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a b s t r a c t

As we gain more information through functional genomic studies of Rhyzopertha dominica (F.), we need
a high-throughput bioassay system to screen potential biopesticides. Rhyzopertha dominica is an internal
feeder during immature stages and presents unique challenges with traditional bioassay methods. Our
primary goal was to develop a fast method to evaluate larval development on small amounts of material
incorporated homogenously in an artificial diet. Herein we describe a new method that incorporates an
artificial diet composed of egg yolk, brewer’s yeast, and amylopectin for evaluating the effect of potential
biopesticides on the development of R. dominica larvae. Evaluation is accomplished through visual
inspection of digital X-ray images, or weighing containers of infested larvae on diet treatments. We
demonstrate the method with aprotinin and Bacillus thuringiensis Cry3Aa protoxin, test materials that
retard the development of R. dominica larvae. Different bioassay containers were evaluated, including
a single larva assay with pipette tips or 8-strip tubes, or a group bioassay in black 16-well trays. In
addition to improvements in time and manual manipulations, larvae can now be obtained for
biochemical studies by gently washing away the diet. Discrimination of the effect of test materials by
weighing the infested containers at specific timepoints was the most simplified approach to rapidly
screen test compounds.

Published by Elsevier Ltd.
1. Introduction

The lesser grain borer, Rhyzopertha dominica, is a worldwide
pest of stored grains and products (Potter, 1935). Rhyzopertha
dominica is believed to have originated in India on dead wood, but
the species has become problematic worldwide because it has
adapted to feed on the germ and endosperm of wheat kernels
(Campbell and Sinha, 1976). Rhyzopertha dominica larvae undergo
4e5 instars, and the period from egg to adult is from 25 to 65 days,
depending on the environmental conditions (Edde, 2012). Adults
can live four months or more, and a female may produce more than
500 eggs. Damage to the grain by larvae and adult feeding, pher-
omone odor, and production of frass can severely reduce grain
quality.

Rhyzopertha dominica larvae damage intact wheat kernels more
than any other stored product pest (Edde, 2012). Correspondingly,
R. dominica is often the most difficult storage pest to control with
grain protectants (Zettler and Cuperus, 1990). Rhyzopertha dominica
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has developed resistance to all approved organophosphorus and
pyrethroid-based insecticides (reviewed in Edde, 2012). Fumiga-
tion by phosphine has been effective in the control of R. dominica
(Price and Mills, 1988; Chaudhry, 2000). However, resistance to
phosphine in R. dominica is increasingly reported, including in the
USA (Zettler and Cuperus, 1990; Opit et al., 2012), Australia (Collins,
1998), and Brazil (Pimentel et al., 2010).

The first report of toxicity of Bacillus thuringiensis (Bt) in
R. dominicawas in adults from a spore/crystal preparation of Bt var.
tenebrionis (Btt, DSM-2803) on broken wheat (Mummigatti et al.,
1994), with 86% mortality after 30 days with a dose of 250 ppm.
However, in the same study only 10% mortality with a Btt
commercial formulation, Novodor, containing only Bt Cry3Aa pro-
toxin and inert ingredients, was reported. Although it was not
possible to correlate the amount of crystal protein in the two
experiments, it is likely that the spores in the DSM-2803 prepara-
tion contributed to the increased mortality in adult R. dominica.
Another study found wide discrepancy in the efficacy of spore/
crystal Bt preparations against R. dominica (Beegle, 1996). In our
hands, we determined that Btt Cry3Aa protoxin at 0.1% caused
a significant increase in mortality (37%) and delayed development
of R. dominica (Oppert et al., 2011). The addition of Cry3Aa and
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peptidase inhibitors, either 0.35% carboxypeptidase inhibitor or
0.5% aprotinin, to raw wheat germ resulted in almost complete
mortality of the larvae of R. dominica.

There are a number of difficulties in developing a high-
throughput screening bioassay for potential biopesticides that have
efficacy with internal feeders such as R. dominica. With dusted
seeds, the inability to examine the immature larval stages is
problematic, requiring long bioassay periods to observe adult
emergence from the infested kernel, and the additional problem of
requiring large amounts of test material. Artificial seeds are an
improvement because the potential biopesticide can be uniformly
incorporated, providing consistent delivery and reduced amounts
of test material. Previously we used a diet of 20% glucose/20%
wheat germ/30% amylopectin/30% brewer’s yeast packed in the
bottom of a 0.2 ml microcentrifuge tube and infested with
R. dominica eggs, using development time and adult emergence to
monitor the effects of treatments (Oppert et al., 2010). We also
found that test materials could be incorporated into wheat germ
diet in a sealed 0.2 ml microcapillary pipette tip or mixed with
wheat flour dusts for intact wheat kernels, but both methods
required monitoring for adult emergence to compare treatment
effects (Oppert et al., 2011).

Monitoring the effects of potential biopesticides on R. dominica
by recording adult survival has disadvantages in high-throughput
screening because it is labor intensive and time consuming. These
limitations were addressed previously by acoustical monitoring of
R. dominica immature stages in wheat kernels (Hagstrum et al.,
1988). More recently, a digital X-ray image was demonstrated as
an application to detect storage pests, including R. dominica, in
wheat kernels (Karunakaran et al., 2003). In this method, digitized
images were subjected to a linear-function parametric classifier to
provide automated detection of infested kernels.

In the present study, we demonstrate that the technique of X-
ray detection, combined with an improved artificial diet, can be
used to monitor the effects of various antifeedants in a screen of
potential biopesticides for R. dominica control. We demonstrate the
effects of Cry3Aa and aprotinin on the development of R. dominica
larvae with this method, and we propose that the method is
amenable to high-throughput screening of biopesticides. However,
we found that weighing infested diets on specific days post-infes-
tation may be the most efficient method to discriminate the effects
of test compounds on R. dominica larval growth.

2. Materials and methods

All bioassays were designed for neonate R. dominica larvae.
Adults from a laboratory colony were used for oviposition on 99%
wholewheat kernels dustedwith 1% flour. The eggs were recovered
on a number 80 sieve and allowed to hatch in a Petri dish. The
protease inhibitor aprotininwas from Sigma Chemical Co. (St. Louis,
MO), and Bt Cry3Aa protoxin was from a crystal stock prepared
from Bt subspecies tenebrionis in our laboratory as previously
described (Fabrick et al., 2009). Diet included egg yolk powder
(Natural Foods Inc., Toledo, OH), brewers yeast (MP Biomedicals,
Solon, OH) and waxy corn starch consisting of essentially pure
amylopectin (Sigma).

The diet was ground solids consisting of 4% egg yolk powder, 21%
brewers yeast, and 75% amylopectin. In diets containing Bt Cry3Aa
protoxin, 0.1% Cry3Aa was ground with diet. The control or treated
diet powder was mixed into a slurry with water as 1.5 v/w when
mixed in situ or as 2.0 v/w when pipetted into individual tubes. In
diets containing aprotinin, solutions inwaterweremixedwith either
control or Cry3Aa-treated diets (1.5 or 2.0 v/w) to form a slurry.

Diet slurries (20 ml) were aliquot into 200 ml PCR 8-tube strips
(providing 7 mg dry weight per tube), or slurries of 70 mg
powdered diet were mixed directly in 128-cell bioassay trays (Bio-
Serv, Frenchtown, NJ). Samples were lyophilized and stored
at �20 �C until used. To seal the capillary tips, the capillary of the
pipette tip was gripped with pliers about 1 mm below the reservoir
and twisted until the capillary snapped (Oppert et al., 2011).
Powdered diet (6 mg) was added to the tip with a small spatula,
vibrating the spatula against the tip, as needed, to settle powder
into the bottom. Prior to bioassay, diets were equilibrated at 28 �C,
75% RH, for 24 h. The 8-tube strips of diet were weighed after
lyophilization and after equilibration, and the average percent
moisture was 13.4 � 0.4 (n ¼ 16 strips). Equilibrated diets were
infested with neonate R. dominica larvae, either individuals in each
well of an 8-tube strip or individual pipette tips, or 5e10 larvae in
each well of the tray.

Bioassay diets were X-rayed as previously described (Guedes
et al., 2010). Images of insects were obtained using an MX-20
specimen radiography system with a 14-bit digital camera (Faxi-
tron X-ray Corp., Wheeling, IL, USA). X-ray images were used to
monitor development of larvae at 1e3week intervals. For the X-ray,
trays or tips were placed on a shelf in the middle of the X-ray
cabinet. Each image was subjected to 28 kV for 10 s and at different
foci, as indicated.

As a manual check, diets were examined with a dissecting
microscope (Wild M3Z) under 104� magnification.

We also compared the weight of 8-tube strips as a method to
discriminate treatment effects. The weight of each 8-tube strip was
recorded on a tared 96-tube holder resting on a plastic cup on the
pan of a Sartorius B120S balance (Bradford, MA) which has read-
ability to 0.1 mg.Weights were recordedwithout delay tominimize
changes in moisture after lyophilization or removal fromw75% RH.
The time required for weighing averaged 30 s per strip. Statistical
analysis was performed by ANOVA or Tukey test of two biological
replicates (each the average of two technical replicates), or Fisher
exact test, as indicated.

To obtain larvae for further study, diet cakes were washed with
water on a 140-mesh screen. The cake was soaked for 2 min in
water (5 v/w). It was then mixed into a slurry using the end of
a 1 ml pipette tip and pipetted onto the sieve. It was gently washed
with 1 ml aliquots of water until the diet was washed through the
sieve (leaving insects and frass).

3. Results

In previous bioassays, raw wheat germ permitted the fastest
development of R. dominica larvae (Oppert et al., 2010, 2011). For
high-throughput assays, we investigated a diet of egg yolk powder,
yeast, and amylopectin. The yolk/yeast/amylopectin diet was an
improvement for high-throughput bioassays because it could be
mixed into a slurry that was easily pipettable. Comparing devel-
opment in the new diet to that of previous diets, the developmental
period (mean days to adult eclosion � S.E., n ¼ 16 insects) was
26.0� 0.4 in tube strips and 24.8� 0.2 in pipette tips, both of which
were not statistically different from powdered wheat germ in
pipette tips, 25.2 � 0.3 (Tukey test, P < 0.05). Therefore, the yolk/
yeast/amylopectin diet provided adequate nutrition for normal rate
of development of R. dominica larvae.

The yolk/yeast/amylopectin diet was compared in different
bioassay containers for optimal screening of biological compounds
as control agents for R. dominica, using X-ray detection and
weighing diet strips to compare larval development.

3.1. X-ray detection of R. dominica-infested diets

Diet cakes were first made in individual wells containing either
control or 0.4 and 1.0% aprotinin and 10 larvae per well. Detection
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by X-ray provided a quick and non-invasive method to identify
larval development. At 15 days post-infestation, larvae were visible
in the X-ray image of the control diets (Fig. 1A and B) around the
edge of the well, but not the treated diets (Fig. 1E and F). Curiously,
from the two replicate controls, all larvae progressed to adults in
the top well (Fig. 1C), while larvae remained in the bottom well
(Fig. 1D) when the bioassay was terminated on day 28. We suspect
that larvae in the top control well remained restricted and com-
partmentalized, but larvae in the disrupted diet of the lower well
were less restricted in movement and may have expended more
energy, depleting larvae of energy necessary for pupation. A single
larva was visible by increased focus in the X-ray in the upper 0.4%
aprotinin well (Fig. 1G) at day 28, and numerous tunnels in both
inhibitor treatment wells (Fig. 1G and H) may indicate that the
other larvae survived for a short time before succumbing to the
effects of the inhibitor.

One of the difficulties in evaluating treatment effects on
R. dominica has been obtaining larvae for further biochemical or
genetic analysis. In the past, we carefully dissected larvae from
kernels or artificial seeds, but this was time consuming and often
damaged larvae. We found that we could easily obtain larvae from
cakes of infested diets by gently washing infested diet cakes on
a mesh screen (Fig. 2). All five live larvae were obtained intact
from control diet and were suitable for further downstream
analysis. In addition, we observed one larger dead larva and three
smaller dead larvae not visible in the photograph. Frass was also
recovered on the mesh screen and would be available for further
analysis.

The group bioassays in black trays were repeated but infested
this time with only five neonate R. dominica larvae (Fig. 3). In most
cases, we were not able to identify all five larvae in control (Fig. 3A)
wells with the yolk/yeast/amylopectin diet but did observe five
larvae in X-rays of wheat germ diet (Fig. 3B). With increasing
amounts of aprotinin, from 0.2 to 1.0% (Fig. 3CeF), therewere fewer
and smaller live larvae. At the highest dose of 1.0% (Fig. 3F), no
larvae were observed, but there were numerous “probes” that
Fig. 1. X-ray of group bioassay in black assay trays, infested with 10 Rhyzopertha dominica ne
control; EeH e diet treated with 0.4% aprotinin.
suggest that larvae tunneled into the diet at multiple sites prior to
succumbing to the effects of the inhibitor.

We evaluated whether individual larval bioassays could be
mass-produced by pipetting diets into PCR 8-tube strips (Fig. 4).
In this bioassay, we compared the effects of the Bt toxin Cry3Aa
and aprotinin on developing larvae. Examination of X-ray images
at 15 d post-infection by neonate larvae was overall superior to
visual examination of each well under a dissecting scope in both
time and accuracy. The effects of treatments B (0.1% Cry3Aa) and
C (0.1% Cry3Aa þ 0.05% aprotinin) were easily determined by
examining the X-ray image, where we had 0 and 1 false nega-
tives, respectively. However, microscope examination yielded 2
and 3 false negatives in treatments B and C, respectively. Larvae
were larger in treatments A (control) and B (0.05% aprotinin) and
there were no false negatives by either X-ray or microscope
examination.

The development period (mean days to adult eclosion � S.E. of
two replicates of 12e16 insects) for insects reared on diets AeD
(control, 0.1% Cry3Aa, 0.1% Cry3Aa þ 0.05% aprotinin, and 0.5%
aprotinin) was 25.5 � 0.6 (a), 30.3 � 0.6 (ab), 32.5 � 1.6 (b), and
25.7� 0.6 (a), respectively (ANOVA, F 14.5, DF 3, 4, P¼ 0.013, means
followed by same letter are not significantly different at P < 0.05
according to Tukey test), and the mortality was 0, 16*, 10, and 3%,
respectively (*significantly different from the control at P < 0.05
according to Fisher exact test). Cry3Aa induced less mortality than
in previous assays (Oppert et al., 2011). However, the combination
of Cry3Aa and aprotinin significantly slowed development, as has
been observed previously (Oppert et al., 2011).

When visual accuracy was needed to determine the develop-
mental stage, we found that X-ray of individuals in sealed pipette
tips provided exquisite detail (Fig. 5), and could be used to docu-
ment external malformations caused by dietary treatment. Larvae
were easily observed at 15 d (Fig. 5A) or pupae at 21 d (Fig. 5B)
when tips were X-rayed at an increased focus of 3e4�. However,
small larvae can usually be observed in tips under a microscope,
and large larvae, pupae, or adults are easily seen.
onates in each well, 15 days (1� focus, A, B, E, F) or day 28 (5� focus, C, D, G, H). AeD e



Fig. 2. Photograph of mesh screen containing five live larvae and one dead larva
(marked by arrow; washed from Fig. 1B). White material on lower right is frass.
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3.2. Discriminating treatment effects by weighing diet strips

Surprisingly, weighing infested 8-tube strips accurately deter-
mined that diets containing 0.1% Cry3Aa, either with or without
0.05% aprotinin, slowed the growth of R. dominica larvae on specific
days of the bioassay (Fig. 6). At day 11, diets with larvae ingesting
Cry3Aa weighed significantly less (P < 0.01, F 198.6, DF 3,4) than
those ingesting control or 0.05% aprotinin diets. However, weights
of diet strips later in the bioassay (days 18e21) were not
Fig. 3. X-ray (5�) of group bioassay in wells of bioassay trays, infested with Rhyzopertha dom
CeE, increasing doses of 0.2, 0.4, 0.6, and 1.0% aprotinin, respectively. Numbers at the bottom
examination at day 14.
significantly different (P < 0.05). Overall, weights were more
discriminating in the second week of the bioassay than in the first
week (data not shown) or third week. In the first week, our method
was not sensitive enough to measure weight gain.
4. Discussion

In the development of an improved high-throughput bioassay
for R. dominica, we sought a diet that contained optimal nutrients
for growth, lacked enzyme inhibitors thatmay interfere in the assay
of gut bioactive proteins, and, when mixed with a liquid, was easily
deposited as a slurry. While we investigated previous diets based
on flour/wheat germ, we found that a diet consisting of egg yolk
powder and yeast provided adequate protein for normal larval
development. The protein concentration in the artificial diet was
11% (based on manufacturer estimates). However, it is likely that
lipids in the egg yolk were the most important factor for inclusion
in the artificial diet. The addition of 2.3% fat from egg yolk improved
the powdered diet’s handling characteristics, allowing easier
recovery of the powder from the mortar. In addition, the egg yolk
provided 0.09% cholesterol, meeting the requirement for sterol. In
our previous tests with brewer’s yeast alone, normal larval devel-
opment was only achieved when cholesterol was added (data not
shown). Adding the egg yolk powder is much cheaper than adding
pure cholesterol, as well as being an easier task to weigh and mix
with the dietary powder.

Grinding the waxy cornstarch with brewer’s yeast and egg yolk
powder in a mortar and pestle produced a powder that was easily
mixed with liquid (water with or without soluble test compounds)
and resulted in an easy-to-pipette slurry. An additional benefit was
inica neonates and incubated for 14 d. Well A e control; B e ground wheat germ diet;
of each well are the number of live and dead larvae observed via X-ray and microscopic



Fig. 4. X-ray (1�) of individual bioassay in 8-tube strips, infested with Rhyzopertha
dominica neonates and incubated for 15 d. Column A e control; B e 0.1% Cry3Aa; C e

0.1% Cry3Aa þ 0.05% aprotinin; D e 0.05% aprotinin. Arrow indicates that larva was not
found by sieving. Symbols: * e not observed under microscope (above well); � e not
observed with X-ray (below well).
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that the diet could be easily removed by gently washing infested
diets with water in a mesh screen, providing larvae for biochemical
or genetic studies. The present study provides the first report of
toxicity of aprotinin to R. dominica, although inhibition of enzymes
in a larval gut extract was demonstrated in vitro (Zhu and Baker,
1999). Aprotinin caused complete mortality of R. dominica larvae
at a concentration of 1% in the egg yolk/yeast/amylopectin diet,
similar to what we have also observed with 1% aprotinin in 20%
wheat germ/80% flour (unpublished). The effect of Cry3Aa was less
than was previously observed on a different diet (Oppert et al.,
2011). However, in the present study we used a crystal prepara-
tion of Cry3Aa without spores, whereas in the previous study the
Cry3Aa formulation contained both spores and toxin. The differ-
ence in the toxin preparation likely explains the difference in
Fig. 5. X-rays of individual bioassays on control diet in pipette tips, infested with Rhyzoperth
toxicity in the two studies, but further work is needed to demon-
strate whether spores increase toxicity of Cry3Aa with R. dominica.

We investigated different bioassay methods consisting of indi-
vidual or group trials. Each method had advantages and drawbacks.
Overall, we found that group bioassays required the least labor.
However, group bioassays identified peculiar behaviors that have
not been noted previously in bioassays, including a delay in
development when larvae encountered a disrupted diet. We
suspect that that cannibalism contributed to high control mortality
in bioassay trays, which was somewhat alleviated when we added
fewer larvae. Individual assays had no control mortality, but they
required more labor.

We sought a detection method that would permit accurate and
quick assessment of R. dominica larval development and mortality.
We found that X-ray detection at weekly intervals provided diag-
nostic information at approximately two weeks post-infestation.
Regardless of the bioassay vessel, we were able to discern whether
treatments were effective in delaying larval development. X-ray at
later timepoints provided information on the exact developmental
stage, depending on the focus. However, this method requires the
use of expensive equipment and requires time and expertise in
evaluating images.

Weighing individual larvae provided a sensitive indicator of
growth inhibition by Cry3Aa (Oppert et al., 2011), but data collec-
tion was possible because larvae were reared in powdered media.
The simplified method of weighing tube strips containing diet and
larvae proved to be sufficient to discern the effects of Cry3Aa on
R. dominica larval development at specific times in the bioassay.
Each strip contained eight larvae, and the success of this method
with developing internal feeders may require a threshold number
of larvae due to limitations with the sensitivity of the scale. We
speculate that the increase in weight of infested diet may be due to
an increase in water. Demianyk and Sinha (1987) found that stored
corn increased in moisture content from its initial 13% to a final 17%
during a 20-week infestation by lesser grain borers. Although we
did not determine whether the diet increased in moisture, an
increase of 4% would account for a gain of 0.28 mg (with a diet
pellet originally weighing 7 mg), compared to the observed
increase of 0.14 mg (in a pellet infested with a larva for 11 d).
However, we speculate that the increase in mass in this systemmay
be an increase inwater within the insect. For example, a lesser grain
borer adult typically has w0.61 mg water as part of a total mass of
1.13 mg (data not shown). The ability of stored product beetles to
absorb atmospheric water warrants investigation, although the
a dominica neonates. X-rays were (A) 3� focus for 15 d larvae or (B) 4� for 21 d pupae.



Fig. 6. Alternative method of weighing diet strips to determine the effect of test compounds on Rhyzopertha dominica larvae, demonstrating the average increase in mass of an
infested tube in micrograms at the indicated days post infestation (�S.E., n ¼ 2). Statistical differences were determined by Tukey test (<0.05) and are indicated on day 11 by letters.
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ability of one such species, Tenebrio molitor, to absorbwater vapor is
well known (Hansen et al., 2004).

For the purposes of high-throughput screening, we recommend
that diet strips are prepared in advance with dry materials and
stored frozen. Test materials may be added as a solution and indi-
vidually mixed prior to infestation with neonate larvae. Weighing
infested diet strips daily in the second week post-infestation
provides quick determination of the effects of test compounds on
the development of R. dominica larvae.
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