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ABSTRACT A series of studies was conducted to determine the effects of temperature on toxicity
of the insect growth regulator methoprene to eggs and larvae of Plodia interpunctella (Hübner), the
Indianmeal moth. When methoprene was applied to Kraft paper at the rate of 0.0003 mg of active
ingredient [(AI)]/cm2, there was little direct toxicity against eggs ofP. interpunctella, and temperature
did not affect insecticide efÞcacy. Similarly, exposure of eggs on a paperboard surface treated with
different rates of methoprene resulted in delayed adult emergence but not a reduction in adult
emergence. However, wandering-phase larvae of P. interpuctellawere susceptible to methoprene, and
exposure of larvae for 0.5, 1, and 2 h on different packaging materials resulted in reduced adult
emergence. There was variation in emergence depending on the speciÞc surface, but temperature had
no effect on resulting adult emergence from exposed larvae. A partial budget analysis described treatment
costs and reduction of risks associated with control of eggs and larvae of P. interpunctella. Results indicate
methoprene could be used in management programs to control larvae of P. interpunctella, but eggs may
be able to compensate for exposure to methoprene residues on treated surfaces.
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In recent years there has been increased interest in the
use of insect growth regulators (IGRs) to control in-
sect pests in raw grain commodities, processed food
warehouses, and in milling and storage facilities (Mon-
dal and Parween 2000, Campbell et al. 2004). Metho-
prene, a juvenile hormone analog, affects growth and
development of immature stages of stored-product
insects and prevents maturation to the adult stage
(Oberlander et al. 1997, Henrick 2007). Several studies
have demonstrated that methoprene incorporated
into the diet of stored-product insects will result in
reduced or delayed adult emergence (Strong and
Diekman 1973, McGregor and Kramer 1975, Los-
chiavo 1976, Firstenberg and Silhacek 1976, Mian and
Mulla 1982, Manzelli 1982). In the United States,
methoprene is labeled for direct application to stored
grains, as well as a contact insecticide and as an aerosol
space application inside mills, warehouses, and indoor
food storage facilities.
Plodia interpunctella (Hübner), the Indianmeal moth,

can infest many different food products and can occur

throughout the manufacturing and distribution process
(Doud and Phillips 2000, Johnson et al. 2003, Mahroof
and Subramanyam 2006). The number of days required
for P. interpunctella to complete the life cycle (and sub-
sequent population dynamics) is inßuenced by several
factors, including diet (Johnson et al. 1992), relative
humidity (Bell 1975), and temperature (Cline 1970).
Temperature can inßuence fecundity and development
of P. interpunctella (Tzanakakis 1959, Mohandass et al.
2007), as well as the toxicity of insecticides (Arthur et al.
2004). There are published studies evaluating the IGR
hydroprene for toxicity against P. interpunctella at dif-
ferent temperatures(Mohandasset al. 2006a,b),but sim-
ilar studies on methoprene have not been published in
the scientiÞc literature.

Eggs of stored-product pest species are often the life
stage most tolerant to fumigants (Weller and Morton
2001, Armstrong and Whitehand 2005). The eggs of P.
interpunctella are relatively heat- and cold-tolerant,
making this life stage an important target for control
of populations (Mahroof and Subramanyam 2006,
Johnson 2007). When an insecticide is applied to pack-
aging material, shelving, ßooring, or on spilled prod-
ucts, eggs deposited on that surface could come into
contact with the insecticide. The last instar of P. in-
terpuctellawill often leave the food source and wander
in search of a pupation site and thus would come into
contact with insecticide residues on a treated surface.
This particular life stage is difÞcult to kill with contact
insecticides, especially compared with adult stored-
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product beetles (Arthur, 1997, 1989, 1995). Although
incorporation of methoprene into the food source of
stored-product insect pests will often prevent adult
emergence, this approach may not be an option for use
inside a facility with Þnished food products. An alter-
native strategy would be to apply methoprene onto
the surface of packaging materials.

The economic costs associated with control and
treatment of stored-product insects is an area that
needs to be more fully developed. Tilley et al. (2007)
described an approach called target minimization of
total absolute deviations (MOTAD). In this proce-
dure, risk levels are associated with damage risk, and
control is assumed to give a reduction in risk levels,
and thereby provide an economic beneÞt. The target
MOTAD procedure was used to evaluate different
types of heaters for potential disinfestaion of empty
grain bins. There are no comparable studies evaluating
the costs of insecticide treatment in relation to control
of P. interpunctella.

Currently, there is little published research regard-
ing efÞcacy of methoprene as a contact insecticide on
packaging materials against P. interpunctella, or the
economic aspects of control. Therefore, the objectives
of this study were to determine 1) whether eggs of P.
interpunctella are susceptible to methoprene, 2) tem-
perature effects on eggs and larvae exposed to metho-
prene, and 3) efÞcacy of methoprene on different
packaging surfaces. A further objective was to con-
struct a partial budget analysis for use of methoprene
as a control strategy for P. interpunctella.

Materials and Methods

General Procedures. The P. interpunctella popula-
tion that was used in all experiments was derived from
a laboratory colony established in June 1988 from
individuals collected in Riley County, KS, and peri-
odically supplemented with wild-type individuals cap-
tured in Riley County. This colony has been main-
tainedonanenrichedwheatdietof crackedwheat and
wheat shorts (4.4 kg), brewerÕs yeast (22 g), sorbic and
benzoic acid (9.5 g each), honey (240 ml), glycerin
(240 ml), and water (120 ml) inside environmental
growth chambers (Forma-ScientiÞc, Thermo Fisher
ScientiÞc, Waltham, MA) at 27 � 1�C, �50% RH., and
in darkness (0:24 [L:D] h) at the USDAÐAgricultural
Research Service Grain Marketing and Production
Research Center (GMPRC) in Manhattan, KS.
Voucher specimens have been deposited in the Kansas
State University Museum of Entomological and Prairie
Arthropod Research under lot no. 208. Experiments
were conducted in environmental chambers at the
same physical conditions as the colony. Humidity
chambers were constructed for the temperature ex-
periment using acrylic boxes with lids that contained
a saturated solution of distilled water and NaBr, which
maintains a constant 57% RH (Greenspan 1977). De-
tailed procedures for construction and use of these
boxes to maintain relative humidity were described
previously (Arthur 2000). The units were �26- by
36.5- by 15-cm rectangular boxes with a wafße-style

plastic grid cut to Þt the bottom. Separate humidity
chambers were used for the various methoprene treat-
ments and the untreated controls. Humidity boxes and
environmental chambers were selected randomly for
each experiment and rerandomized between blocks of
each experiment. Temperature was monitored using
digital thermometers checked frequently. Tempera-
ture and relative humidity also were recorded using a
HOBO data logger (Onset Computer Corporation,
Bourne, MA) placed in humidity chambers.
Experiment 1. Adult Emergence From Eggs Ex-
posed to Methoprene at Different Temperatures.
Treatment arenas were constructed by gluing a
100-mm petri dish inside of a 150-mm petri dish using
industrial adhesive. Approximately 75 g of standard
wheat diet was placed uniformly into the outer ring.
Preliminary tests showed that the amount of diet in
each arena was sufÞcient for normal development of
100 eggs of P. interpunctella. The inner petri dish was
lined with uncoated brown Kraft paper, obtained from
the SmurÞt-Stone Company, KS City, MO.. Lids on the
150-mm petri dish were altered to have a 5.1-cm-
diameter vent cut in the top with a standard Þlter
paper secured with a nontoxic adhesive to allow air
movement. The inner dish had an actual measured
area of 62 cm2. The construction of these treatment
arenasallowed formovementbetween the smaller and
larger dish.

The methoprene used in the experiments was a
formulation of Diacon II, 33.6% active ingredient (AI),
300 mg (AI)/ml, obtained from Central Sciences In-
ternational (formerly Wellmark International, Dallas,
TX). Individual treatments consisted of a piece of
Kraft paper measuring 19 by 13 cm. Solutions of
methoprene were formulated at the label rate used in
the United States, which was 0.0003 mg (AI)/cm2, and
at half the label rate and double the label rate. The
solutionswere formulated togive the requiredamount
of active ingredient when 1 ml of the solution was
applied to the area of the Kraft paper. Untreated con-
trol papers were treated with 1 ml of water. The
treatments were done by dispensing 1 ml from the
appropriate solution, by using a pipette, onto the Kraft
paper, and spreading the liquid over the paper using
a glass rod. After the paper for an individual rate was
treated, it was cut in circles to Þt the 62-cm2 area of the
inner petri dish.

Adult female moths, �48 h old, were placed in a jar
for oviposition and eggs were collected for a period of
three hours. One-hundred of these P. interpunctella
eggs were counted using an aspirator with a small glass
collection jar and placed in the center of either treated
or untreated papers cut to Þt inside the inner petri
dish. After eggs hatched they were allowed to exit the
inner circle to the outer ring which contained the diet.
A series of these treated and untreated arenas were
constructed and eggs added as described above. The
plates were sealed with ParaÞlm; placed into humidity
boxes (separate boxes for treatments and controls);
and held at 16, 20, 24, 28, and 32�C.

Preliminary observations indicated that 2Ð14 d was
required for egg hatch, depending on temperature.
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After sufÞcient time for hatching had elapsed, the
plates were checked (by unsealing the dishes), and
unhatched eggs were counted using a stereomicro-
scope. Treated and control papers were removed from
the plates when at least 75% of the eggs were hatched
in each plate, to prevent the larvae from coming into
contact with the treated surface after their initial ex-
posure. Days until 75% hatch, Þrst date of adult emer-
gence, the number of days to beginning and ending
adult emergence, and total number of adults were
recorded. Once adult emergence began, treatment
arenas were monitored daily until adult emergence in
each plate was complete. The experimental design was
a split plot with temperature (growth chamber) rep-
resenting the whole plot treatment and methoprene
treatment serving as the subplot, organized in two
randomized complete blocks with four replications
each.
Experiment 2.AdultEmergenceFromFifth Instars
Exposed to Methoprene at Different Temperatures.
Effects of temperature on toxicity of methoprene to
wandering-phase Þfth instars of P. interpunctellawere
evaluated by conducting a trial similar to that de-
scribed above. Preliminary data showed that 16�C is
near the minimum temperature needed for survival;
therefore 20, 24, 28, and 32�C were used in this study.
In addition, for this experiment methoprene was ap-
plied only at the label rate, along with untreated con-
trols, because studies with the IGR hydroprene indi-
cated that short exposure times of these late instars
were sufÞcient to inhibit subsequent adult emergence
(Mohandas et al. 2006b; 2006c). Kraft paper was cut
and treated in the same manner as described previ-
ously; however, after the paper dried, it was not cut
but instead folded into packets that allowed for move-
ment of larvae inside the packets. Ten actively wan-
dering larvae were collected with soft forceps and
placed in individual treated packets. After the larvae
were placed into the packets, the packets were then
secured with painterÕs tape at the seams, and the larvae
were held for 0, 0.5, 1, or 2 h. The 0-h exposure time
was accomplished by immediately removing the lar-
vae after the packet was sealed, to provide essentially
a double control. Upon completion of the exposure
period, packets were unsealed and remaining larvae
(minus damaged and escaped) were transferred to
150-mm petri dishes, returned to the respective hu-
midity boxes and temperature incubators, and held for
adult emergence.

In the second portion of this experiment (we refer
to the former as experiment A and to this portion as
experiment B), four concentrations (0.5� the label
rate, the label rate, 1.5� the label rate of methoprene,
along with an untreated control) served as the treat-
ments and an exposure interval of 4 h was added.
Temperatures were 22, 27, and 32 � 1�C, but all other
procedures were the same, including the construction
and use of the paper packets. Data collected for both
temperature experiments included the number of
days until Þrst adult emergence and the overall num-
ber of emerging adults. The experimental design was
a split-plot with the same treatment structure as the

egg and temperature experiments. In the Þrst exper-
iment, temperature represented the whole plot treat-
ment and length of exposure interval the subplot treat-
ment. In the second experiment, concentration �
exposure interval represented the subplot treatment.
Treatments were organized into randomized com-
plete blocks and three replications per experiment
were completed.

Data for experiments 1 and 2 (both eggs and larvae)
were analyzed using the MIXED Procedure of the
StatisticalAnalysis System(SAS)(SASInstitute2001).
For percentage of survival to the adult stage for each
life stage, means and SEs were calculated using the
MEANS Procedure of SAS. Means for treatments were
separated using the RyanÐEinotÐGabrielÐWelsch
multiple range test at a signiÞcance level of P � 0.05
for each treatment combination.
Experiment 3. Adult Emergence From Eggs Ex-
posed to Methoprene on Different Surfaces. In this
experiment, the exposure and holding temperature
was 27�C, and the methoprene concentration was the
label rate compared with controls treated with dis-
tilled water. Nine package and surface types were
treated: uncoated brown Kraft paper, black paper with
a laminated coating, cardboard, cardboard with a lam-
inate coating, plastic pallet wrap, Kraft paper with a
waxy coating, concrete, wood and tile. Brown Kraft
paper was as described for experiments 1 and 2. Card-
board pet food cartons (for laminated and uncoated
cardboard) and multiwalled pet food bags (for lami-
nated paper and waxy paper) were obtained from
Ashland Oil (formerly Northwest Coatings, Greens-
boro, NC). Package materials were chosen to repre-
sent the variety of materials that might be encoun-
tered in a typical grocery warehouse. These materials
were cut to the same uniform size as used in experi-
ments 1 and 2, but the 1 ml of methoprene was applied
to the packaging materials using a Badger 100 artistÕs
airbrush (Badger Air-Brush Corporation, Franklin
Park, IL) to spray the materials directly onto the pack-
aging materials. After treatment, circular pieces were
cut to Þt the inner petri dish ring as described previ-
ously.

The surface materials (concrete, wood and vinyl
ßoor tile) were chosen as representative of three
ßooring types in most manufacturing plants and ware-
houses. Wood, which is a component of shelving and
stackable pallets, also represents a surface that might
be contacted by P. interpunctella (and other stored-
product insect pests). Surface materials were con-
structed in a slightly different manner than what was
described for the paper and packaging materials. Con-
crete treatment arenas were constructed by pouring a
thin 10-mm layer of concrete patching material
(Rockkite) in the bottom of a 100-mm petri dish. This
slurry was water-based and prepared by mixing �2000
g of concrete mix with 1.0 liters of tap water. Con-
struction grade plywood (1.25 cm in thickness) and
self-adhesive vinyl ßooring were cut to Þt inside the
bottom portion of a petri dish (62-cm2 area) to make
the individual treatments for those surfaces. These
ßooring surfaces were put in the inner ring of the petri
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dish exposure arenas as described for experiments 1
and 2. Methoprene was sprayed onto surfaces using
the same airbrush technique described above, and all
of the experimental arenas were allowed to dry for 3Ð4
h before the eggs were exposed by placing 20 eggs, 3 h
old or less, in the center of the treatment arenas. As
described previously, after 75% hatch of eggs the
treated materials were removed from the arenas to
prevent further exposure. This experimental design
wasa randomizedcompleteblockdesignconducted in
four blocks (replicates) over time. Treatment struc-
ture was a 2 by 6 by 3 factorial, with two concentra-
tions (control and insecticide treatment), six packag-
ing types, and three surface material types. The
number of emerged adults, total number of days until
beginning adult emergence in each treatment and
number of days until adults were Þnished emerging
from each treatment, was determined and data ana-
lyzed using the SAS Procedures described for exper-
iments 1 and 2.
Experiment 4. Adult Emergence of Fifth Instars
Exposed to Methoprene on Different Surfaces. For
the evaluations of larval exposures to methoprene on
different surfaces, the same packaging materials were
used as described for experiment 3, but the concrete,
tile, and wood arenas described in experiment 3 were
not used. Larval exposure packets were made as de-
scribed for experiment 2 for the packaging and pa-
perboard surfaces. Temperature was again 27�C and
the label rate of methoprene was compared with un-
treated controls. The various packaging materials
were treated using the airbrush technique to spray the
methoprene solution directly on the surface, and then
the packets were constructed, larvae added, and pack-
ets sealed as described for experiment 2. The larvae
were exposed for 2, 4, or 8 h and then removed as
described for experiment 2 and held on the sealed
containers containing food media until the completion
of adult emergence. Two complete blocks with three

treatment replicates and one control per block were
run to reduce experimental variability. Data collection
and analysis were conducted in the same way as de-
scribed previously.

Construction of treatment arenas for testing surface
materials for wandering larvae required a different
approach to conÞne the larvae on the treated surfaces
and minimize escape. Wooden boxes were con-
structed using plywood and fastened together with
wood adhesive and had an inner surface area approx-
imately equal to 4 by 3.3 by 2.4 cm. To obtain the
concrete surface, the concrete material was mixed
thick and poured into a box using a metal pan as a mold
covered with plastic wrap. For the vinyl tile treatment,
self-adhesive vinyl ßoor tile was cut to size and pressed
into the cubes. The box joints of the boxes used for the
wood and tile surfaces were smoothed and caulked to
minimize larval escape from the boxes. Because of the
differences in surface types and box construction,
boxes had slightly different inner dimensions for
which the insecticide treatment was adjusted accord-
ingly. Lids for the wooden boxes were a 5- by 5-cm
piece of plywood; for the concrete treatment, a 5.7- by
4.5 cm poured concrete slab was used; and for the tile,
a 5- by 5-cm piece of the vinyl ßooring. Boxes were
treated and larvae added in the same manner as above.
Lids were sealed to the boxes using window caulk which
prevented escape but was easily removed after the ex-
posure interval. This experiment was done as two com-
plete blocks with three treatment replicates and one
control per block to reduce variability. Because of the
differences between the packaging types and the three
ßooring surfaces, analyses were run separately using the
SAS Procedures as described above.
Partial Budget Analysis. Using chemical cost infor-

mation calculated per 940 m2 for surface application,
a partial budget analysis was done to compare costs of
methoprene as a surface treatment for eggs and larvae
at several rates and exposure intervals. Economic risk

Fig. 1. Adult emergence from eggs of P. interpunctella exposed on untreated Kraft paper and paper treated with 0.00015,
0.0003 (label rate), and 0.00045 mg (AI) methoprene/cm2 and held at 20, 24, 28, and 32�C. Means for treatments within
temperature that are denoted by different lower-case letters are signiÞcantly different (P� 0.05; RyanÐEinotÐGabrielÐWelsch
multiple range test).
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was calculated at 90, 95, and 99% deviations below the
target goal, as described in detail in Tilley et al. (2007).
Time and equipment cost were Þxed and the only
variable cost was the cost of the chemical. Risk in this
case is the inverse of mortality up to the mortality
target, at which it is set to zero. Therefore, the down-
side risk is mortality below the target level.

Results

Experiment 1. Adult Emergence From Eggs Ex-
posed toMethoprene at Different Temperatures.The
main effect, methoprene, was signiÞcant for emer-

gence of adults from exposed eggs (F� 7.0; df � 3, 150;
P � 0.01). However, neither temperature (F � 1.4;
df � 3, 5;P� 0.35) nor the methoprene � temperature
interaction was signiÞcant (P� 0.45). Although there
was statistical signiÞcance, exposure of eggs to metho-
prene had little direct effect on subsequent adult
emergence and there were very few signiÞcant pair-
wise differences in adult emergence across treatments
or replications. At 32�C, adult emergence was reduced
at the highest rate of methoprene exposure of eggs
compared with emergence from eggs exposed on un-
treated controls (Fig. 1). Temperature had a signiÞ-
cant effect on time to Þrst adult emergence (F � 4.9;

Fig. 2. Days until 75% hatch and beginning and ending adult emergence of eggs of P. interpunctella exposed on untreated
Kraft paper (C), 0.00015 (H), 0.0003 (F, label rate), and 0.00045 (G) mg (AI) methoprene/cm2 and held at 20, 24, 28, and
32�C. The C, H, F, and G designations on the x-axis are, respectively, for controls, half the label rate, the full label rate, and
greater than the label rate. Means for temperature that are denoted by different lowercase letters are signiÞcantly different
(P � 0.05; RyanÐEinotÐGabrielÐWelsch multiple range test). There were no signiÞcant differences between treatments;
therefore the single letter denotes differences between temperature for the entire group of treatments.

Fig. 3. Adult emergence from larvae of P. interpunctella exposed for 0 (untreated controls), 0.5, 1, and 2 h on Kraft paper
treated with methoprene applied at the label rate of 0.0003 mg (AI) methoprene/cm2and held at 20, 24, 28, and 32�C. Means
for exposure intervals within temperature followed by different lowercase letters denote signiÞcant differences between those
exposure intervals with respect to adult emergence (P� 0.05; RyanÑEinotÐGabrielÐWelsch multiple range test). There were
no statistical differences in survival of untreated controls at any temperature (P � 0.05).
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df � 3, 6; P � 0.047), but adult emergence from
exposed eggs in the methoprene treatments was not
signiÞcant (F� 0.4; df � 3, 167; P� 0.78) nor was the
temperature b� methoprene interaction (P � 0.66)
(Fig. 2). However, both the temperature and the rate
of methoprene at which the eggs were exposed were
signiÞcant with respect to the time for Þnal adult
emergence (F � 10.0; df � 3, 6; P � 0.01 and F � 4.4;
df � 3, 167; P � 0.01, respectively). Although the
interaction was not signiÞcant (P � 0.92), it seemed

that exposure of P. interpunctella eggs to methoprene
delayed the normal time required for the completion
of adult emergence (Fig. 2).
Experiment 2. Adult Emergence of Fifth Instars Ex-
posed to Methoprene at Different Temperatures. Both
treatment and exposure interval were signiÞcant (P�
0.01) with respect to emergence of adults from ex-
posed larvae (F� 107.0; df � 1, 64 and F� 11.6; df �
3, 64); but temperature was not signiÞcant (F � 0.0;
df � 3, 64; P � 1.0). The treatment by exposure in-

Fig. 4. Adult emergence of larvae of P. interpunctella exposed for 0 (untreated controls), 0.5, 1, 2, and 4 h on untreated
Kraft paper (second control) and Kraft paper treated applied at the 0.0003 (label rate) and 0.0045 mg (AI) methoprene/cm2

and held at 22�C (A), 27�C (B), or 32�C (C). Means within each exposure interval followed by different lowercase letters
indicate signiÞcant differences among the three treatments (P � 0.05); RyanÐEinotÐGabrielÐWelsch multiple range test).
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teraction was signiÞcant (P� 0.01), but there were no
other signiÞcant interactions (P� 0.05). As exposure
interval increased, adult emergence from those ex-
posed larvae generally decreased (Fig. 3). In contrast
to the egg stage, the larvae seemed to be susceptible
to methoprene. Although temperature did not signif-
icantly affect survival, the greatest mortality occurred
at the highest temperature (32�C).

For experiment B (which was run at 22, 27, and
32�C), temperature, treatment, and exposure interval
all signiÞcantly affected adult emergence (F � 9.1,
df � 2, 4, P� 0.03; F� 72.2, df � 2, 354, P� 0.01; and
F � 79.5, df � 4, 354, P � 0.01, respectively). The
treatment by exposure interaction was signiÞcant (P�
0.01), but no other interactions were signiÞcant (P�
0.05). At 22�C (Fig. 4A), adult emergence at the label
rate was lower than in untreated controls only at the
4-h exposure, whereas at 27 and 32�C (Fig. 4B and C)
adult emergence from larvae exposed for two and 4 h
was signiÞcantly lower than the controls. The overall
pattern seemed to indicate lower emergence at 32�C
compared with 22 and 27�C. However, even at the 4-h
exposure, adult emergence on both methoprene treat-
ments was �20%, indicating a longer exposure interval
would be necessary to give a complete reduction in
adult emergence.
Experiment 3: Adult Emergence From Eggs Ex-
posed on Different Surfaces Treated With Metho-
prene. Both main effects, surface type/packaging ma-
terials and level of methoprene treatment (either the
label rate or distilled water control), were signiÞcant
at P� 0.01 with respect to adult emergence (F� 4.1;
df � 8, 51 and F � 150.3; df � 1, 51, respectively).
There was also a signiÞcant interaction between these
two factors (P � 0.01). Survival to adults was lowest
when methoprene was applied to black paper with a
laminate coating and second lowest to wood (5.2 � 2.2
and 23.7 � 5.2%, respectively) (Fig. 5). Differences in
adult emergence on these treated surfaces also were
greatest compared with their untreated controls.

Adult emergence was greatest from eggs exposed to
methoprene on plastic, tile, wax paper, and un-
coated cardboard (60Ð63%). On most of these
treated surfaces, adult emergence was not signiÞ-
cantly different from that of the untreated controls
(P � 0.05) (Fig. 5).
Experiment 4:AdultEmergenceFromFifth Instars
Exposed to Methoprene on Different Surfaces. In the
Þrst set of studies involving different treated surfaces,
including packaging types, both methoprene and sur-
face signiÞcantly affected survival to adult emergence
(F � 137.9; df � 1, 177; P � 0.01 and F � 5.2; df � 5,
111; P� 0.01, respectively), but exposure interval did
not (F � 0.2; df � 2, 177; P � 0.85). There was a
signiÞcant interaction between methoprene and pack-
aging type (P � 0.01). For all surfaces, differences
between treatments and controls became larger as the
exposure interval increased from 2 h (Fig. 2A), to 4 h
(Fig. 6B), and then to 8 h (Fig. 6C).

Adult emergence was consistently the lowest on
laminated cardboard compared with its control across
all exposure intervals (Fig. 6). When larvae were ex-
posed on concrete, wood, and tile, adult emergence
was signiÞcantly reduced both by methoprene treat-
ment and the length of exposure at P� 0.01 (F� 76.2;
df � 1, 53 and F � 5.7; df � 2, 53, respectively).
However, emergence did not differ among the three
surfaces (F � 1.6; df � 1, 53; P � 0.20) (Fig. 7).
Partial Budget Analysis. Results show that for con-

trol of the egg stage of P. interpunctella, by using the
no action (untreated control) strategy is virtually as
effective as either half the label rate or the label rate
(Table 1). Risk decreases with increased mortality but
decreases with an increase in the risk threshold. For
example, reading across the line for the untreated
control, at the 90% risk level there is a 78.3% chance
of getting the mortality level of 12.7% if nothing is done,
i.e.,no treatment. If therisk levels increase to95and99%,
then the probability levels of achieving 12.7% control
increase to 83.3 and 87.3%, respectively. As mortality or

Fig. 5. Adult emergence from eggs exposed on nine different packaging and surface types treated with methoprene at
the label rate of 0.0003 mg (AI) methoprene/cm2 and held at 27�C. Means followed by different lowercase letters indicate
differences between surface type treatment and means followed by different uppercase letters indicate differences between
treatments and controls (P � 0.05; RyanÐEinot-GabrielÐWelsch multiple range test).
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control increases downward in the table under each of
the three risk levels, risk decreases with this increase
mortality. The same pattern can be followed for each of
the listed treatments, and the economic analysis shows
that methoprene provides very little appreciable beneÞt
for control of eggs of P. interpunctella.

However, for control of wandering-phase larvae,
methoprene is much more effective and with increas-
ing exposure interval, risk decreases through the in-
creased level of control, but total chemical cost re-
mains the same (Table 2). The decrease in risk levels

is seen by an increase in mortality, or a decrease in the
emergence of adults from exposed larvae, as the ex-
posure interval increased. Again, reading across the
table, using the highest mortality value of 69.7%, at 90,
95, and 99% risk, the probability of achieving the spec-
iÞed mortality is 20.2, 25.3, and 29.3%, respectively.

Discussion

Overall, temperature does not affect the efÞcacy of
methoprene as a surface treatment for control of P.

Fig. 6. Adult emergence from larvae exposed on six different packaging materials treated with methoprene at the label
rate of 0.0003 mg (AI) methoprene/cm2 for 2 h (A), 4 h (B), or 8 h (C) and then removed from the surfaces and held at
27�C until adult emergence. Within each exposure interval, means followed by different lowercase letters indicate differences
between surface type treatment and means followed by different uppercase letters indicate differences between treatments
and controls (P � 0.05; RyanÐEinotÐGabrielÐWelsch multiple range test).
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interpunctella.These results are similar to those for the
IGR hydroprene (Mohandass et al. 2006b). However,
the relatively low control of eggs and wandering-
phase larvae exposed to surface applications of metho-
prenecontrastswith results reportedbyArthur(2004)
and Chanbang et al. (2007) with eggs and early instars
of the lesser grain borer, Rhyzopertha dominica (F.),
exposed on wheat, Triticum aestivum L., and rice,
Oryza sativa L., treated with methoprene. Our results
also differ from those of Mohandass et al. (2006b,c)
which established efÞcacy of hydroprene as a surface
treatment for eggs and wandering-phase larvae of P.
interpunctella.Hydroprene is also effective against lar-
vae of the red ßour beetle, Tribolium castaneum
(Herbst), exposed on different treated surfaces
(Toews et al. 2005). The lack of control of eggs ex-
posed on a surface treated with methoprene is sur-
prising because, like hydroprene, it is an IGR with a
similar mode of action.

Based on our Þndings, surface treatment with
methoprene may not provide a reliable strategy for

controlling eggs of P. interpunctella, because overall
adult emergence from these exposed eggs was �78Ð
88% in all treatments compared with 88% adult emer-
gence from eggs in the control treatments. Fifth instars
were more susceptible than eggs. However, survival to
the adult stage was still high (�54%) compared with
the untreated controls (�90%). In fact, given the low
tolerance for P. interpunctella in packaged food prod-
ucts, this level of adult survival would probably be
considered unacceptable by practical standards. Adult
emergence was reduced when larvae were exposed
for 2 h or more at temperatures ranging from 22 to
32�C; but survival was still �51%. Our results suggest
that mortality of wandering-phase larvae may be in-
creased with repeated or prolonged exposure, but
more data are needed to verify this assumption.

Although processed food manufacturers may not be
directly responsible for the damage done to packaging

Table 2. Costs and risk levels for methoprene surface treat-
ment compared with the untreated controls in experiment 2A
(larvae, label rate for methoprene of 0.0003 mg �AI�/cm2; expo-
sure intervals of 0, 0.5, 1, and 2 h)

Treatment
(h)

%
mortality

90% risk 95% risk 99% risk Cost ($)

Control 10.4a 79.6 84.5 88.5 0.00
0 13.6a 76.4 81.4 85.3 1.56
0.5 47.4b 42.5 47.5 51.5 1.56
1.0 54.4b 35.6 40.6 44.6 1.56
2.0 69.7b 20.2 25.3 29.3 1.56

Letters denote statistical difference at P � 0.05; means for per-
centage of mortality of larvae (the inverse of emergence to the adult
stage) are separated using statistical procedures described for exper-
iment 2A. Risk is presented as three thresholds: 90, 95, and 99%
mortality above which risk is set equal to zero. The cost is calculated
as 1.56 U.S. dollars per 940 m2, by using the cost for treatment with
the label rate of methoprene.

Fig. 7. Adult emergence from larvae exposed on concrete (C), tile (T), and wood (W) treated with methoprene at the
label rate of 0.0003 mg (AI) methoprene/cm2; exposed for 2, 4, and 8 h; and held at 27�C until adult emergence. Treatments
were different from controls in all cases, and means within each exposure interval followed by different lowercase letters
indicate differences between surface type (P � 0.05; RyanÐEinotÐGabrielÐWelsch multiple range test).

Table 1. Summary of costs and risk levels for methoprene
surface treatment compared with the untreated controls in exper-
iment 1 (eggs, temperature, and rate of methoprene)

Treatment
%

mortality
90% risk 95% risk 99% risk Cost ($)

Control 12.7a 78.3 83.3 87.3 0.00
0.5� label 12.2a 77.8 82.7 86.8 0.78
Label rate 15.6a 74.4 79.3 83.4 1.56
1.5� label 21.8b 68.1 73.1 77.1 2.34

The label rate is 0.0003 mg (AI)/cm2. Letters denote statistical
difference at P� 0.05; means for percentage of mortality of eggs (the
inverse of emergence to the adult stage) are separated using statistical
procedures described for the individual experiment. Risk is presented
as three thresholds: 90, 95, and 99% mortality above which risk is set
equal to zero. Costs are based in U.S. dollars per 940 m2.
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in shipment, they may absorb some of the costs of
insect infestations (Highland 1978). Although it is
difÞcult to quantify the economic losses caused by
stored-product insects, there also may be an accom-
panying quality loss that cannot be easily quantiÞed as
a dollar value. There are several options for limiting
the incidence of insects entering Þnished product
packages; these include the use of repellents, odor
barriers, insecticides and insect-resistant packaging
(Highland 1978, Mullen 2000, Mullen and Mowery
2003). Surface and package material treatment with
methoprene or similar IGRs may be an effective con-
trol strategy for other stored product insects, such as
ßour beetles (Arthur 2001). However, these surface
treatments may not give complete protection against
P. interpunctella. Although the use of methoprene on
Þnished product packaging materials may not prevent
entry into packages, it could partially suppress infes-
tations by preventing subsequent generations from
infesting other packages during the shipment or in the
warehouse.

Although there are a number of literature refer-
ences describing tests in which adult stored-product
beetles have been exposed on surfaces treated with
different contact insecticides (Arthur 2008), there are
fewer studies with evaluating the effect of surface on
toxicity of insecticides to P. interpunctella. In our test,
we generally had greater emergence of larvae exposed
on concrete treated with methoprene compared with
tile and wood. In addition, there are no comparable
studies in which methoprene has been applied to
packaging materials and assessed for efÞcacy against
larvae of P. interpunctella exposed on packaging sur-
faces. Although direct application of methoprene on
package surfaces through contact insecticides may not
be a labeled use at present, it is possible that incor-
poration of methoprene into packaging materials
could be tested in the future, as well as further re-
search on direct application of methoprene on pack-
aging surfaces to control other stored-product insects.

Methoprene is considered to be relatively stable
over a long period in grain bins and over a wide range
of temperatures (Arthur et al. 1990, Daglish et al. 1995,
Daglish and Wallbank 2005); so, the relatively high
adult emergence observed in our study is probably not
related to degradation. However, there may be other
reasons for the high survival ofP. interpuctellaeggs and
larvae on treated package materials. For example, dif-
ferences in surface materials may be an important
factor because absorption of methoprene into the
package material may not leave enough active ingre-
dient on the surface to produce an effect on neonates
and larvae. This may correspond to the reduced adult
emergence from larvae of P. interpunctella on nonpo-
rous materials such as vinyl ßooring tile and laminated
paper, and hence greater efÞcacy, compared with po-
rous materials. The low adult emergence from eggs
exposed on the sprayed surfaces also may be attrib-
uted to the application method (airbrush versus dis-
persing with a glass rod), because the airbrush could
have provided a more even distribution. Other options
to control P. interpunctella include aerosol applica-

tions of insecticides. These treatments are effective in
the control of ßour beetles and also give some indi-
cation of suppression of P. interpunctella (Arthur
2008). Although methoprene as a surface treatment is
not likely to replace aerosol insecticides or fumigants
for control of this pest, it could be a useful part of an
overall integrated pest management program. The
partial budget analysis showed that the cost of metho-
prene treatment is relatively small compared with the
risks of insect infestation and would provide a direct
economic beneÞt through reduction of the popula-
tions through treatments directed at the wandering
phase of P. interpunctella larvae.
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