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The yellow mealworm, Tenebrio molitor, is a pest of stored grain products and is sensitive to the Bacillus
thuringiensis (Bt) Cry3Aa toxin. As digestive peptidases are a determining factor in Cry toxicity and resis-
tance, we evaluated the expression of peptidase transcripts in the midgut of T. molitor larvae fed either a
control or Cry3Aa protoxin diet for 24 h (RNA-Seq), or in larvae exposed to the protoxin for 6, 12, or 24 h
(microarrays). Cysteine peptidase transcripts (9) were similar to cathepsins B, L, and K, and their expression
did not vary more than 2.5-fold in control and Cry3Aa-treated larvae. Serine peptidase transcripts (48) in-
cluded trypsin, chymotrypsin and chymotrypsin-like, elastase 1-like, and unclassified serine peptidases, as
well as homologs lacking functional amino acids. Highly expressed trypsin and chymotrypsin transcripts
were severely repressed, and most serine peptidase transcripts were expressed 2- to 15-fold lower in
Cry3Aa-treated larvae. Many serine peptidase and homolog transcripts were found only in control larvae.
However, expression of a few serine peptidase transcripts was increased or found only in Cry3Aa-treated
larvae. Therefore, Bt intoxication significantly impacted the expression of serine peptidases, potentially im-
portant in protoxin processing, while the insect maintained the production of critical digestive cysteine
peptidases.

Published by Elsevier Inc.
1. Introduction

The toxins of Bacillus thuringiensis (Bt) are the most successful
microbial pesticides, used in insecticide spray formulations or incor-
porated into transgenic crops for safe and effective insect control. Bt
crystal (Cry) proteins are expressed as insoluble protoxins that are
solubilized and hydrolyzed to active toxins by insect midgut pepti-
dases (reviewed in Oppert, 1999). Therefore, the complement and
relative activity of peptidases in the insect gut can be a determining
factor for toxicity. In addition, changes in the expression of insect
peptidases can contribute to insect resistance to Bt toxins, as was
first described in Plodia interpunctella (Hübner) (Oppert et al., 1994,
1996, 1997).

Cry toxins target a specific group of insects. For example, Cry1A
toxins are toxic primarily to lepidopterans, whereas Cry3A toxins
have activity against some coleopterans. The yellow mealworm,
Tenebrio molitor Linnaeus, is a pest of stored grain products and is
sensitive to Cry3Aa (Oppert et al., 2010a). Far less is known about
the mode of action of Cry3A toxins in coleopterans than of Cry1A
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toxins in lepidopterans, but our data from T. molitor suggest that
gut-specific cadherins, important to Cry toxicity in lepidopterans,
are also conserved toxin receptors in beetles (Fabrick et al., 2009).
However, unlike trypsin hydrolysis of protoxins in Lepidoptera, chy-
motrypsin is important in obtaining a soluble and processed Cry3Aa
protoxin in a more acidic coleopteran gut (Carroll et al., 1989).

We have demonstrated through biochemical and genetic studies
that tenebrionid larvae digest protein through the sequential action
of primarily cysteine peptidases in the anterior and serine peptidases
in the posterior midgut (Vinokurov et al., 2006a,b; Prabhakar et al.,
2007; Vinokurov et al., 2009). The primary digestive peptidases in te-
nebrionid larvae are cathepsin L cysteine peptidases (Cristofoletti et
al., 2005; Morris et al., 2009) and the serine peptidases trypsin and
chymotrypsin (Elpidina et al., 2005; Tsybina et al., 2005; Vinokurov
et al., 2006b). The relative expression of peptidase transcripts in the
tenebrionid larval gut may be altered by dietary elements, such as
peptidase inhibitors (Oppert et al., 2010b).

Studies of Cry3A intoxication in T. molitor have been limited by the
availability of genetic data. The only coleopteran with a sequenced
genome is the tenebrionid Tribolium castaneum, far less sensitive to
Cry3Aa than T. molitor (Oppert et al., 2010a). Therefore, we used high-
throughput sequencing to obtain EST sequences from the gut of
T. molitor larvae, while also examining the effect of Cry3Aa intoxication
on the expression of peptidase transcripts in the gut transcriptome. In
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addition, a custom microarray was used to study the temporal expres-
sion of peptidase genes in Bt intoxicated larvae of T. molitor.

2. Materials and methods

2.1. Insects

T. molitor were reared on 50% rolled oats, 2.5% brewers yeast, and
47.5% flour at 28 °C, ~75% R.H., in darkness.

For sequencing, approximately 1 mo old larvae (5-6th instar)
were starved for 24 h and placed on control diet (85% wheat germ,
10% wheat flour, 5% brewers yeast) or the same diet containing 0.1%
Cry3Aa protoxin (Bt subsp. tenebrionis). After 24 h, 23–26 larvae
were submersed in RNAlater (Ambion, Austin, TX, USA), and guts
were removed and placed in vials containing RNAlater.

For the microarray, recently molted larvae (approximately 1 mo
old and mean mass of 5–6 mg) were selected from a standard labora-
tory colony and were starved overnight. Larvae were placed on a diet
of 85% stabilized wheat germ, 10% flour, and 5% brewers yeast with a
3% dilution of a concentrated solution of FD&C Blue #1 and 97% of a
mixture of 85% stabilized wheat germ, 10% flour, 5% brewers yeast
with or without 0.1% Cry3Aa (pre-equilibrated at 28 °C, 75% R.H.
over saturated sodium chloride). Larvae were monitored for blue
color in the gut, indicating that they had ingested either control or
treated diet, and allowed to continue feeding on their respective
diets for 6, 12, or 24 h. For each treatment, midguts were dissected
from four larvae in RNAlater and were placed into vials of RNAlater.
A second biological replicate was obtained from larvae in a different
oviposition tray (i.e., different generation).

2.2. 454 pyrosequencing

High-throughput sequencing was used to obtain EST databases
from the midguts of T. molitor larvae fed either control diet or diet
containing 0.1% Cry3Aa for 24 h. Briefly, total RNA was obtained from
gut tissues using anRNeasy kit (Invitrogen, Carlsbad, CAUSA), and sam-
ples were shipped to 454 Life Sciences for processing. PolyA+RNA
was purified and fragmented, first strand cDNA was prepared with
Superscript II (Invitrogen), and directional adaptors were ligated
for clonal amplification and sequencing on the Genome Sequencer
FLX pyrosequencing system (454 Life Sciences, Branford, CT USA).
Specific details of the sequencing procedure are in Oppert et al. (in
press). Initial contig assembly was from 258,377 total reads, per-
formed with the Roche GS De novo Assembler (v1.1.03) with default
parameters (total nucleotides=1,026,138 and 898,431; N50 contig
size=764 and 788; Q40+Bases=88.5 and 88.23%, respectively).
Filtered read datasets from control and Cry3Aa-treated larvae were
assembled separately, resulting in two RNA-Seq databases: 1318 large
contigs from sequences obtained from control larvae (labeled Cont#,
database CONT) and 1140 large contigs from sequences obtained from
Cry3Aa-treated larvae (labeled Bt#, database BT).

2.3. Bioinformatics

Sequences similar to annotated peptidases (Drosophila melanogaster
trypsin alpha, P04814; D. melanogaster trypsin beta, P35004; Homo
sapiens trypsin II, P07478; H. sapiens trypsin I, P07477; D. melanogaster
cathepsin L Q95029; Carica papaya papain, P00784) were identified in
RNA-Seq databases using tBLASTn (default parameters, Altschul et al.,
1990). Sequences with similarity in at least two motifs around the ac-
tive site residues (serine peptidases), or conservation in a GSCWAF
motif of the active site (cysteine peptidases), were selected as homolo-
gous. Open reading frames in sequences were selected using NCBI
ORFfinder (Sayers et al., 2011) and ORFfinder Sequence Manipulation
Suite (Stothard, 2000). Multiple alignment of all homologs and query
proteins was used to identify active sites and substrate binding centers
(MUSCLE, default parameters; Edgar, 2004). Serine peptidase annota-
tion was based on previous research on associations between amino
acids in the S1 binding subsite and classification of peptidases (Perona
and Craik, 1995; Hedstrom, 2002) and MEROPS database (Rawlings et
al., 2010). Cysteine peptidase annotation was based on previous data
(Prabhakar et al., 2007), structural specificity, and searching for
orthologs in theNCBI database.Manual editing of errors in the assembly
was made using original unassembled reads.

2.4. Expression analysis

Average read length was estimated as:

∑databaseRead length
Number of reads in the database

:

Expression (average contig coverage) was estimated as the number
of expressed contigs normalized to the length of contigs:

Number of reads � Average read length
Contig length

:

Expression change for contigs appearing in both databases was
estimated as:

Estimated expression in database CONT
Estimated expression in database BT

:

2.5. Development of the microarray, hybridization, and analysis

We used microarray analysis to validate the differential expression
of peptidase transcripts from RNA-Seq. For the microarray, a second
assembly was made of all transcripts combined from control and
Cry3Aa-treated sequences using Seqman NGEN (DNAstar, Madison,
WI USA). Contigs from this assembly were denoted “Contig_#”. Assem-
bly parameters were optimized over time to obtain a final configuration
and assembly (limiting false joins) with default parameters (match
size=15, match percentage=97, match spacing=25, maximum cov-
erage=10,000 and minimum coverage=2). With this assembly,
uniESTs were manually evaluated and edited using Seqman. Of the
25,201 uniESTs, 23,671 unambiguous oligos were arrayed in duplicate
or triplicate on a custom array chip (4×44K, Agilent Technologies,
Santa Clara, CA USA), incorporating standards supplied by eArray.

For RNA extraction, excess RNAlater was blotted and guts were
ground with a plastic pestle in a 1.5 ml microcentrifuge tube con-
taining liquid nitrogen. Total RNA was isolated using the Absolutely
RNA Kit with on-column DNase treatment (Agilent Technologies, La
Jolla, CA USA). mRNA was reverse transcribed from total RNA using
oligo-dT with T7 promoter and amplified with T7 polymerase to obtain
Cy3 or Cy5-labelled antisense cRNA (Quick Amp Labeling Kit, Agilent;
dyes were swapped in the biological replicate). Hybridization of the
microarray was for 18 h at 45 °C with approximately 500 ng of labeled
cRNA (Gene Expression Hybridization Kit, Agilent). Microarrays were
scanned at 532 and 635 nm using a GenePix 4000B scanner and
GenePix Pro 6.1 (Molecular Devices, Sunnyvale, CA, USA) at the
Gene Expression Facility at Kansas State University (Manhattan,
KS, USA).

For data analysis, the relative intensity for each spot (raw data) was
imported into GeneSifter (Geospiza, Seattle, WA, USA) for statistical
analysis. Data was normalized by relative intensity means and was log
transformed. To verify potential peptidase transcripts, oligo sequences
were submitted to publicly-available databases for similarity searches,
as well as custom databases containing previously annotated T. molitor
and T. castaneum peptidase genes or fragments. Pairwise comparisons
were made between oligos representing peptidase transcripts in the
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control and each treatment dataset for each time point, and significance
was determined by the Student's t-test (pb0.05), corrected byBenjamini
and Hochberg (1995).

3. Results

3.1. Gene expression analysis by RNA-Seq

3.1.1. Cysteine peptidases
Cysteine peptidases are the major digestive peptidases in T. molitor

larvae and are responsible for the initial stages of dietary protein cleav-
age. Therefore, we examined the RNA-Seq databases from control and
Cry3Aa-treated larvae to determine if ingestion of Cry3Aa affected the
expression of transcripts encoding cysteine peptidases. Overall, nine
distinct transcripts encoding cysteine peptidases from the C1 family
were found in the 454 datasets (Supplemental Fig. 3). Three peptidase
transcripts were similar to cathepsin B, one was cathepsin B-like
(with differences in the structure of the additional loop), and five
corresponded to cathepsin L, with ERFNIN and GNFD conserved motifs
in the propeptide (Karrer et al., 1993), including a possible cathepsin
K (Table 1). All sequences had conserved active site residues and pre-
sumably encoded active peptidases.

The relative expression of cysteine peptidase transcripts in control
or Cry3Aa-treated T. molitor larvae was compared by the estimated
expression values (Fig. 1). The overall importance of cathepsin L tran-
scripts was apparent by the larger expression values, in particular
Cont-08897/Bt-07583 which constituted approximately 70 and 50%
of the total expression of cysteine peptidase transcripts in control and
Cry3Aa-treated larvae, respectively (Table 1). Cont-08897/Bt-07583
correlated to the most highly-expressed cysteine peptidase in the
anterior midgut of T. castaneum (Morris et al., 2009) and was repressed
approximately 2-fold in intoxicated larvae. Minor changes in expression,
from 1.1 to 2.5-fold, were noted with all cathepsin L and B transcripts.
Overall, four cysteine peptidase transcripts were decreased and three
were increased in Cry3Aa-treated compared to control larvae. One
cathepsin B (Cont-00890) transcript was unique to control larvae
(Table 2), and one cathepsin L (Bt-07886) transcript was unique to
Cry3Aa-treated larvae (Table 3), both expressed at relatively low
levels.

3.1.2. Serine peptidases
Digestive serine peptidases have been found mostly in the poste-

rior midgut of T. molitor larvae and act preferentially on the partially
digested products from the anterior midgut (Elpidina et al., 2005;
Tsybina et al., 2005; Vinokurov et al., 2006b). In addition, serine pep-
tidases, especially trypsin and chymotrypsin, are involved in the ac-
tivation of Bt protoxins and in some cases of resistance (reviewed in
Table 1
Analysis of predicted cysteine peptidase sequences and expression levels in control and Cry

Contig # in CONT
databasea

Expression in
control larvaeb

Contig # in
BT databasea

Expression in
Cry3Aa-treate

Cont-09310 12.1 Bt-00249 4.9
Cont-00240 9.9 Bt-01453 4.1
Cont-00890 3.7 None -
Cont-08975 9.3 Bt-08237 19.0
Cont-00009 7.3 Bt-01497 8.1
Cont-08897 171.7 Bt-07583 77.5
Cont-09057 10.2 Bt-00111 6.3
None - Bt-07886 5.6
Cont-01354 15.5 Bt-07528 29.7

a Accession number of the contig in the corresponding database. Contigs in the same line
b See Materials and methods for formula to estimate expression.
c Amino acids of the catalytic center correspond to Carica papaya papain (P00784) Q152/

respond to H189/H190 in human cathepsin B (P07858).
d No homology in loop active site residues (see Supplemental Fig. 3).
e Annotation was based on previous research (Prabhakar et al., 2007).
Oppert, 1999). Therefore, we also surveyed differences in expression
patterns of serine peptidase transcripts in our databases. Transcripts
encoding serine peptidases from the S1 family and similar sequences
(analogs and homologs) were overall more numerous than cysteine
peptidase transcripts, in both expression values and number of dif-
ferent transcripts (compare Figs. 1 and 2).

Serine peptidase transcripts were represented by 36 sequences con-
taining conservedmotifs around three residues of the active site, and 12
incomplete sequences with only two conserved motifs (Supplemental
Fig. 4). We analyzed sequences for conserved catalytic residues H57,
D102, and S195, found in the conserved motifs TAAHC, DIAL, and
GDSGGP, and binding pocket residues in positions 189, 216 and
226 according to the numbering in bovine chymotrypsin (P00766)
(Perona and Craik, 1995). Among the transcripts encoding putative
serine peptidases, 19 were predicted as active peptidases with con-
served amino acids in the active site, two were annotated as peptidase
analogs that had synonymic substitutions in the active center (serine
replaced by threonine), 19 were serine peptidase homologs (SPH) pre-
sumably lacking proteolytic function due to nonsynonymic substitu-
tions in catalytic residues, and eight lacked sufficient sequence to be
properly annotated (Table 4). Three active peptidase transcripts were
related to trypsin, six to chymotrypsin, and four were predicted as
elastase 1-like peptidases. We classified predicted peptidases from
Cont-09283, Bt-00011, Cont-08675/Bt-00013 and Cont00845/Bt-08328,
all with the substitution S189 to G189, as chymotrypsin-like. Similar
substitutions have been observed in other insect peptidase tran-
scripts (Oppert et al., 2010b), and we proposed that these substitu-
tions would have minimal effect on structure based on modeling of
loop structures (data not shown), although this functionality
remains to be proven experimentally. In addition, we classified six
sequences as unidentified serine peptidases from the S1 family
due to unusual residues in the binding site, or lack of necessary
information. Among the active serine peptidase sequences, seven
were found in both control and Cry3Aa-treated larvae, but 10 were
unique to control (Table 2) and four were unique to Cry3Aa-treated
larvae (Table 3).

The most abundant trypsin peptidase transcript, Cont-00231/
Bt-03613, biochemically characterized as the major digestive trypsin
in the posterior midgut and found in a previous EST (Tsybina et al.,
2005; Prabhakar et al., 2007), accounted for nearly 33% of all active ser-
ine peptidase transcripts (Fig. 2, Table 4). Themajor chymotrypsin tran-
script, Cont-09450/Bt-007640, also previously characterized as the
major digestive chymotrypsin in the posterior midgut (Elpidina et al.,
2005; Prabhakar et al., 2007), was responsible for approximately 16%
of all serine peptidase transcripts. Both transcripts were severely re-
pressed by Cry3Aa-intoxication. Other peptidase transcripts were of in-
termediate to low expression (b6.5% of the total).
3Aa-treated larvae, as determined by RNA-Seq analysis.

d larvaeb
Catalytic active
site residuesc

Loop active
site residuesc

Predicted
classification

QCH– HH Cathepsin B
QCHN HH Cathepsin B
QCHN AH Cathepsin Be

QCHN –d Cathepsin B-like
QCHN No loop Cathepsin L
QCHN No loop Cathepsin L
QCHN No loop Cathepsin L
QCHN No loop Cathepsin L
QC– No loop Cathepsin L or K

correspond to the same predicted protein.

C158/H292/N308. ‘–’ indicates a truncated sequence. The loop active site residues cor-



Fig. 1. Relative expression of transcripts encoding cysteine cathepsins in T. molitor larvae fed control or 0.1% Cry3Aa (Bt-treated) diets for 24 h, as determined by RNA-Seq analysis.
Transcripts are tentatively identified as cathepsins B, K, or L, or cathepsin B-like.
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Unlike the differences observed in cysteine peptidase transcripts,
the expression profile of serine peptidase transcripts in Cry3Aa-
intoxicated larvae changed dramatically. Five serine peptidases com-
mon to both groups were expressed 2.1 to 15.0-fold lower in Cry3Aa-
Table 2
Contigs encoding potential peptidases found only in CONT database.

Tentative identification Contig # Estimated expressiona

Cathepsin B Cont-00890 3.7
Trypsin Cont-07065 4.6
Chymotrypsin-like Cont-09283 5.2
Elastase 1 Cont-09389 5.8
Serine peptidase Cont-08824 24.7
Serine peptidase Cont-01606 16.5
Serine peptidase Cont-01621 8.7
Serine peptidase Cont-02277 6.9
Serine peptidase Cont-01165 5.8
SP analog Cont-00748 7.0
SP analog Cont-09333 4.5
Elastase 1 homolog Cont-09110 12.4
Elastase 1 homolog Cont-01250 7.6
SP homolog Cont-08723 19.8
SP homolog Cont-02455 18.7
SP homolog Cont-09177 12.0
SP homolog Cont-08773 9.7
SP homolog Cont-01452 9.1
SP homolog Cont-09003 8.3
SP homolog Cont-08766 7.2
SP homolog Cont-08580 4.8
SP homolog Cont-02809 3.8
SP homolog Cont-00229 3.6
UTD Cont-09471 32.7
UTD Cont-01720 8.6
UTD Cont-02359 7.3
UTD Cont-03817 4.3
UTD Cont-02507 4.0
UTD Cont-01610 3.8
UTDb Cont-02699 3.5
UTD Cont-00142 2.3

a See Materials and methods for formula to estimate expression.
b Unable to determine specificity due to insufficient sequence data.
treated larvae, and only two were expressed 1.1 to 1.4-fold higher
(Fig. 2, Table 4). Two major digestive peptidases with the highest
level of expression, trypsin (Cont-00231/Bt-03613) and chymotrypsin
(Cont-09450/Bt-07640), were expressed 15.0- and 6.2-fold lower,
respectively, in Cry3Aa-treated larvae. Three transcripts encoding
chymotrypsin-like enzymes were either increased in expression or
were unique to intoxicated larvae. The remaining serine peptidase tran-
scripts weremostly repressed in Cry3Aa-treated larvae. Overall, the ex-
pression of SPH was relatively low (3% of the expression level of active
peptidases), although one (Cont-00768/Bt-00326) was moderately
expressed. Only six of 18 SPH were found in the BT database, and
only three had an enhanced level of expression. Therefore, exposure
to Cry3Aa had a major effect on the expression of SPH in T. molitor
larvae. It is also interesting that SPH had substitutions only in the
first and/or third conserved motifs of the active site, with the most
common a H57 to Q57 substitution (Supplemental Fig. 4). In addition,
most unclassified peptidase transcript sequences were found only in
control larvae.

Most serine peptidase transcript expression was specific to control
or was decreased in intoxicated larvae (Fig. 2, Table 4). The major
trypsin and chymotrypsin transcripts had higher expression values in
control larvae. The highest expression values among serine peptidases
in Cry3Aa-treated larvae were due to three chymotrypsin-like tran-
scripts with the S189 to G189 substitution. Within this group, Cont-
Table 3
Contigs encoding potential peptidases found only in BT database.

Tentative identification Contig # Estimated expressiona

Cathepsin L Bt-07886 5.6
Trypsin Bt-01424 5.4
Chymotrypsin Bt-00011 56.5
Elastase 1-like Bt-08266 8.7
Serine peptidase Bt-01301 20.3
SP homolog Bt-00581 4.4
UTDb Bt-00193 38.1

a See Materials and methods for formula to estimate expression.
b Unable to determine specificity due to insufficient sequence data.



Fig. 2. Relative expression of transcripts encoding serine peptidases in T. molitor larvae fed control or 0.1% Cry3Aa (Bt-treated) diets for 24 h, as determined by RNA-Seq analysis.
Transcripts are tentatively identified as trypsin, chymotrypsin or chymotrypsin-like, elastase 1-like, unclassified serine peptidase, analog (synonymic substitutions in conserved res-
idues), homolog (nonsynonymic residues in the catalytic triad), or unable to determine (UTD).
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08675/Bt-00013 and Cont-00845/Bt-08328 had increased expression
values and were found in control and intoxicated larvae, and a contig
with a similar expression value (Bt-00011) was unique to intoxicated
larvae; these three accounted for 73% of all active serine peptidase tran-
scripts in intoxicated larvae. Cont-00845/Bt-08328 was the sole RNA-
Seq serine peptidase transcript located in the anterior midgut in the
previous annotation of T. molitor larvae midgut ESTs (Prabhakar et al.,
2007).
3.2. Gene expression analysis by custom microarray

Microarray analysis was used to verify expression patterns of pep-
tidase genes in Cry3Aa-intoxicated T. molitor larvae, and also to deter-
mine critical time point(s) in the intoxication process for examining
differential expression of peptidase transcripts. Sequences from con-
trol and Cry3Aa-treatment groups were combined in a second assem-
bly, and oligos from these sequences were arrayed for hybridization
of labeled cRNA from control larvae or larvae exposed to the LD50 of
Cry3Aa for 6, 12, or 24 h.

In agreement with the RNA-Seq analysis, the expression of many
peptidase transcripts was repressed in Cry3Aa-treated larvae, espe-
cially at 12 and 24 h (Table 5, Supplemental Fig. 5). The expression
patterns of peptidase transcripts in control and Cry3Aa-treated larvae
were correlated between the microarray and RNA-Seq analyses, with
the exception of one cathepsin L. In that discrepancy, microarray Con-
tig_17683 was repressed at all time points, and RNA-Seq analysis in-
dicated that the corresponding transcript, Cont-00009/Bt-01497, was
slightly induced at 24 h, but the difference may be within experimen-
tal error. Interestingly, Contig_11744 was repressed at early intoxica-
tion timepoints but recovered at 24 h. Contig_11744 was similar to a
T. molitor gene encoding a serine protease involved in activation of
the TOLL pathway, modular serine protease zymogen, leading to the
induction of antimicrobial peptides (Kim et al., 2008).
Of particular interest were the SP that were induced in both
microarray and RNA-Seq analysis, especially the oligo representing
Contig_19810, corresponding to chymotrypsin-like RNA-Seq Cont-
08675/Bt-00013 (with a relative expression ratio of 59/81, respectively)
and containing the GGS signature for binding pocket residues. Tran-
scripts hybridizing to Contig_19810 were highly induced at all time
points, although the degree of variability among biological replicates
prevented the data from being included as statistically significant.
Another chymotrypsin-like transcript, Contig_16973, was significantly
induced at 24 h and corresponded to Cont-00845/Bt-08328 (with a rela-
tive expression ratio of 66/70, respectively) with a GAS signature. Con-
tig_16752, with a GVS signature corresponding to an elastase 1-like
enzyme, was significantly induced at all time-points of intoxication,
and was found only in Cry3Aa-treated larvae in the 454 dataset
(Bt-08266). Thus, the up-regulation of serine peptidase transcripts
with different substrate binding site signatures was correlated to Bt in-
toxication: chymotrypsin-like transcripts with GGS and GAS residues,
and an elastase 1-like transcript with GVS residues. These peptidases
may have roles that are downstream of protoxin activation in the
intoxication response and warrant further investigation. Two tran-
scripts encoding SPH were significantly induced at all time-points:
Contig_20748, corresponding to Cont_00369/Bt-00813, which was
induced also in RNA-Seq (relative expression values of 8.8/17, respec-
tively), and Contig_19676, a unique SPH obtained in the second assem-
bly; two other SPH transcripts were induced only at 6 h. Other serine
peptidase transcripts were also induced in the microarray, but we
were unable correlate to RNA-Seq data or assign function.

One objective of the microarray was to determine the best time
point of Cry3Aa-intoxication for future studies of peptidase gene ex-
pression. Slightly more genes were significantly differentially regulat-
ed at the 12 h intoxication time point in this study of peptidase genes
(Table 5), and a corresponding analysis of all differentially-regulated
genes indicated that many more genes were changing in expression
at 12 h (data not shown). In addition, while many of the major serine

image of Fig.�2


Table 4
Analysis of predicted serine peptidase sequences and related analogs and homologs, and expression levels in control and Cry3Aa-treated larvae, as determined by RNA-Seq analysis.

Contig #

In CONT

Databasea

Expression

in

Control 

Larvaeb

Contig #

in BT

Databasea

Expression

in Cry3Aa- 

treated 

Larvaeb

Conserved Motifs around 

Active Site Residuesc

Binding

Pocket

Residuesd

Predicted

Classificatione

Cont-07065 4.6 none - TAAHC

TAAHC

TAAHC

DISI GDSGGP DGG trypsin

Cont-00231 182.0 Bt-03613 12.1 DISV GDSGGP DGG trypsin

none - Bt-01424 5.4 DIAV GDSGGP D-- trypsin

Cont-09227, 

Cont-08703f

15.4 Bt-01230 7.5 TAGHC DIAL GDSGGP SGA chymotrypsin

Cont-09450 89.5 Bt-07640 14.5 TAAHC DIAL GDSGGP SGS chymotrypsing

Cont-09283 5.2 none - TAGHC DIAV GDSGGP GGS chymotrypsin-like

none - Bt-00011 56.5 TAGHC DVGL GDSGGP GGS chymotrypsin-like

Cont-08675 59.0 Bt-00013 81.4 TAGHC DVGL GDSGGP GGS chymotrypsin-like

Cont-00845 66.3 Bt-08328 70.1 TAGHC DIGL GDSGGP GAS chymotrypsin-like

none - Bt-08266 8.7 TAGHC DIGL GDSGGP GVS elastase 1-like

Cont-09389 5.8 none - TAGHC DVGL GDSGGP GIS elastase 1-like

Cont-08725 35.5 Bt-02137 3.8 TAAHC DIGL GDSGSP GIS elastase 1-like

Cont-00324 15.4 Bt-07462 4.1 TAAHC DVAL GDSGGP SVS elastase 1-like

Cont-02277 6.9 none - TAAHC DIGI GDSGGP GFS serine peptidase

Cont-01165 5.8 none - TAGHC DIGL GDSGGP SVA serine peptidase

none - Bt-01301 20.3 TAAHC DIGL GDSGAP STS serine peptidase

Cont-08824 24.7 none - TAAHC DIGL GDSGAP STS serine peptidase

Cont-01621 8.7 none - TSAHC DIGL GDSGSP G-- serine peptidase

Cont-01606 16.5 none - TAGHC DVGL GDSGSP GI- serine peptidase

Cont-09333 4.5 none - TAAHC DIGL GDTGGP G-- SP analog

Cont-00748 7.0 none - TSGHC DIGL GDTGSP GLS SP analog

Cont-01231 6.0 Bt-00616 14.7 TGAHC DIAL GDGGGP DGG trypsin homolog

Cont-09110 12.4 none - TAAHC DIGL GDGGSP SIT elastase 1 homolog

Cont-01250 7.6 none - TAGQC DIGM GDVGGA GIT elastase 1 homolog

Cont-09205 6.1 Bt-07586 7.1 TAAQC DIAV GDAGGP GAD

collagenase 

homolog

Cont-09003 8.3 none - TAAHC NIGL GDTG-- G-- SP homolog 

Cont-00369 8.8 Bt-00813 17.1 TSGSC DVGL GDSGDA G-- SP homolog

Cont-08580 4.8 none - TAGHC DVGL GDLGAP GG- SP homolog

Cont-08766 7.2 none - TAGQC DVGM GDVGGA G-- SP homolog

Cont-01452 9.1 none - TAGQC DIGL GDTGSG G-- SP homolog

Cont-00060 8.2 Bt-00944 3.2 TAGQC DIAL GDSGSP GFS SP homolog

Cont-02809 3.8 none - TAGHC DIGL GDNGSP GIS SP homolog

Cont-02455 18.7 none - TSGSC DIGV GDVGGP G-- SP homolog

Cont-09177 12.0 none - TAGQC DLGL GDIGSS GVS SP homolog

Cont-00768 42.3 Bt-00326 15.4 TAGQC DIGL GDLGSS GIG SP homolog
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Unlabelled image


Cont-03817 4.3 none - TAAHC DIAL - - UTDd

Cont-02507 4.0 none - TAGHC DVTL - - UTD

Cont-02359 7.3 none - TAAHC DVGL - G-- UTD

Cont-01720 8.6 none - TSAHC DIGL - - UTD

Cont-01610 3.8 none - - DVGL GDSGGP G-- UTD

Cont-00142 2.3 none - - DVAV GDSGGP GSG UTD

Cont-09471 32.7 none - - DIAL GDSGGP G-- UTD

none - Bt-00193 38.1 TAGHC DVAL - - UTD

Contig #

In CONT

Databasea

Expression 

in

Control 

Larvaeb

Contig #

in BT

Databasea

Expression

in Cry3Aa- 

treated 

Larvaeb

Conserved Motifs around 

Active Site Residuesc

Binding

Pocket

Residuesd

Predicted

Classificatione

Cont-08723 19.8 none - TAGQC DLGL GDSGGP GIS SP homolog

none - Bt-00581 4.4 - DIAL GDQGGP DG- SP homolog

Cont-02699 3.5 none - TAGQC DVGL G----- G-- SP homolog

Cont-00229 3.6 none - TVARC DIGL - - SP homolog

Cont-08773 9.7 none - TAGQC DIGL - - SP homolog

aAccession number of the contig in the corresponding database. Contigs in the same line correspond to the same predicted protein.
bSee Materials and methods for formula to estimate expression.
cConserved active site residues from Drosophila melanogaster trypsin alpha (P04814) were used as a model. ‘–’ indicates lack of homologous residues due to truncated sequence. The
residues of catalytic triad (H, D, S) are marked in bold. Synonymic residues of the catalytic triad are in purple; nonsynonymic changes in the residues of catalytic triad that may
indicate a change in function are in blue.
dS1 binding site residues corresponding to bovine chymotrypsin (P00766) S189, G216, and G226 (Rawlings and Barrett., 1993).
ePredicted to function as trypsin, chymotrypsin, elastase 1-like, unclassified serine peptidase (SP), analog (with synonymic residues in the catalytic triad), or homologs (nonsynonymic
residues in the catalytic triad); UTD, unable to determine due to truncated sequence data.
fBased on alignment (see Supplemental Fig. 4) contig Cont-08703 is probably a “hybrid”, as it has a fragment of sequence identical to Cont-09227 (expression was for Cont-09227).
gAnnotation based on previous research (Elpidina et al., 2005; Prabhakar et al., 2007).
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peptidase genes from RNA-Seq were slightly induced at 6 h, most
were repressed by 12 h, including the major digestive trypsin (Contig_
16981 and Contig_20347) and major digestive chymotrypsin (Contig_
15721). The data suggest that significant events related to Bt intoxication
occurred between 6 and 12 h.

4. Discussion

This study constitutes the first in-depth analysis of the expression
patterns of insect gut peptidase transcripts in response to Bt intoxication
through high throughput sequencing and microarrays. In general, we
found that Cry3Aa-intoxication had more impact on the expression of
serine than cysteine peptidase transcripts in T. molitor larvae. However,
transcripts encoding the three major digestive enzymes, cathepsin L,
trypsin, and chymotrypsin, represented by the most abundant number
of reads in RNA-Seq, were repressed in Cry3Aa-intoxicated larvae. Re-
pression of these transcripts and feeding cessation in intoxicated larvae
may be connected.

Cysteine peptidases have different roles in normal and pathological
metabolism across the phyla. They are involved in bulk proteolysis, like
in the T.molitormidgut, and in specific regulation (Brix et al., 2008; Turk
et al., 2012). Cysteine peptidase transcripts in our datasets included four
putative cathepsin B and five cathepsin L (one of whichmay possibly be
cathepsin K), with many more cathepsin L transcripts. Of the nine, four
had increased and five decreased expression under the effect of toxin,
but the changes in expression did not exceed 2.5-fold. Structural pecu-
liarities of T.molitorpeptidases from the papain familywere noted,with
the ERFNIN and GNFD motifs not found in cathepsin B-like transcripts,
but present in all transcripts encoding putative cathepsin L.
The most abundant cysteine peptidase transcript in our databases,
Cont-08897/Bt-07583, corresponded to what was previously described
as a minor digestive peptidase in T. molitor larvae, ppCAL3 (Cristofoletti
et al., 2005). In that study, the predicted major digestive cathepsin L in
T.molitor larvae, ppCAL2, corresponded to the transcript in our database
Cont-01354/Bt-07528, which contributed less than 6% of total cysteine
peptidase expression. Therefore, our RNA-Seq data do not support
the previous classification of cathepsin L transcripts in this insect.
In support of our data, the major cathepsin L in this study (Cont-08897/
Bt-07583) corresponds to the major digestive cysteine cathepsin in
T. castaneum larvae, as determined by microarray analysis (Morris
et al., 2009). Expression of the major digestive cathepsin L transcript
in T. castaneum, Tc11001, was increased when larvae were exposed
to a cysteine peptidase inhibitor (Oppert et al., 2010b), and yet the
T. molitor ortholog, Cont-08897/Bt-07583, was reduced approxi-
mately 2-fold in Cry3Aa-intoxicated larvae. The differential response
to peptidase inhibitors and bacterial toxins suggests that different
pathways are involved in altering peptidase expression. Alternative-
ly, the relative importance of this major cathepsin L in digestion may
differ in the two tenebrionids, as has been suggested in our previous
studies (Vinokurov et al., 2006a,b, 2009).

Serine peptidases are arguably among themost studied peptidase
class (Polgár, 2005; Page and Di Cera, 2008). Serine peptidase tran-
scripts were more numerous than those encoding cysteine peptidases
in T. molitor larvae, possibly the result of adaptation to cereals with a
high content of serine peptidase inhibitors. We found putative trypsin,
chymotrypsin, and elastase 1-like peptidases, as well as analogs, homo-
logs, and those in which functional prediction was problematic due
to unusual residues in the binding site or insufficient sequence data.



Table 5
Results of microarray analysis of expression patterns of potential peptidase genes in Tenebrio molitor larvae fed 0.1% Cry3Aa or control diet for 6, 12, and 24 h intoxication (ANOVA,
pb0.05), with repressed expression in grey for easier pattern detection. Correspondence to RNA-Seq data and NCBI accession numbers are provided.

Microarray 

ID

Predicted 

Classificationa

Relative Fold Changeb 

CONT

Contig#c

BT

Contig#c

Relative RNA-

Seq Expression 

Changeb

Otherd

6 h 12 h 24 h

Contig_19810 chymotrypsin 7.92 7.20 4.80 08675 00013 1.38 -

Contig_16752 elastase 1-like 2.76* 2.01* 2.36* 08266 Bt-treated only DQ356032

Contig_18081 SP 2.16 1.55 1.32 - - - DQ356029

Contig_19676 SPH 1.95* 2.15* 1.84* - - - DQ356029

Contig_16973
chymotrypsin-

like
1.83 1.52 2.30* 00845 08328 1.06 DQ356032/3

Contig_20748 SPH 1.80* 1.42* 2.29 00369 00813 1.94 -

Contig_16426 SP 1.55 3.41 1.79 - - - -

Contig_20213 SP 1.19 1.30 1.06 - - - -

Contig_19593 SPH 1.45 -3.48 -3.27 02455 - Control only DQ356044

Contig_18678 elastase 1-like 1.38 -1.04 -1.13 08725 02137 -9.34 DQ356045

Contig_16981 trypsine 1.35 -1.54 -3.83 00231 03613 -15.0
DQ356014/5/6/7

AY845177

Contig_20232 SP 1.34 -2.58* -2.67* - - - DQ356044

Contig_16950 SPH 1.27 -1.16 -2.12 00768 00326 -2.75 DQ356042/3

Contig_15721 chymotrypsinf 1.15 -1.51 -2.53 09450 07640 -6.17 DQ356031

Contig_20347 trypsine 1.11 -1.60* -1.86* 00231 03613 -15.0
DQ356014/5/6/7

AY845177

Contig_19208 UTD -2.53 -9.09 -6.27 09471 - Control only -

Contig_4385 UTD -1.98* -7.02* -5.22* 00142 - Control only -

Contig_3746 SP -1.82 -4.00* -2.56 - - - -

Contig_7249 SP -1.82 -3.02 -2.84 - - - -

Contig_5570 SP -1.76 -3.51 -4.80 - - - -

Contig_21823 SP -1.57 -2.94 -3.43 - - - -

Contig_11744 SP -1.5 -1.93 1.04 - - - AB363982

Contig_7975 SP -1.34 -1.93* -1.59 - - - -

Contig_18087 SPH -1.29 -1.86 -1.32 00768 00326 -2.75 DQ356042/3

Contig_18994 SPH -1.28* -2.65 -2.68 02699 - Control only -

Contig_17683 cathepsin L -1.28 -1.48 -1.06 00009 01497 1.11 -

Contig_20429 SPH -1.26 -2.66* -2.34* 08766 - Control only DQ356035/6/7

Contig_7784 SP -1.26 -1.55 -1.16 - - - DQ356027/8

Contig_21691 SP -1.20* -1.73 -1.30 - - - -

Contig_18207 SP -1.20 -1.74 -1.39 - - - -

Contig_23442 SP -1.10 -1.45 -1.03 - - - -

Contig_16759 SP -1.09 -1.41 1.94 - - - -

Contig_4136 trypsin -1.04 -1.30 -1.14 - - - -

aPredicted to function as trypsin, chymotrypsin, elastase 1-like, unclassified serine peptidase (SP), or homologs (nonsynonymic residues in the catalytic triad); UTD — predicted
proteins could not be classified due to truncated sequence data.
bRelative fold change of expression in Cry3Aa-treated larvae.
cCorresponding contig # in CONT or BT databases from the first assembly of 454 reads.
dNCBI ID for putative corresponding T. molitor sequences, as determined by Blast analysis of microarray contig sequences to T. molitor.
eMajor digestive trypsin in the posterior midgut of Tenebrio molitor larvae (Tsybina et al., 2005; Prabhakar et al., 2007).
fMajor digestive chymotrypsin in the posterior midgut of Tenebrio molitor larvae (Elpidina et al., 2005; Prabhakar et al., 2007).
⁎Data were statistically significant (pb0.05) by t-test in pairwise analysis.

240 B. Oppert et al. / Comparative Biochemistry and Physiology, Part D 7 (2012) 233–242
Glutamine was a common substitution for the critical histidine in the
first conserved motif of peptidase homologs. Interestingly, most of the
truncated sequences that we were unable to classify were found only
in control larvae.

A significant reduction in serine peptidase transcripts was found
in Cry3Aa-treated larvae, especially those related to analogs and ho-
mologs. Microarray analysis indicated that a reduction in classified
serine peptidases occurred primarily between 6 and 12 h post intox-
ication, while unclassified serine peptidases were already reduced in
expression at the 6 h post intoxication treatment. Also several specific
transcripts encoding serine peptidases and homologs, as well as one
cathepsin B, were found only in RNA-Seq data from control larvae.
We have speculated that homolog sequences may be constitutively
expressed in the T. molitor larval gut as a protective mechanism against
cereal inhibitors (Prabhakar et al., 2007; Oppert et al., 2010b), but their
overall down-regulation in response to toxins was unknown prior to
this study. However, two specific SPH transcripts were specifically
induced at all time points of intoxication. Therefore, we speculate that



241B. Oppert et al. / Comparative Biochemistry and Physiology, Part D 7 (2012) 233–242
these SPH transcriptsmay provide a defense response to intoxication by
binding and sequestering protoxin or toxin. In fact, toxin sequestration
by elastase has been proposed as a potential resistance mechanism in a
previous study (Milne et al., 1998).

Unlike the other serine peptidases, transcripts encoding putative
chymotrypsin-like peptidases with a S189 to G189 substitution
were either induced or only found in Cry3Aa-treated larvae, consti-
tuting about 73% of the total serine peptidase expression in intoxi-
cated larvae. This result was unexpected and indicated an intricate
correlation between larvae intoxication and serine peptidase expres-
sion. Transcripts encoding chymotrypsin-like peptidases also were
significantly increased in T. castaneum larvae exposed to cysteine
peptidase inhibitors (Oppert et al., 2010b). Increased expression of
chymotrypsins may represent a general stress response, or may be
related to dietary compensation responses when transcripts encoding
major digestive enzymes are repressed. Important to Bt intoxication,
proteolysis of Cry3Aa protoxin in coleopterans has been attributed to
chymotrypsin (Carroll et al., 1989). We noted one chymotrypsin-like
transcript that was expressed similarly in control and intoxicated larvae
(Cont-00845/Bt-08328) and correlated to AM2-68 isolated from the
anterior midgut (Prabhakar et al., 2007). Therefore, this transcript
may function in protoxin processing. However, the relevance of in-
creased expression of other chymotrypsin-like transcripts in Cry3Aa-
intoxicated larvae is unknown and merits further study.

A recent report indicated that a trypsin-like peptidase transcriptwas
repressed within 24 h of Cry1Ca1 intoxication of Spodoptera frugiperda
and was predicted to play determinant role in toxicity (Rodriguez-
Cabrera et al., 2010). While our study was of a different toxin and in a
coleopteran, our results suggest that Cry intoxication does not affect
only one critical protease, but instead induces the differential expres-
sion of a suite of peptidase genes in the midgut. Approximately half of
the predicted 150 serine peptidase genes and 25 cysteine peptidase
genes in the genome of T. castaneum are expressed in the gut under
normal dietary conditions (Morris et al., 2009). Furthermore, expression
patterns of midgut peptidase genes were found to be highly variable
when T. castaneum larvae ingested peptidase inhibitors (Oppert et al.,
2010b). In an in-depth study of the cysteine peptidase genes in the
Tribolium genome, we found that many appear to be the result of
gene duplication events, with as many as five in tandem (Tribolium
Genome Sequencing Consortium et al., 2008). This phenomenon is
found also with serine peptidase genes (unpublished data). Therefore,
it is logical to predict that insects have retained a high degree of duplicity
in peptidase genes and regulate their expression in response to external
variables, including toxins and inhibitors.

Our previous studies have described peptidase transcripts in the
anterior and posterior midgut of T. molitor (Prabhakar et al., 2007).
Cry3Aa-intoxication affected the expression of serine peptidase tran-
scripts, foundmostly in the posteriormidgut,more than that of anterior
midgut cysteine peptidase transcripts. These data correlate with the
localization of the Cry3Aa cadherin receptor in the mid to posterior
T. molitormidgut (unpublished data). The impact of Cry3Aa intoxication
on peptidase transcripts can also be observed in the value of expression
change for cysteine peptidases (about 2-fold) compared to that of serine
peptidases (up to 15-fold). As a result, our prediction is that the anterior
midgut of T.molitor larvae is less affected by Cry3Aa intoxication than the
posterior midgut, presumably the site of toxin binding and subsequent
intoxication events. In addition, the anterior midgut is more acidic and
may not be conducive to solubility or pH dependent activity of the
toxin, including protoxin activation.

5. Conclusions

The data in this study represent the first application of high-
throughput sequencing to the study of the effects of Bt intoxication
on the expression of insect midgut peptidase transcripts. Microarray
analysis was used to validate expression data from RNA-Seq. The
results indicate that Cry3Aa intoxication in T. molitor induces overall
reduction and widespread changes in transcripts encoding serine
peptidases in the larval gut, with specific induction of certain tran-
scripts encoding predicted chymotrypsins and SPH.
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