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The transcriptome response of Tribolium castaneum larvae to dietary protease inhibitors was evaluated by
whole-genome microarray analysis. RNA was isolated from guts of larvae fed control diet (no inhibitor), or
diets containing 0.1% E-64 (cysteine protease inhibitor), 5.0% soybean trypsin inhibitor (STI, serine protease
inhibitor), or a combination of 0.1% E-64 and 5.0% STI. Data were analyzed by pairwise analysis, in which
each inhibitor treatment group was compared to control, or ANOVA of all treatment groups. In pairwise
analysis, the expression of only 253 genes was significantly altered (pb0.05) in response to STI treatment,
whereas E-64 and combination treatments resulted in 1574 and 1584 differentially regulated genes. The data
indicate that treatments containing E-64, whether alone or in combination, significantly impacts gene
expression in T. castaneum larvae. ANOVA analysis revealed 2175 genes differentially expressed in inhibitor-
treated larvae compared to control (pb0.05), including genes related to proteases that were mostly up-
regulated, namely cathepsins B and L, chymotrypsins, and nonproteolytic cysteine cathepsin or serine
protease homologs. Inhibitor treatments induced the differential expression of other gut-related genes, as
well as genes encoding proteins of unknown function. These data suggest that T. castaneum larvae
compensate for dietary cysteine protease inhibitors by altering large-scale gene expression patterns.
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1. Introduction

The tenebrionid, Tribolium castaneum, is a major pest of grains and
stored products, inflicting considerable economic damage worldwide.
Biochemical and genetic approaches have been used to identify cru-
cial proteases and delineate their spatial organization in the gut of
T. castaneum larvae. Protein digestion in T. castaneum is largely due
to cysteine proteases in the acidic anterior midgut, with minor
contributions by serine proteases, chymotryspins and trypsins, in an
alkaline posterior midgut (Vinokurov et al., 2009). The importance of
cysteine proteases in protein digestion, as well as the compartmen-
talization of these enzymes in the acidic anterior midgut, appears to
be an adaptation in tenebrionid larvae to cereals containing abundant
serine protease inhibitors. Insects adapt to plant and cereal protease
inhibitors as part of an evolutionary struggle to overcome host-plant
responses to insect attack (reviewed in Oppert, 2000; Agrawal, 2001;
Dunaevsky et al., 2005). In another tenebrionid, Tenebrio molitor, our
studies and others have found that protein digestion in larvae is also
compartmentalized (Terra et al., 1985; Thie and Houseman, 1990;
Terra and Ferreira, 1994; Vinokurov et al., 2006; Prabhakar et al.,
2007). However, serine proteases in the posterior midgut of T. molitor
apparently are more important for protein digestion than those in
T. castaneum larvae (Vinokurov et al., 2009).

Despite the reliance on cysteine proteases for protein digestion,
T. castaneum larvae survive diets containing relatively high levels of
cysteine protease inhibitors (Chen et al., 1992; Oppert et al., 1993,
2003). This paradox was explained by examining the proteolytic
activity in the guts of surviving larvae (Oppert et al., 2004, 2005). As
larvae were fed increasing doses of a cysteine protease inhibitor, in
vitro protease activity was less responsive to the inhibitor, and a
concomitant increase in serine protease activity was observed,
particularly chymotryptic activity. These data suggested that
T. castaneum larvae were compensating for dietary cysteine protease
inhibitors through the expression of up-regulated and/or novel
cysteine and serine proteases.

A significant breakthrough in probing coleopteran responses to
dietary toxins and inhibitors camewith the sequencing of the genome
of T. castaneum (Tribolium Genome Sequencing Consortium, 2008).
Through a Triboliumwhole-genome microarray analysis, our research
has demonstrated that the cysteine proteases cathepsin L and B, and
the serine proteases chymotrypsin and trypsin are among the most
highly expressed genes in the gut of T. castaneum fed a wheat flour/
brewer's yeast diet (Morris et al., 2009). To further examine the
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response of T. castaneum to cereal protease inhibitors, custom
microarrays containing oligonucleotides representative of all genetic
sequences from the Tribolium genome were used to examine gene
expression in larvae fed a cysteine or serine protease inhibitor, or a
combination thereof. The data support our observations fromprevious
biochemical studies and emphasize the role of adaptative responses in
overcoming the effect of protease inhibitors in T. castaneum. These data
further provide evidence that the use of combinations of protease
inhibitors can be an effective method to inhibit the insect compensa-
tive response.
2. Materials and methods

Inhibitors used in this study included L-trans-epoxysuccinyl-L-
leucylamido(4-guanidino) butane (E-64, Sigma-Aldrich Chemical Co.,
St Louis, MO, USA) and soybean trypsin inhibitor (STI, Kunitz,
Worthington Biochemical Corp., Lakewood, NJ, USA).
2.1. Insect bioassay and dissection

T. castaneum were reared in our laboratory on a diet of 95% wheat
flour and 5% brewer's yeast at 28 °C, 75% R.H., 0L:24D. Neonate larvae
from two biological replicates of T. castaneum larvae were placed on
0.5 g of 85% stabilized wheat germ, 10% hard red winter wheat flour,
and 5% brewer's yeast and reared under normal rearing conditions. At
10 days of age, groups of 11–13 larvae were transferred to a plastic
cup with 120 mg of diet and either no inhibitor (control), 0.1% E-64,
5% STI, or a combination of 0.1% E-64 and 5% STI. After 3 days, larvae
were sacrificed for the collection of gut tissue. Mean larval masses
(±S.E.) in control, E-64, STI, and combination treatments were 1.4
(0.3), 1.3 (0.2), 1.5 (0.3), and 0.6 (0.2) mg, respectively.
2.2. Development of the microarray

Awhole-genomemicroarray for T. castaneumwas developed using
all annotated and predicted gene sequences from the T. castaneum
genome annotation project, designated as GLEAN numbers (Tribolium
Genome Sequencing Consortium, 2008). Oligos were designed and
arrayed in duplicate or triplicate on a custom array chip (4x44K,
Agilent Technologies, Santa Clara, CA, USA).
2.3. Isolation of RNA and cRNA hybrydization

For dissection, 6–10 larvae with food in the gut were chosen from
each dietary treatment and were ice-anaesthetized. The anterior and
posterior ends were removed with sterile scissors, and guts were
removed by pulling gently from one end and placed in RNAlater
(Ambion, Austin, TX) at room temperature. Prior to RNA extraction,
excess RNA later was removed and guts were ground with a plastic
pestle in a 1.5 ml microcentrifuge tube containing liquid nitrogen.
Total RNA was isolated using the Absolutely RNA Kit, which includes
on-column DNase treatment as described by manufacturer's protocol
(Agilent Technologies, La Jolla, CA). GutmRNAwas reverse transcribed
from total RNA using an oligo-dTwith T7 promoter and amplifiedwith
T7 polymerase to obtain Cy3 or Cy5-labeled antisense cRNA (Quick
Amp Labeling Kit, Agilent), with dye swapping among the biological
replicates. Hybridization of the Tribolium genome microarray was
performed for 18 h at 45 °Cwith approximately 825 ng of themodified
cRNA (Gene Expression Hybridization Kit, Agilent). Microarrays were
scanned at 532 and 635 nmusing a GenePix 4000B scanner (Molecular
Devices, Sunnyvale, CA, USA) at the Gene Expression Facility at Kansas
State University. Images were analyzed by Genepix Pro 6.1 software.
2.4. Reverse transcription and quantitative PCR (qPCR)

Aliquots of total RNA used for microarray analysis were used as the
template for reverse transcription reactions. All reverse transcription
reactions were with Superscript in the Superscript III First Strand
Synthesis System (Invitrogen, Carlsbad, CA, USA) and approximately
500 ng of total RNA, following the manufacturer's protocol for RT-PCR
on an Applied Biosytems 2720 thermocycler (Life Technologies,
Carlsbad, CA, USA). Primer sets (Supplemental Table 6) were designed
(PrimerQuest; www.idtdna.com) and obtained from Integrated DNA
Technologies (Coralville, IA, USA). Amplicons were sequenced and
verified against the T. castaneum genome. Quantitative PCR was
performed on the MX3000P (Stratagene, Santa Clara, CA, USA) using
3 μL of diluted cDNA (1:20 for all primer sets except Tc11001 which
was diluted 1:2500) and Takara SYBR Premix Ex Taq II (Takara Bio,
Madison WI, USA). Cycling conditions were 30 s at 95 °C; 40 cycles of
5 s at 95 °C, 20 s at 55 °C, and 15 s at 72 °C; followed by a standard
dissociation curve. Data are the average of two biological replicates
(standard deviation≤0.2, triplicate technical replicates).

2.5. Statistical and bioinformatic analysis

The relative intensity of each array (raw data) was imported into
GeneSifter (Geospiza, Seattle, WA, USA) for statistical analysis. Data
was normalized by relative intensity means and was log transformed.
Pairwise comparisons were made between the control and each
treatment dataset, and significance was determined by the Student's
t-test (pb0.05), corrected by Benjamini and Hochberg (1995); all
treatment groups also were compared by ANOVA (pb0.05) and
corrected by Benjamini and Hochberg. Principle Component Analysis
(PCA; Pearson, 1901) also was performed with GeneSifter.

Alignments of predicted T. castaneum protease and homolog
protein sequences were made with ClustalW2 (Larkin et al., 2007).

3. Results

To determine the effect of protease inhibitors on the T. castaneum
larval transcriptome, microarrays containing oligos representative of
the predicted gene sequences from T. castaneum were used to
estimate the relative expression of mRNA from the gut of larvae fed
diets containing 0.1% E-64, 5.0% STI, a combination of E-64 and STI, or
inhibitor-free diet (control). Datawere compared in pairwise analyses
between control and each treatment group, or an ANOVA analysis of
differences among control and all treatments (pb0.05).

3.1. Pairwise analysis of treatment effects

In pairwise analyses, there were 1574, 253, and 1584 genes that
were differentially expressed in E-64, STI, and combination treat-
ments, respectively (Fig. 1A). Therefore, the number of differentially
expressed genes in E-64 and combination treatments was similar, and
significantly more than that of STI treatment. Specifically, the number
of genes that were up- or down-regulated in each treatment group
was 133 and 1441 in E-64-treated larvae; 44 and 209 in STI-treated
larvae; and 243 and 1341 in combination-treated larvae, respectively
(Fig. 1B). Therefore, there were many more genes that were down-
regulated in response to inhibitor treatment than were up-regulated.

Genes expressed at more than 5-fold difference in E-64 and
combination treatments compared to control are summarized in
Tables 1 and 3, respectively; those with more than 2-fold difference in
STI treatment compared to control are found in Table 2. Included in
the comparisons are “gut rankings”, a prediction of the expression
level of the gene in the gut based on a previous microarray analysis of
RNA from T. castaneum larval gut tissue (Morris et al., 2009).

In larvae fed 0.1% E-64, there were 38 genes that were more than
5-fold differentially expressed compared to control larvae (Table 1).

http://www.idtdna.com


Fig. 1. Comparison of the total number of differentially expressed genes (A) or the
number of significantly (pb0.05) up-regulated or down-regulated genes (B) in the gut
of T. castaneum larvae fed 0.1% E-64, 5.0% STI, or a combination of inhibitors.

Table 1
Genes differentially regulated more than 5-fold (significant at pb0.05, pairwise analysis)
in T. castaneum larvae fed a diet containing 0.1% E-64. Grey squares are those genes that
were down-regulated. Whenever possible, the most descriptive term associated with each
sequence was provided under “Description”.

1Gut ranks were determined through microarray analysis (Morris et al., 2009), and they
range from 0 (low or no expression in the gut) to 100 (highly expressed in the gut); NOC –

not on chip in the Morris et al., 2009 array.

Table 2
Genes differentially regulated more than 2-fold (significant at pb0.05, pairwise analysis)
in T. castaneum larvae fed a diet containing 5% STI. Grey squares are those genes that were
down-regulated.

1Gut ranks were determined through microarray analysis (Morris et al., 2009), and they
range from 0 (low or no expression in the gut) to 100 (highly expressed in the gut); NOC –

not on chip in the Morris et al., 2009 array.
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The most striking differentially expressed gene was 30.6-fold down-
regulated and was related to the mosquito transcript AGAPO12043-
PA of unknown function. A gene encoding RNA polymerase II was
down-regulated 17.6-fold and may indicate that either a shut-down
or redirection of transcription is occurring; RNA pol II is involved in
transcription of all protein coding genes but also transcribes small
nuclear RNAs which are involved in splicing. Many of the remainder
encode chymotrypsins, or serine protease homologs (SPH) from the
S1 protease family according to the MEROPS classification (Rawlings
et al., 2010) which lack sequence conservation in catalytic residues of
typical serine proteases and therefore are predicted to be nonproteo-
lytic; most were up-regulated.

Only 10 genes were differentially expressed more than 2-fold in
STI-treated larvae, and none more than 5-fold (Table 2). Most
significantly down-regulated was a chymotrypsin encoded by Glean
16121, otherwise predicted to be relatively highly expressed in the
larval gut under normal dietary conditions according to a previous
microarray (Morris et al., 2009).

Unlabelled image
Unlabelled image


Table 3
Genes differentially regulated more than 5-fold (significant at pb0.05, pairwise analysis)
in T. castaneum larvae fed a diet containing a combination of 0.1% E-64 and 5% STI. Grey
squares are those genes that were down-regulated.

1Gut ranks were determined through microarray analysis (Morris et al., 2009), and they
range from 0 (low or no expression in the gut) to 100 (highly expressed in the gut); NOC –

not on chip in the Morris et al., 2009 array.

Table 3 (continued)
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The impact of the E-64 and STI combination on gene expression of
T. castaneum larvae was evident, as 95 genes were differentially
expressed more than 5-fold in larvae fed the combination treatment
(Table 3). Notably, the most highly down-regulated gene encoded a
protein with unknown function (Glean 9465), and there were eight
other genes encoding hypothetical proteins thatwere down-regulated
in this dataset. As with E-64 treatment alone, there were a number of
chymotrypsin and SPH genes that were up-regulated. Notably, there
also were genes encoding lectins, chitin-modifying enzymes, and
peritrophins that were mostly down-regulated.

3.2. Comparison of control and treatments by ANOVA

As was observed in the pairwise analysis, comparisons of
differences in protease gene expression among control and treated
larvae indicated that E-64 and combination treatments resulted in
significantly more differential gene expression (Supplemental Fig. 3).
Classifications by gene ontology revealed categories for differentially
expressed genes. In the classification Biological Processes, the largest
categories were either related to cellular or metabolic processes
(25.8%; Supplemental Fig. 3A). In the classification of genes by Cellular
Component, the largest category was related to “cell” (25.6%,
Supplemental Fig. 3B). More revealing were the classifications in
Molecular Functions, in whichmost genes were grouped into catalytic
activity (33.6%) or binding (41.6%, Supplemental Fig. 3C).

PCA was used to compare the variance in gene expression between
the four different treatments (Supplemental Fig. 4). In PCA, potentially
correlated variables (in this case, gene expression levels as determinedby
signal intensities) are grouped into uncorrelated variables, called
principle components, by a mathematical transformation. The
first component (Comp. 1) accounts for most of the variations, and the
second component (Comp. 2) accounts for the remainder of the
variability. Using PCA on the 2175 differentially expressed genes
among control and treatments (significant at pb0.05 by ANOVA), gene
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expression in STI-treated larvae were more similar to the control, while
those in E-64 or combination-treated larvae were more different.

3.3. Verification of gene expression by quantitative PCR

Toverify gene expression patterns from themicorarray,wedesigned
primers for selected protease transcripts (Supplemental Table 6). In
qPCR, the expression patterns of all selected transcripts were similar to
the microarray except for Tc02955 (Fig. 2). With Tc02955 cathepsin B,
qPCR estimated an increase of 0.08, whereas microarray analysis
indicated a decrease of 2.43-fold expression in the combination-treated
larvae. However, all other genes in the combination-treated groupwere
down-regulated in both microarray and qPCR, and all up-regulated
transcripts in the microarray were up-regulated in qPCR. In the case of
the predicted trypsin Tc01157, bothmicroarray and qPCR indicated that
the transcript was down-regulated when larvae were fed E-64 but up-
regulated when larvae were fed both inhibitors. The magnitude of
expression was often higher in the microarray, and this may reflect the
hybridization of highly-related transcripts and/or the more precise
experimental data from the qPCR analysis due to primer specificity.

3.4. Trends in protease genes

Since we have previous data that indicates that protease activity is
altered in inhibitor-fed larvae, the expression of genes encoding
proteases were evaluated separately (Tables 4 and 5). Overall, there
were more differentially expressed protease genes in the combina-
tion-treated larvae than in E-64- or STI-treated larvae. Only two serine
Fig. 2. Comparison of the relative quantities of transcripts in the gut of T. molitor larvae fed
biological replicates), using primers specific for selected transcripts indicated on the left (Sup
the direction and magnitude of significant fold-change obtained from the microarray analy
protease genes were down-regulated in response to STI in the diet.
The majority of differentially regulated genes in larvae fed E-64 and
combination treatments were up-regulated. In most cases, genes that
were up-regulated in E-64-treated larvae (1.32 to 10.1-fold) also were
up-regulated in larvae fed the inhibitor combination (1.30 to 38.4-
fold). The majority of differentially regulated genes were serine
proteases or homologs.

In the Tribolium genome, there are 26 genes encoding presumably
active cysteine cathepsin proteases and homologs (Tribolium Genome
Sequencing Consortium, 2008). Cathepsin L and B enzymes are found
mostly in the anterior midgut of tenebrionid larvae and are critical to
the early stages of protein digestion (Vinokurov et al., 2006; 2009).
The primary cysteine cathepsins in the T. castaneum larval gut
according to the previous microarray analysis (Morris et al., 2009)
are Gleans 11000 and 11001 which encode a cathepsin L-like protein,
and both were up-regulated in larvae fed diets containing 0.1% E-64
(Table 4). Major cathepsin B enzymes (Gleans 2952 and 10691) also
were up-regulated. There was no clear pattern in the expression of
cysteine protease homolog genes.

There are more than 150 genes encoding serine proteases and
homologs in the Tribolium genome, and approximately half of those
were predicted to be highly expressed in the gut by previousmicroarray
analysis (Morris et al., 2009). The trends in gene expression patterns of
serine protease genes in inhibitor-fed larvae provided critical insights
into the complex genetic response to seed protease inhibitors (Table 5).
Serine protease transcripts from the chymotrypsin family S1 (Rawlings
et al., 2010) differentially expressed in this study included eightputative
chymotrypsins, seven trypsins, four elastases (elastase 1), and two
protease inhibitors or control diet by qRT-PCR (data are ln transformed, average of two
plemental Files Table 6). Numbers and arrows associated with each relative quantity are
sis.

image of Fig.�2


Table 4
Comparison of significantly different expression levels (pb0.05) of genes encoding cysteine cathepsin proteases and nonproteolytic homologs in T. castaneum larvae fed diets containing
either 0.1% E-64 or 0.1% E-64+5.0% STI (combination); there were no significantly differentially expressed cysteine cathepsin genes in the 5.0% STI-treated larvae. Grey squares are those
genes that were down-regulated.

1Gut ranks were determined through microarray analysis (Morris et al., 2009), and they range from 0 (low or no expression in the gut) to 100 (highly expressed in the gut).

285B. Oppert et al. / Comparative Biochemistry and Physiology, Part D 5 (2010) 280–287
collagenases. Predictions of the protease type are based on residues in
the S1 binding pocket corresponding to S189, G216, and G226 in bovine
chymotrypsin, which determine substrate specificity (Perona and Craik,
1995; Hedstrom, 2002, Supplemental Fig. 5). In predicted chymotryp-
sins from T. castaneum genetic sequences, often a glycine residue is
found in position S189, and we postulate that the structure of the loops
would be similar to that of bovine chymotrypsin. Overall, genes
encoding chymotrypsins, elastases, and collagenaseswere up-regulated
in E-64 and combined treatments with few exceptions. Additionally in
larvae fed both inhibitors, genes encoding trypsins were down-
regulated. Thereweremore SPH genes differentially expressed in larvae
fed both inhibitors (24) than in those fed only E-64 (18), and mostly
they were up-regulated. Interestingly, most of the up-regulated
homologs were predicted to be similar to chymotrypsin, and the few
down-regulated homologswere similar to trypsin. The data support the
hypothesis that T. castaneum larvae compensate for the presence of the
cysteine protease inhibitor E-64 through an overall up-regulation of
genes encoding serine proteases and homologs, but addition of STI to E-
64 treatment leads to down-regulation of trypsin genes.

4. Discussion

Our previous biochemical data indicated that T. castaneum larvae
fed increasing doses of E-64 responded by an increase in overall
protease activity that was less responsive to the inhibitor, either by an
increase in existing proteases and/or synthesis of novel inhibitor-
insensitive enzymes, particularly chymotrypsins (Oppert et al., 2004,
2005). To further explore this compensation, this study was designed
to determine the effects of inhibitors on gene expression in
T. castaneum larvae fed 0.1% E-64, 5.0% STI, or a combination of 0.1%
E-64 and 5.0% STI in the diet. Dosages were chosen because they were
previously demonstrated to induce changes in proteolytic activity
without mortality (Oppert et al., 2005). However, in the previous
study, larvae were reared continuously on inhibitor-treated diets. In
the present study, larvae were reared on normal rearing diet for
10 days, at which time larvae were transferred to inhibitor treat-
ments, either singly or in combination, for three days prior to RNA
extraction of pooled larval guts from each treatment. Changing the
protocol resulted in less damage to the gut and larger larvae for
dissection. In previous experiments, the relative mass of larvae fed
either E-64 or a combination of E-64 and STI was significantly less
than controls (Oppert et al., 1993, 2003, 2005). The change in protocol
also was designed to shift observations to changes at the gene rather
than the protein level, which is presumably more optimal at earlier
inhibitor-exposure timepoints.

The findings of this study suggest that when T. castaneum larvae
ingest protease inhibitors, they respond through differential gene
expression that enhances their chances to both survive and in some
cases exploit the inhibitor. In fact, the dramatic expansion of protease
genes in the Tribolium genome, in some cases up to six genes in
tandem, are evidence of a successful survival strategy for T. castaneum
to respond to expansions of inhibitors in cereals, both quantitatively
and qualitatively (Tribolium Genome Sequencing Consortium, 2008).

When RNA transcripts were compared in larvae fed control diets
and a diet containing inhibitor(s), more significant differences were
found in larvae that were fed E-64 either singly or in an inhibitor
combination. Because STI alone elicitedmostly the down-regulation of
a few genes, it is expected that T. castaneum larvae have better survival
strategies to deal with proteinaceous serine protease inhibitors. This
hypothesis is further supported by the ability of T. castaneum larvae to
survive relatively larger quantities of serine protease inhibitor with
less impact on larval weight and no mortality when compared to
larvae fed cysteine protease inhibitors (Oppert et al., 1993, 2003,
2005). We and others have proposed that cysteine proteases are
compartmentalized to the anterior midgut to degrade serine protease
inhibitors in the seed and protect serine proteases in the posterior
midgut (Terra et al., 1985; Thie and Houseman, 1990; Terra and
Ferreira, 1994; Vinokurov et al., 2006; Prabhakar et al., 2007).

In addition to protease genes, there were a variety of differentially
regulated genes that suggest that larvae are shiftingmetabolic resources
to survive, or that significant changes are occurring in gut structures. The
latter is intriguing in that digestion is compartmentalized in tenebrionid
larvae, presumably as part of the regulationmechanism for proteases. In
fact, 80% of the total proteolytic activity is due to cysteine proteases that
are found in the acidic anterior midgut of T. castaneum larvae
(Vinokurov et al., 2009). The remainder of proteolytic activity, mostly
serine proteases, is relegated to the neutral to slightly basic posterior
midgut. If T. castaneum larvae shift fromcysteine to serine proteases as a
response to cysteine protease inhibitors, significant changes may be
occurring in the gut pH to allow for optimal activity of serine proteases
in the gut, or new serine proteasesmay be able to operate inmore acidic
pH.

Unlabelled image


Table 5
Comparison of significantly different expression levels (pb0.05) of genes encoding serine proteases and homologs in T. castaneum larvae fed diets containing 0.1% E-64, 5.0% STI,
or 0.1% E-64+5.0% STI (combination). Grey squares are those genes that were down-regulated.
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Previously, we determined that T. castaneum larvae respond to E-
64 in their diet by decreasing cysteine and increasing serine protease
activities (Oppert et al., 2005). In the present study, most of the
highly expressed cysteine protease genes were up-regulated, except
for two that were somewhat decreased in expression. We propose
that E-64 irreversibly inhibited cysteine proteases from the papain
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family C1 (Rawlings et al., 2010) in the anterior midgut of T. molitor
larvae. An up-regulation of other cysteine protease genes occurred to
compensate for the lost activity, at least partially. Although this was
not apparent at the activity level, it was evident at the transcriptome
level. Almost all of the serine proteases that were up-regulated in
larvae fed inhibitors should be insensitive to E-64, including
chymotrypsins, elastases, and collagenases, and these data support
our biochemical studies that demonstrated an increase in chymo-
tryptic activity in E-64-fed larvae (Oppert et al., 2005) to compensate
for total proteolytic activity. Most of the trypsin genes were down-
regulated in combination-treated larvae presumably due to E-64
inhibition, as has been reported previously with insect trypsins
(Novillo et al., 1997). Therefore, the transcriptome study was
much more definitive in understanding the complex response
of T. castaneum larvae to protease inhibitors than the previous
biochemical studies.

Previously, we noted an abundance of protease homolog genes
in tenebrionid insects (Prabhakar et al., 2007; Tribolium Genome
Sequencing Consortium, 2008). We speculated that protease
homologs may be involved in compensation to cereal inhibitors,
perhaps acting as a “sink” to sequester inhibitors. However,
the observation that chymotrypsin-like homolog genes are up-
regulated overall in response to diets containing E-64 does not
support this hypothesis. From this study, we can conclude that
apparently the insect uses several modes of compensation to
dietary inhibitors: 1. Up-regulation of inhibitor-sensitive proteases
(cysteine cathepsins); 2. Up-regulation of inhibitor-insensitive
proteases (chymotrypsins); 3. Down-regulation of inhibitor-sensi-
tive proteases (trypsins).

In addition to changes in protease gene expression, there were
other genes differentially expressed when larvae were fed inhibitors.
These diverse genes have been associated with the larval gut, such as
chitin, peritrophic matrix, carbohydrases, and ion channels. However,
there were a number of differentially regulated genes encoding
hypothetical proteins, many that have been predicted in other insect
genomes and for which there in no defined function. We are actively
pursuing the identity and function of these proteins.

In trying to develop an inhibitor-based approach to combat
coleopteran insect damage to cereals, our goal is to disrupt protein
digestion in tenebrionid larvae through the manipulation of
protease inhibitor genes in cereals. We have made significant
progress in understanding the digestive physiology, transcriptome,
and proteome of these insects. This study provides specific targets
to develop inhibitors with enhanced efficacy for coleopteran pest
control. In addition, compensation responses to inhibitors can now
be addressed through deployment of more refined and deliberate
strategies.
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