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Insect Resistance to the Biological 

from populations in untreated bins [mean 
(* standard error) LCSo9s for treated and 
untreated bins, 25.1 +- 2.0 (n  = 31) and 
20.7 +- 1.7 (n  = 46) mglkg, respectively 
(P = 0.009, analysis of variance) (Fig. 1) 
(7). Slopes of the dose-mortality rela- 
tions for the two groups of colonies did 
not differ significantly. Although the dif- 
ference in mean LCSo's is small, it does 
indicate a selective effect of BT on the 
insect populations. Large differences 
would not be expected because the in- 
sects were collected within a short time 
(1 to 5 months) after the grain was treat- 
ed. 

To determine whether a resistant colo- 
ny could be selected in the laboratory, I 
selected a colony from a population that 
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Insecticide Bacillus thuringiensis was not being effectively controlled by 
BT. Beginning with the 20th laboratory 

Abstract. Resistance to the spore-crystal protein complex of Bacillus thuringien- generation, the colony was subcultured 
sis, the most widely used and intensively studied microbial insecticide, has been on larval diet treated with BT at 62.5 mgl 
presumed to be unlikely to occur. In this study it was found that Plodia interpunc- kg, a dose expected to produce 70 to 90 
tella, a major lepidopteran pest of stored grain products, can develop resistance to percent larval mortality (8). Survival in 
the insecticide within a few generations. Resistance increased nearly 30-fold in two the first generation was 19 percent. In 
generations in a strain reared on diet treated with Bacillus thuringiensis and after 15 the second generation survival increased 
generations reached a plateau 100 times higher than the control level. Resistance to 44 percent, in the third to 63 percent, 
was stable when selection was discontinued. The resistance was inherited as a and in the fourth to 82 percent. Thereaf- 
recessive trait. Plodia interpunctella strains collected from treated grain bins were ter, survival fluctuated between 68 and 
more resistant than strains from untreated bins, indicating that the resistance can 89 percent, comparable to the unselected 
develop quickly in the jield. colony's survival rate of 71 to 89 percent 

on untreated diet. There was a corre- 
WILLIAM H. MCGAUGHEY colonies were established from each sponding rapid increase in the LCSO for 
U.S. Grain Marketing Research population, and the susceptibilities of the the colony (Fig. 2A). After two genera- 
Laboratory, Agricultural Research colonies (strains) to a commercial formu- tions of selection the LCSO increased to 
Service, Department of Agriculture, lation of BT were determined (5). The 27 times the average level for the unse- 
Manhattan, Kansas 66502 median lethal concentration (LCSO) of lected colony and continued to increase 

BT for 77 colonies ranged from 6.8 to more gradually to 97 times after 15 gen- 
There have been few reports of insect 60.2 mg per kilogram of diet, with a mean erations. There was no consistent shift in 

resistance to microbial insecticides, of 22.5. The dose-mortality relations the slope of the dose-mortality relations 
leading to the presumption that insects were essentially parallel to an average between the resistant colony and the 
are unlikely to become resistant to these slope of 1.568 (range, 1.030 to 2.132). unselected colony. 
agents (1-3). A few investigators have This range in LCSo9s is similar to that After nine generations of selection at a 
selected laboratory strains of Lepidop- reported earlier for a smaller number of BT dose of 62.5 mglkg, selection pres- 
tera resistant to insect viruses (1, 2) and laboratory colonies (6). However, in my sure was increased by subculturing the 
of Diptera resistant to the p-exotoxin of study the colonies established from pop- resistant colony on a diet treated with 
Bacillus thuringiensis (1,2,4). However, ulations in BT-treated bins were signifi- BT at 500 mglkg. In the first generation 
attempts to select insects resistant to cantly less susceptible than colonies survival was 32 percent, in the second 
commercial formulations containing the 
spores and &endotoxin complex of B.  
thuringiensis (BT), the most widely used 
and intensively studied microbial insecti- 50 

cide, have been unsuccessful (1-3). I 
now report that Plodia interpunctella, a 40 

lepidopteran pest of stored grain and 
grain products, can develop resistance to - s " 
a commercial BT formulation within a Fig. 1. Frequency distribution ; 30 
few generations and that such resistance of LCso values for P. inter- 6 
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and third it was 51 percent, and thereaf- 
ter it fluctuated between 64 and 81 per- 
cent. The LCso increased, but not much 
faster than in the parent colony, which 
continued to be maintained on diet treat- 
ed with BT at 62.5 mglkg (Fig. 2B). 
Resistance leveled off at about 100 times 
the LCso for the parent colony. 

After nine generations of selection the 
resistant colony was subcultured back to 
untreated diet to determine the stability 
of its resistance. Resistance did not de- 
crease during seven subsequent genera- 
tions on untreated diet (Fig. 2C), indicat- 
ing that a pure resistant strain had been 
selected or that there was not a signifi- 
cant reproductive disadvantage associat- 
ed with the resistance. 

The resistant strain (R) was crossed 
with a susceptible laboratory colony (S) 
to determine the dominance of the resist- 
ance. Virgin males and females were 
separated as they emerged and mass 
crosses were made between R females 
and S males and between S females and 
R males. Progeny from both crosses 
were susceptible to BT, indicating that 
the resistance was recessive (LCSo for R 
females x S males, 26.2 * 0.8 mglkg; 
n = 1600; slope, 1.941 t 0.085 and LCso 
for S females x R males, 43.1 t 1.5 mgl 

kg; n = 1500; slope, 2.618 t 0.133). 
There was a small difference in suscepti- 
bility between progeny of the two recip- 
rocal crosses, but their susceptibilities 
were closer to that of the susceptible 
laboratory colony (27 mglkg) than to that 
of the resistant strain (-400 mglkg at the 
time of the crosses) and appear to be too 
close to suggest sex linkage. There was 
no sex-related difference in susceptibility 
among the progeny. 

A mixed bioassay was done with the 
tenth selected generation of the resistant 
strain and a known susceptible strain 
distinguishable by its golden wing scales 
(9, 10). Upon emergence the insects 
were sorted visually and the LCSO was 
calculated for each strain. The resistant 
strain had an LCso of 453.4 +. 34.5 mglkg 
(slope, 2.202 t 0.150; n = 600) and the 
susceptible golden-wing strain had an 
LCso of 14 .9F0 .8  mglkg (slope, 
3.307 t 0.457, n = 700), strongly sug- 
gesting that the wide differences in sus- 
ceptibility did not arise from an error in 
the bioassay. 

I also attempted to select for resist- 
ance to BT in four other colonies begin- 
ning 18 to 26 generations after coloniza- 
tion. All developed resistance within two 
or three generations and became pro- 

Fig. 2. Dose-mortality 
responses of a P. in- 
terpunctella colony 
selected for resist- 
ance to BT by rearing 
on BT-treated diet. 
(A) Responses of sev- 
eral generations of the 
unselected parent col- 
ony and the colony 
reared (selected) on 
diet treated at 62.5 
mgikg. (B) Responses 
of several generations 
of the resistant colony 
when reared (select- 
ed) on diet treated at 
500 mgikg after nine 

1 . - generations of selec- 

Responses of several 
generations of the re- 
sistant colony when 
reared on untreated 
diet after nine genera- 
tions of selection at 
62.5 mgikg. 

gressively more resistant, confirming 
that the test colony was not unique. No 
selection attempts failed to demonstrate 
resistance. 

For more than 20 years BT has been 
used to control phytophagous insects, 
and to my knowledge development of 
significant resistance in the field or labo- 
ratory has not been reported (1, 2). Most 
have considered such resistance to be 
possible but unlikely, perhaps because of 
the apparently complex mode of action 
of BT formulations in lepidopteran spe- 
cies (1, 3). These species apparently re- 
spond to the crystal protein (&endotox- 
in), spores, p-exotoxin, or a combination 
thereof. Plodia interpunctella responds 
to the crystal protein but is most suscep- 
tible to spore-crystal mixtures (11). Not- 
withstanding the probable complexity of 
the mode of action of BT, these results 
and an earlier report (6) show that there 
is already extensive diversity in the sus- 
ceptibility of populations of P. inter- 
punctella to the insecticide. This diversi- 
ty and the somewhat higher resistance in 
colonies collected from BT-treated bins 
reflect the capacity of P ,  interpunctella 
to develop high levels of resistance with- 
in a few generations. The rapid appear- 
ance of the recessive trait under labora- 
tory selection with a relatively low dose 
of the insecticide also suggests that the 
resistance may be due to a single major 
factor that occurs with a high frequency 
(12). 

The stored grain environment is ideal 
for development of resistance because 
BT is stable on stored grain (13, 14) and 
because the environment may remain 
undisturbed for long periods, permitting 
the insects to breed for successive gener- 
ations in contact with the bacterial 
spores and toxins. In field crop situa- 
tions the instabilit!. of foliarly applied BT 
and the transitory sture of plant-pest 
interactions decrease tll, -robability of 
resistance. Repeated applica~ions over a 
wide geographic area for several years 
would be required to expose the pests for 
many successive generations. 

The speed at which P. interpunctella 
developed resistance to BT in this study 
suggests that it could do so within a 
single storage season in bins of treated 
grain. 
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Androgens and Prenatal Alcohol Exposure 

McGivern et a[. ( I )  reported that al- 
tered nonreproductive, sexually dimor- 
phic behavior is associated with expo- 
sure of rats to ethanol during develop- 
ment. They concluded that the results 
were evidence of a direct effect of etha- 
nol on testicular or adrenal function. 
There have been many studies of mono- 
amine control, direct and indirect, of 
neuroendocrine function (for example, 
inhibition of prolactin release by dopa- 
mine) which, in turn, may influence sex- 
ually dimorphic behaviors. In 1974 I re- 
ported that nonreproductive, sexually di- 
morphic behaviors could be altered by 
treating pregnant rats early during gesta- 
tion with drugs that affect the synthesis 
or storage of such monoamine transmit- 
ters ( 2 ) ,  so I am not questioning the 
observations of McGivern et al. (I). 
However, there are alternative interpre- 
tations of their results. 

Caution should be used when data 
from other laboratories, based on studies 
with different experimental designs, are 
used to support one's own experimental 
design decisions or interpretation of re- 
sults. For example, if other laboratories 
had studied the same behavioral varia- 
bles and reported that cross-fostering 
has no effect on that measure of behav- 
ioral teratogenicity in fetal alcohol-ex- 
posed (FAE) animals, then McGivern et 
al. could use such studies to defend their 
decision not to remove the pups from 
their biological mothers at term. The 
early experience literature supports the 
possibility that residual ethanol effects 

(more likely withdrawal) in the dams 
may have affected the outcome of the 
experiment. Furthermore, neonatal 
withdrawal might also have acted alone 
or in concert with altered maternal be- 
havior to contribute to or be responsible 
for the outcome. It would have been 
preferable to cross-foster half of each 
litter to pair-fed dams and the other half 
to ethanol-fed dams to clarify this issue. 
While perinatal birth weights are not 
given for experiment 1, McGivern et al. 
report a significant reduction in body 
weight of day-old ethanol-exposed males 
and females, weights being not signifi- 
cantly different from controls at 35 or 90 
days of age in experiment 2. Even if 
greater malnutrition did not occur on 
succeeding days, when maternal or neo- 
natal withdrawal might have been more 
severe, the fact that a significant weight 
differential existed at this early stage is 
problematic. 

The suggestion that adrenal steroids 
may be responsible for at least the mas- 
culinization of adult FAE females, be- 
cause others have reported increased 
brain and plasma levels of corticosterone 
in 1-day-old pups after prenatal alcohol 
exposure, begs the question related to 
the contribution of perinatal withdrawal 
and malnutrition and its associated 
stresses. We have recently reported such 
a potential source of epiphenomena in 
studies of the effects of opiates during 
development (3). We used opiate-naive 
subjects, rendered neonatally under- 
nourished to an extent essentially identi- 

cal to some and less severe than others 
exposed to opiates during development 
(4). These subjects showed significant 
differences in basal body temperature 
and in hyperthermic and behavioral re- 
sponses to morphine administration later 
in life compared to fully nourished litter- 
mates. Similar results have been offered 
by others as evidence of a direct perina- 
tal opiate effect in mature subjects whose 
body weights were even more severely 
reduced at the time of testing. While it 
may be necessary to include an isoca- 
loric pair-fed group as a control, it is not 
a sufficient control if significant body 
weight differences of offspring emerged 
during the perinatal period, unless the 
data are interpreted within a framework 
that includes the concept that exposure 
to ethanol prenatally invariably leads to 
undernutrition or runting in offspring and 
that this effect is part of the fetal alcohol 
syndrome. Thus it may be premature to 
attribute to testosterone the effects ob- 
served by McGivern et al. until there is 
evidence that identical behavioral out- 
comes can be obtained in subjects with 
testicular hormone production sup- 
pressed in some other manner. 
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Our work demonstrating long-term al- 
terations in saccharin preference and 
maze performance of animals exposed to 
alcohol in utero was based on the hy- 
pothesis that an alcohol-induced inhibi- 
tion of fetal testicular steroidogenesis 
would feminize adult male behaviors that 
are organizationally dependent on peri- 
natal androgen concentrations (I). Both 
saccharin preference and maze behavior 
are such behaviors. Moreover, alcohol is 
well known to inhibit testicular steroido- 
genesis in adult rats and humans (2). Our 
results revealed a clear feminization of 
both behaviors in adult fetal alcohol ex- 
posed (FAE) males. Our pair-fed control 
dams received the same number of calo- 
ries during pregnancy as the alcohol-fed 
dams, but no alcohol. Offspring from 
these control dams showed the normal 
sex differences reported by numerous 
investigators over the past 20 years [see 
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