egg mass, thus
representing eggs laid first and last. Oviposition
order was determined by observation while the
females were laying during the previous summer,
A female lays her eggs in a mass that is generally
elliptical in circumference and moundlike in shape,
As she oviposits, she moves her body from side to
side along the axis of her body (tip to head) and
gradually moves forward. Consequently, the order
in which eggs were laid can be identified by re-
cording the female's position at the beginning and
end of oviposition and the vertical axis of the egg
mass.

For each family, eggs that were laid last were
tested before eggs that were laid first, based on the
following rationale. The eggs were removed from
the cold overwintering environment (4-6°C) as
needed for the experiment. There is a maintenance
cost to pharate first instars kept in the cold past the
normal hatch time (around mid-May), because
hatch success begins to drop by mid-June and hatch
failure is nearly complete by mid-July (M,C.R.,
unpublished data). For this experiment, eggs were
removed from cold storage between 10 May and
15 June. Eggs laid last were assumed to represent
the smallest, lightest, or least provisioned eggs of
a female (Leonard 1970), If egg provisions are the
basis for maintenance through an extended cold
period after diapause has ended, then individuals
from eggs laid last would be more debilitated by
an extended cold period than eggs laid first. Con-
sequently, we tested larvae from eggs laid last be-
fore their siblings from eggs laid first. This protocol
gives a conservative estimate of the differences
within a family in susceptibility to B. thuringiensis
because any advantage held by eggs laid first was
dampened by a longer period under cold temper-
atures.

To detect maternal effects (Type II) among sib-
lings within an egg mass (EGG POSITION), ge-
netically based differences among families within
a population (FAMILY(POP)) and among wild
gypsy moth populations (POPULATION), the data
were analyzed with a crossed-factor nested ANO-
VA with LC50 as the dependent variable (PROC
GLM, SAS Institute 1985). All model terms were
considered random effects except egg position,
which was a fixed effect. Egg position interactions
(EGGPOS*POP and EGGPOS*FAMILY(POP))
were not significant, so this variance was used as
error variance in significance testing of main effects
(Neter et al. 1985). Significance testing for main
effects was based on the composition of the esti-
mated mean squares (Neter et al. 1985, Chapter
23), and was corroborated by the mean square com-
position given by PROC GLM (SASInstitute 1985).
Calculations for random effects variables were done
with PROC VARCOMP using both the MIVQUEO
and restricted maximum likelihood variance com-
ponent estimation procedures, each of which give
estimates that are invariant with respect to fixed
effects in the model (SAS Institute 1985, Chapter



2214 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 83, no. 6

Table 1. Responses of four gypsy moth populations to
B. thuringien8i8 (HO-15-1980)

Population
Family n Slope ± SE t ratio" LCso 90% CLb

41). Because both procedures yielded nearly iden-
tical results, only those from MIVQUEO are re-
ported.

WildA
1 37
2 50
3 50
4 50
5 50
6 49
7 49
8 50
9 50

10 50
11 50
12 49
13 48
14 49

WildB
1 50
2 50
3 50
4 32
5 50
6 29
7 49
8 50

·9 49
10 48
11 50
12 50
13 50
14 48
15 49
16 40
17 34
18 50
19 50

WildC
1 50
2 50
3 48
4 28
5 50
6 36
7 39
8 48
9 39

10 50
11 50
12 31
13 48
14 45
15 31

NJ-Iaboratory strain
1 114
2 120
3 119
4 115
5 120
6 118
7 120
8 120
9 120

10 115
11 120
12 120
13 119
14 118
15 120
16 120

4.3 ± 1.7
2.4 ± 1.1
7.1 ± 2.3
5.2 ± 1.6
3.2 ± 1.0
1.7 ± 0.6
3.0± 1.0
5.5 ± 1.6
5.8 ± 1.9
5.4 ± 1.6
3.5 ± 1.1
1.5 ± 0.6
4.2 ± 1.3
2.5 ± 0.7

3.5 ± 1.1
2.1 ± 0.6
2.8± 0.8
3.5± 1.5
1.6 ± 0.5
3.0 ± 1.3
1.8± 0.8
4.4 ± 1.3
4.8 ± 1.7
4.2 ± 1.6
3.6 ± 1.1
4.4 ± 1.3
2.1 ± 0.7
5.2 ± 1.6
5.6 ± 1.7
7.1 ± 2.3
4.9 ± 1.7
2.4 ± 1.2
2.4 ± 0.9

2.4 ± 0.6
6.8 ± 2.9
2.6 ± 0.8
3.3 ± 1.2
5.2± 2.0
4.0 ± 1.5
2.4 ± 0.7
4.1 ± 1.3
4.3± 1.4
1.7 ± 0.5
7.2± 2.2
2.6 ± 1.1
2.5 ± 1.0
1.8 ± 0.6
3.4 ± 1.2

2.1 ± 0.5
2.9 ± 0.7
1.9 ± 0.5
4.2 ± 0.8
7.7 ± 2.0
4.5 ± 1.0
4.9± 0.9
5.0± 1.0
2.5 ± 0.5
4.9 ± 1.1
1.4 ± 0.4
2.8 ± 0.5
3.7± 0.7
4.2 ± 0.7
4.3 ± 1.0
3.8 ± 0.7

2.59
2.15
3.09
3.17
3.28
2.91
3.10
3.45
3.10
3.49
3.10
2.39
3.23
3.78

3.12
3.65
3.48
2.40
3.14
2.32
2.34
3.30
2.88
2.66
3.15
3.30
2.90
3.17
3.32
3.05
2.90
2.02
2.76

3.88
2.34
3.17
2.74
2.57
2.70
3.19
3.14
3.01
3.36
3.23
2.40
2.56
3.19
2.78

4.40
4.43
4.27
5.34
3.87
4.59
5.42
5.25
5.42
4.58
4.26
5.59
5.07
5.79
4.52
5.02

68
202
66

133
51

123
65
98

142
104
101
156
116
56

92
50
55

118
73
88

182
110
152
170
86

110
102
133
92

152
100
322
120

34
77
72
36

178
80
42
93
90
43
76
93

146
42
38

215
209
244
146
212
199
157
165
130
181
207
149
165
128
208
170

39-94
b

53-81
105-175
30-71

b
b

78-126
113-184

b

72-141
88-775
88-161

b

68-127
29-77
33-78

b
b

b

107-1048
b

118-216
130-283
60-117

b

65-183
105-175
73-118

122-190
b

b
b

19-51
45-98

b

15-57
140-278
52-112

b

67-125
b

22-72
61-94
54-193

100-324
19-69
_b

_b

169-278
_b

105-197
186-236
169-237
134-182
142-191

_b

152-213
_b
_b

137-199
91-174

177-251
142-204

Results

Experiment 1. Families varied significantly in
response to B. thurlngiensis within each population
tested. The null hypothesis that all regression lines
for families within a population are equal was re-
jected, as was the hypothesis of parallelism: x2,

degrees of freedom, and probability level were-
Pop A: 28, 14, 0.014; Pop B: 29, 18, 0.044; Pop C:
39, 19, 0.005; and Pop NJ: 129, 32, 0.0001. The
response of individual families within each popu-
lation is expressed in terms of LCso with 90% con-
fidence limits (Table 1). Ninety-percent confidence
limIts are given because 95% limits were significant
for only about half the families, a consequence of
small sample size. For populations A and C, sig-
nificant regressions could not be estimated for some
families because mortality did not occur until the
highest dose, and at the highest dose, mortality was
<30% (Pop A, three families; Pop C, two families).

Populations also varied significantly in response
to B. thuringiensis (Table 2). In an analysis of
variance where LC50 was the dependent variable,
POPULATION was significant (F = 13.65; df = 3,
60; P<O.Oool). Tukey's indicated significant dif-
ferences among the wild populations in B. thurln-
giensis susceptibility, and significant differences
between wild populations and the laboratory strain
(Table 2). The laboratory strain had an LC50 that
was nearly twice that of the average LC50 of three
wild populations (180 versus 1011U/ml diet).

Experiment 2. The crossed-factor nested ANO-
VA for LC50's from three wild gypsy moth popu-
lations showed significant variation among families
and a significant effect of egg position on suscep-
tibility to B. thuringiensis at LCso (Table 3). No
significant differences were detected among the
three wild populations. However, differences among
populations were more variable among eggs laid
first (ANOVA, F = 2.71; df = 2, 35; P = 0.08)
compared with those laid last (F = 1.20; df = 2,
35; P = 0.31).

Egg position significantly affected susceptibility
to B. thurlngiensis in each population (Table 4).
Overall, larvae from eggs laid first were twice as
resistant as their siblings from eggs laid last (LCso
= 402 versus 211IU/ml diet).

Based on calculated variance components, ge-
netic-familial factors accounted for 19% of the
total variation in susceptibility (POPULA-
TIONS(3%) + FAMILIES(16%)), whereas mea-

a Probit regression is significant when t > 1.96.
b Confidence limits could not be estimated because g, the sig-

nificance for potency estimation, was >0.5 (Robertson et al. 1980,
LeOra Software 1987).
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Table 2. Mean responses lor lour gypsymoth populations

Population n Slope± SE t ratio" LCsob 95% CL
WildA 681 2.70 ± 0.23 11.6 106 ab 86-128
WildB 878 2.56 ± 0.20 12.5 121 a 103-147
WildC 643 2.31 ± 0.18 13.1 76 b 63-93
Laboratorystock 1,898 2.88 ± 0.14 20.4 180 c 119-326

"Probitregressionissignificantwhent > 1.96.
b Significantdifferenceamongpopulationsindicatedby a differentletter(Tukey'stest,P < 0.05 [Sokal& Rohlf1981]).
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surable maternal effects (EGG POSITION) ac-
counted for 42% of the total variation (Table 3).
Fig. 1 illustrates the distribution of this variation
by showing LCso's by population, family within a
population, and egg position within the family.

Discussion

Susceptibility of the gypsy moth to B. thurin-
giensis has significant population, familial, and ma-
ternal effect components. Whether this variation
in susceptibility has implications for current and
future effectiveness of B. thuringiensis for control
of the gypsy moth depends on the extent to which
the variation is genetic, and the extent to which
habitat quality alters susceptibility in the following
generation through effects on reproducing females.

Components of Variation. Significant differenc-
es in susceptibility to B. thuringiensis among pop-
ulations were detected in experiment 1 but not in
experiment 2. We assume that this reflected dif-
ferent dose ranges used (experiment 1: 10-200 lUI
ml diet, death by day 8 versus experiment 2: 110-
688 IV Iml diet, death by day 4). In addition, the
variation among populations was greater in exper-
iment 1 because the laboratory colony, which had
an LC50 nearly twice that of the wild populations,
was included. However, when the laboratory strain
was removed from the analysis, the POPULA-
TION term was still significant (P = 0.04) and had
a variance component whose relative contribution
to total variance was 14%. We conclude that the
three wild gypsy moth populations from Pennsyl-
vania differed in their mean response to B. thurin-
giensis.

Significant differences among families within a
population were detected in both experiments. The
extent to which this variation is genetically based
will determine whether natural selection can change

a population's susceptibility to the microbial insec-
ticide. If these differences among families arise
from differences in the mean egg provisioning ca-
pability of the mothers (maternal effect, Type I),
then resistance development may be possible. This
type of nongenetic familial variation (Type I ma-
ternal effects) can be caused by genetic differences
among mothers in their abilities to provision eggs,
differences among mothers in their experience of
environmental quality (e.g., their larval nutrition),
or a combination of the two (a gene-environment
interaction). The first and third sources of variation
can be affected by natural selection and will con-
tribute to the evolutionary potential (positive or
negative) for resistance development. Further re-
search on familial variation will require special
attention to the causes and consequences of ma-
ternal effects.

Role of Egg Provisioning snd Vigor in Suscep-
tibility. Egg provisions provide the earliest envi-
ronmental experience and can alter growth and
development in the gypsy moth. Larvae from larg-
er eggs (generally laid first) hatch earlier, and fe-
males develop faster and grow larger compared
with siblings from smaller eggs (Rossiter In press
a, b). Our data indicate that egg provisions are also
related to susceptibility to B. thuringiensis al-
though the mechanism of the relationship is un-
known. Variation in susceptibility may be due to
differences in metabolic detoxification ability, vig-
or (ability to withstand the stress caused by the
intact toxin or the detoxification process), or some
combination of the two. Currently, we cannot dis-
tinguish between these alternatives because the
mode of action of the toxic proteins is only begin-
ning to be understood (Fast 1981, Crawford & Har-
vey 1988, Van Rie et aI. 1990). However, we con-
clude that vigor is important to B. thuringiensis
susceptibility based on the extreme differences ex-

Table 3. Souree ol variation in LCso values (IU/ml diet) in wild gypsymoth populations; model R2 = 0.75

Sourceof variation df Sumof squares Estimatedmean F P Variance % Relative
squarecomposition" componentcontribution

Population
bcnu2pop+ bnur.m(pop)+ ~rror

32 119,193.4 bn~.m(pop)+ ~rror 2.00 0.151 1,238
Family(population) 35 1,043,492.6 1.83 0.036 6,735 16
Eggposition 1 682,863.4 acn2:Br/b-l + ~rror 41.98 0.0001 17,542 42
Error 37 601,856.6 ~rror 16,266 39

"a = 3 (populations),b = 2 (eggposition),c = 13 (family),Neteret al. 1985.



2216

801

JOURNAL OF ECONOMIC ENTOMOLOGY

o first laid eggs
• last laid eggs

VoL 83, no. 6

o
L()
U
-I

601

401

201

POP A POP 8 POP C
Fig. 1. Distribution of LC",,'s by family, egg position. and population. For each family (a unique X-axis value).

the LC"" is given for its first (0) versus last laid eggs (.).

hibited among offspring of the same mating (ge-
notype) and on the correlation between suscepti-
bility and the order in which eggs are laid.

Vigor might indicate greater ability to repair a
midgut damaged by toxins, or greater fat reserves
to support the larva through the starvation period
associated with midgut paralysis following inges-
tion of B. thuringiensis (Heimpel & Angus 1959)
or until uncontaminated food is encountered. Thus,
the NJSS-Otis sample population had an LC50 that
was twice that of wild populations; at second instar
when the dose treatments began, NJSS-Otis larvae
were noticeably larger than wild type. This colony
has been under intense selection for fast develop-
ment time and large body size, giving it a life
history different from wild type. If vigor is critical
to susceptibility, then selection for increased de-
velopment rate and body size would affect suscep-
tibility to B. thuringiensis. We conclude that ex-
trapolations from the response of laboratory strains
to that of natural populations should be done with
caution.

Prospectus for Resistance Development and the
Success of Spray Programs. Whether variation in .
susceptibility to B. thuringiensis can result in re-
sistance development depends on the extent to
which the familial variation is genetic. Some evi-
dence indicates that this variation is genetic, i.e.,
the increase in spray requirements (8 to 20 BIU /
acre) over the past 12 yr in the northeastern United
States for successful control. If the familial varia-
tion is largely genetic and susceptible to natural

selection (i.e., has a significant additive genetic
variation component), then resistance will develop
at a rate determined by selection intensity. If fa-
milial variation is largely environmental (i.e., the
outcome of a mother's mean ability to provision
eggs), then habitat quality will alter B. thurin-
giensis susceptibility in the following generation.

In most years, weather and habitat variation will
limit the intensity of selection by interfering with
successful delivery of B. thuringiensts. Unpredict-
able weather and local microhabitat variation limit
the synchronization of pesticide delivery with in-
sect phenology and thus limit the successful entry
of B. thuringiensis into the larval gut Habitat vari-
ation is also generated by host plant chemistry,
which can alter insect susceptibility to B. thurin-
giensis (Luthy et al. 1985, Krischik et aL 1988).
Finally, selection intensity for resistance develop-
ment will be mediated by environmentally based
maternal effects. As we have shown, variation in
egg provisioning can significantly alter the con-

Table 4. Comparison of LCso's of larvae from eggs
laid first and last from three gypsy moth populations

Eggs Eggs
n laid first laid last t test

LCso ± SE LCso ± SE

Population A 14 333 ± 46 178 ± 29 0.009
Population B II 492 ± 66 204 ± 24 0.018
Population C 13 396 ± 32 252 ± 46 0.013
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centration of B. thuringtensis required for biocon-
trol.

Larvae from the same family show a twofold
difference in susceptibility when eggs laid earlier
were compared with those laid later. These data
suggest that susceptibility is based on, or is signif-
icantly tempered by, individual quality (i.e., vigor,
those traits that allow the insect to withstand the
stress of B. thuringtensis activity, rather than traits
responsible for detoxification of active com-
pounds). To the extent that vigor is genetically
based, natural selection will favor resistant geno-
types that are not only resistant but also more vig-
orous. Furthermore, if vigor is a critical component
of resistance, then the development of formulations
that feature different active agents (i.e., toxins from
different strains of B. thuringtensis) may have little
success in long-term gypsy moth control programs
unless their mode of action is quite different from
that of the HD-1 strain. Finally, if vigor is critical
to the response of other insect species to B. thurin-
gtensis formulations then assured delivery of its
toxins through genetic engineering of crop plants
could result in rapid selection for genotypes that
are immune to B. thuringiensis and for higher
quality insects.
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