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Abstract

The Western corn rootworm is the major pest of corn in the
USA and has recently become the target for insect-resistant
transgenic crops. Transgenic crops have switched the focus
for identifying insecticide targets from the insect nervous sys-
tem to the midgut. Here we describe a collection of 691 se-
quences from the Western corn rootworm midgut, 27% of
which predict proteins with no matches in current databases.
Of the remaining sequences, most predict proteins with either
catalytic (62%) or binding (19%) functions, as expected for
proteins expressed in the insect midgut. The utility of this ap-
proach for the identification of targets for novel toxins is dem-
onstrated by analysis of the first coleopteran cadherin gene, a
putative Bt receptor, and a large class of cysteine-proteases,
the cathepsins.
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Introduction

The Western corn rootworm, Diabrotica virgifera vigifera
LeConte (Coleoptera: Chrysomelidae), is the most ec-
onomically important pest of field corn, Zea mays (L.)
in the United States (Levine & Oloumi-Sadeghi, 1991).
Recently, D. v. virgifera was also introduced into East-
ern Europe and has spread rapidly, infesting more than
70,000 square miles in central Europe (Hummel, 2003).
Rootworms feed on corn roots, and damaged plants
are more susceptible to drought and disease, have de-
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creased yield, and are prone to lodging. Crop rotation
and chemical control have been the primary manage-
ment strategies (Levine & Oloumi-Sadeghi, 1991), al-
though D. v. virgifera has become increasingly difficult
to control because of its sequential ability to evolve re-
sistance to different classes of small molecule insecti-
cides (Ball & Weekman, 1963; Meinke et al., 1998; Zhou
et al., 2002). In areas where crop rotation has been the
primary management strategy, rootworms have also
evolved a “behavioural” resistance involving oviposi-
tion in non-host crops (O’Neal et al., 2001; Levine et
al., 2002). Those eggs deposited outside cornfields can
cause significant damage to corn planted in those fields
in the following year. Soil insecticides such as organo-
phosphates and pyrethroids are still effective but pose
serious environmental and human health risks, and are
therefore unlikely to provide viable and long-term man-
agement options.

Current alternative management technologies include
the transgenic crops that express insecticidal proteins
toxic to corn rootworm larvae (Moellenbeck et al., 2001;
Ellis et al., 2002).The first transgenic corn hybrids ex-
pressing 6-endotoxins from Bacillus thuringiensis (Bt)
were commercially available in 2003 (Environmental
Protection Agency, 2003). This technology represents
a significant departure from traditional crop protection
chemistry, because Bt toxins act on receptors in the in-
sect midgut rather than the insect nervous system. Al-
though this approach offers a potentially important new
direction for rootworm management, there are concerns
that widespread adoption of Bt transgenic plants will rap-
idly lead to &-endotoxin resistance. As a consequence,
receptors associated with the insect gut have become
an increasingly import target for development of novel
toxins including protease inhibitors (Koiwa et al., 2000),
the toxin complexes (Tc’s) from Photorhabdus lumine-
scens (Liu et al., 2003) and other toxins from B. thuringi-
ensis (Moelleneck et al., 2001; Ellis et al., 2002; Loguer-
cio et al., 2002).

We are interested in identifying novel receptors and
enzymes within the Diabrotica midgut as potential targets
for Bt and alternative novel toxins (Gaines et al., 2002).
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Here we describe an expressed sequence tag (EST)
strategy (Hill & Guitierrez, 2000) for the identification of
candidate receptors in the Diabrotica midgut. We dis-
cuss the relationship of these ESTs to known sequences
from insects and other animals (Gaines et al., 2002) as
well as their potential biological and molecular functions.
The utility of this approach is illustrated by the isolation
of the first coleopteran cadherin gene, encoding a pu-
tative Bt receptor (Ferré & Van Rie, 2002; Morin et al.,
2003) and also a description of the diversity of cathep-
sins (cysteine-proteases) expressed in the rootworm
midgut, which have been identified as potential targets
of protease inhibitors (Koiwa et al., 2000).

Results

Diabrotica midgut ESTs

The cDNA library from mRNA extracted from dissected
D. v. virgifera larval midguts contained 2.53 x 10" pri-
mary clones. We sequenced 2880 clones, of which 1528
usable sequences were assembled into 190 contigu-
ous sequences (contigs) and 501 singletons (unique se-
quences).The average length of readable sequences
was 635 nucleotides. Each unique sequence was
searched against the non-redundant GenBank database
using the BLASTX algorithm. A listing of accession num-
bers and associated contig designations is available at
http://staff.bath.ac.uk/bssrfc/EST.html .
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Predicted biological and molecular EST functions

Of the 691 unique sequences, 27% (187) did not return
any significant (E = 107%) BLASTX match (Figure 1A). Of
the remaining 504 sequences, 71% had best matches
to insect sequences, specifically 42% to Drosophila me-
lanogaster and 29% to other insects (Figure 1B).Those
sequences returning a significant BLASTX match were
ascribed a putative biological process and molecular
function (The Gene Ontology Consortium, 2001; http://
www.geneontology.org/) based on the single “best hit”
match. Tables 1 and 2 summarize the molecular func-
tions and biological processes respectively. Molecular
functions correspond to activities that can be performed
by individual gene products, whereas biological process
are accomplished by one or more ordered assemblies of
molecular functions.The distinction between a biological
process and a molecular function is based on the gen-
eral rule that a process must have more than one distinct
step (The Gene Ontology Consortium, 2001). Strikingly,
80% of the sequences predicted proteins with either cat-
alytic activities (61.8%) or binding functions (18.8%)
(Figure 2A). Correspondingly, 74% of sequences were
predicted to encode proteins involved in either metab-
olism (64.5%) or transport (9.1%) (Figure 2B). Several
proteins known to play a biological role in the insect mid-
gut were identified by the ESTs. For example, at least
five different peritrophin-like proteins, which comprise
a major component of the peritrophic membrane, were
identified.
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Figure 1. (A) The proportion of EST sequences with and without BLASTX matches (E < 107%) in GenBank. Note that 27% of the sequences did not
predict the occurrence of similar proteins in current databases. (B) The percentages of sequences with matches from BLASTX classified by organ-
ism. Note that 70% of the identifiable sequences matched those found in other insects.
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Figure 2. (A) Percentage analysis of the different biological processes ascribed to the 691 contigs by GeneOntology. Note the large percentage of
predicted proteins involved in catalytic and binding activities. (B) Percentage analysis of the different molecular functions ascribed. Note the pre-
dominance of proteins involved in metabolism and transport (see text for discussion).
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Table 1. Molecular function (The Gene Ontology Consortium, 2001; http://www.geneontology.org)

Function

No. of sequences

Function No. of sequences

Antioxidant activity

Apoptosis regulator activity

Binding
Actin binding
Bacterial binding
Calcium ion binding
Cytoskeletal binding
Imaginal disc growth factor activity
Lipid binding
Metal binding
Nucleic acid binding
Peptide binding
Protein binding
Steroid binding
Phospholipid binding
Drug binding

Catalytic activity
Acyl-transferase acivity
Aldo-keto reductase activity
Aldolase activity
Amino acid kinase activity
Amylase activity
Carbon-carbon lyase activity
Carbon-oxygen lyase activity
Carboxylesterase activity
Carboxypeptidase
Cellulase activity
Chitinase activity
Cytochrome P450
Elastase activity
Endopeptidase
Fatty-acid ligase activity
Fumarate hydratase activity
Galactosidase activity
Glucose-6-phosphate isomerase activity
Glucosidase activity
Glutathione transferase activity
GTPase
Hydrolase activity acting on ether bonds
Hydrolase activity acting cn carbon—nitrogen bonds
Hydrolase activity acting on glycosyl bonds
lsomerse
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Kinase activity
Lactase activity
Ligase activity
Lipase activity
Lyase activity
Methyltransferase activity
Nuclease activity
Oxidoreductase activity
Peptidase activity
Peroxidase activity
Phosphoric ester hydrolase activity
Protein phosphatase activity
Serine-type peptidase activity
Transaminase activity
Transferase activity
Glycosyl transferase activity
Transketolase activity
Trehalase activity
Ubiquitin conjugating enzyme activity
Dopochrome isomerase activity
Phosphorylase activity
Aminopeptidase activity
Arginase activity

Chaperone activity

B
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Heat shock protein 3
Defence/immunity protein 7
Enzyme regulator activity 5
Receptor activity 2
Signal transducer activity 4
Structural molecule activity

Structural constituent of cytoskeleton 18

Structural constituent of peritrophic membrane 8

Structural constituent of ribosome 20
Transcription regulator activity 6
Translation regulator activity 1
Transporter activity

Amino acid transporter activity 2

Carbohydrate transporter activity 1

Electrochemical potential-driven transporter activity 18

Electron transperter activity 2

Hydrogen-exporting ATPase activity 10

lon transporter activity 10

Classification is hierarchical: indented terms are children of parent terms listed above. Genes may be assigned to one or more than one term. Also note that

child terms may have more than one parent term.

Candidate targets for gut-specific toxins

Two EST classes were examined in greater detail given
their potential as targets for gut active toxins. These in-
clude a cadherin-like protein, which is the putative re-
ceptor for Bt toxins in Lepidoptera, and a family of cys-
teine proteases, the cathepsins, which have been
proposed as targets for protease inhibitors. Sequence
2370 (accession number CN497270) contains a single
clone predicting a protein with 29.9% identity and 48.7%
similarity to a cadherin protein from the moth Lymantria
dispar. We therefore sequenced this clone in its entirety.
The complete clone predicts a partial cadherin protein
showing regions of high identity to cadherin sequences
from other insects (Figure 3). Phylogenetic analysis of
the nucleotide sequences of all known insect cadher-
ins (Figure 4) indicates that the dipteran, coleopteran

and lepidoperan cadherins are all derived from a com-
mon ancestor although a greater sequence similarity be-
tween the Lepidoptera and Coleoptera is apparent.

The second class of ESTs that are candidates for
gut-specific toxins predict a group of cathepsin-like pro-
teins. The 171 individual sequences identified as cathep-
sin-like proteins comprised greater than 10% of the total
sequences and assembled into eleven different contigs
and four singletons.Visual comparison of the aligned nu-
cleotide sequences and predictions of their consensus
amino acid sequences suggest that these sequences
belong to a large family of genes and are probably en-
coded by several independent loci. Phylogenetic analy-
sis of the nucleotide sequences together with other D. v.
virgifera cathepsin sequences available from the non-re-
dundant GenBank database helped to clarify which pro-
teins are likely to be encoded by allelic variants of the
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Table 2. Biclogical function (The Gene Ontalogy Consortium, 2001; http:/f
www.ganaontology.org)

Process No. of sequences

Cell communication
Cell adhasion
Signal transduction
Cell growth and/or maintenance
Carbohydrate transport
Cell ion homeostasis
Cell proliferation
Cell organization and biogenesis 3
Cytokinesis
ER organization and biogenesis
MNuclear organization and biogenesis
Proton transport
Receptor mediated endocytosis
Call homeostasis
Development
Morphogenesis
Organogenesis
Regulation of gens expression
Metabolism
Alcohol metabolism
Aldehyde metabolism
Amine biosysntesis
Amino acid biosynthesis
Amino acid metabolism
Biogenic amine biosynthesis
Carbohydrate metabalism
Carboxylic acid metabolism
Catecholamine metabolism
Cuticle biosynthesis
DMNA metabolism
Electron transport
Energy pathways
Glucose metabolism
Glycologysis
Glycoprotein biosynthesis
Hormone matabolism
Lipid metabolism
Mucleic acid metabolism
MNuclectide biosynthesis
Oxidative phosphorylation
Phosphate metabalism
Phospholipid metabolism
Protein biosynthesis
Protein folding
Protein metabolism
Regulation of transcription
RMNA metabolism
Serotonin biosynthesis
Staroid biosynthesis
Formaldehyde metabolism
Pyruvate metabolism
Physiological process
Chitin catabolism
Immune response
Response to external stimulus
Response o strass
Transcription
Transport
Amino acid transport
ATP/ADP exchange
Lysosomal transport
Proton transport
Synaptic vesicle transport
Nucleocytoplasmic transport
Golgi vesicle transport
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Classification is hierarchical: indented terms are children of parent terms
listed above. Genes may be assigned to one or more than one term. Also
note that child terms may have more than one parent term,

*Children of parent term could not be assigned.
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same gene or by different independent loci (Figure
5).The tree was clearly divided among two classes of
cathepsin genes (L and B) as was reported previously
by Brown et al. (2004). A number of sequences were
similar to cathepsin genes previously identified from D.
v. virgifera (Koiwa et al., 2000; Brown et al., 2004). How-
ever, a few genes identified in these previous studies
(e.g. DvRs33 and DvRs30) apparently were not present
in the cDNA library used in the present study, suggest-
ing possible differences among populations in the com-
position of cathepsins.

Discussion

The present study highlights the utility of EST projects
in identifying novel insecticide targets from candidate in-
sect tissues. Previous insect EST projects have exam-
ined specific tissues such as the hindgut and Malpighian
tubules of the cat flea, Ctenocephalides felis (Gaines
et al., 2002), and gut tissue of cowpea weevil, Calloso-
brucus maculates (Pedra et al., 2003). All these these
projects identified large numbers of ESTs (> 25%), with-
out significant matches in current databases, suggest-
ing that numerous proteins may be specific to the insect
gut, and providing a useful starting point for identify-
ing insecticide targets. Most of the Diabrotica ESTs re-
turned matches to dipteran sequences, such as those
from D. melanogaster. This probably reflects the current
dominance of dipteran (fly and mosquito) sequences in
GenBank, and the paucity of coleopteran (beetle) se-
quences, and is therefore not really indicative of any true
phylogenetic relationships among the ESTs. The pre-
dicted biological functions of the Diabrotica ESTs sup-
port the dominant role of the midgut in binding (19% of
ESTS) and catalytic activity (62%). These figures there-
fore stand in contrast to the dominance of ESTs involved
in cell growth and communication found in collections of
honey bee brain ESTs (Whitfield et al., 2002).

The Diabrotica ESTs predict a variety of proteins that
are highly expressed in the midgut, such as pertitrophin,
a major component of the peritrophic membrane. How-
ever, the collection also contains tags for specific pro-
teins of lower abundance, such as the Diabrotica cad-
herin which is, to our knowledge, the first coleopteran
cadherin to be identified. Although the predicted protein
contains several regions of high identity to lepidopteran
proteins (Figure 3), the overall level of amino acid iden-
tity suggests that this cadherin gene may have been
hard to clone via low-stringency hybridization or the use
of degenerate primers in the polymerase chain reaction.
The isolation of this EST among a relatively small EST
sample size therefore illustrates the utility of a tissue-
specific approach. Although there is still considerable
debate over the relative role of cadherins in the bind-
ing of Bt d-endotoxins to the insect midgut, cloning and
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Rootworm cadherin EET
Bombvx mori

o supressalis
~overpa armigers
this virescens
Lymantria digpar

Manduca sexita
Pectinophora gossypiella
Anopholes gambiae
Drogsophila melanogaster

Rootworm cadherin EST
Bombyx mori

Chilio suppressalis
Helicoverpa armigera
Heliothis virescens
Lymantris digpar
Manduca sexta
Pectinophora gossypiella
Anopholag gambiae
Drosophila melanogaster

Rootworm cadherin EST
Bombyx mori

Chilio suppressalis
Helicoverpa armigera
Heliothis virescens
Lymantria dispar
Manduca sexta
Pectinophara gossyvpiella
Anopholes gambiae
Drogophila melanogas ter

Figure 3. Amino acid alignment of known cadherin genes with D. v. virgifera cadherin sequence (AY769085). Amino acids shared with the D. v.
virgifera sequence are highlighted in bold. Aligned sequences for cadherin genes with accession numbers are Bombyx mori (BAA99405), Man-
duca sexta (AAM21151), Lymantria dispar (AAL26896), Helicoverpa armigera (AAM65319), Heliothis virescens (AAK85198), Chilo supressalis
(AAM75590), Pectinophora gossypiella (AAP31705), Anopholes gambiae (XM321513) and Drosophila melanogaster (AAF55082).

Figure 4. Phylogenetic tree of known cadherin
sequences in relation to D. v. virgifera cadherin

EST. See Figure 3 for accession numbers.
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Figure 5. Phylogentic tree of cathepsin-like enzymes predicted by clones isolated from D. v. virgifera larval midgut cDNA library. Aligned sequences
of D. v. virgifera cathepsins with accession numbers are DvRs5 (AJ583508), DvRs29 (AJ583510), DvRs30 (AJ583511), DvRs33 (AJ583512),
DvRs40 (AJ583513), DvRs6 (AJ583509) and DvCAL1 (AAG17127). Accession numbers for individual EST clones associated with each contig

are available at http:/staff.bath.ac.uk/bssrfc/EST.html.
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functional expression of the Diabrotica cadherin gene
will allow us to test its role in toxin binding directly and
perhaps begin to dissect the relationship between tax-
onomic status and specificity of various cry toxins from
Bacillus thuringiensis.

One of the largest groups of ESTs identified in the
EST database was the cathepsin-like cysteine prote-
ases. Unlike that seen in mammals and most insects,
digestive proteolysis by coleopterans (including D. v.
virgifera) is predominantly due to cysteine proteinase
activity (Gatehouse et al., 1985; Murdock et al., 1988;
Lilley et al., 1997; Koiwa et al., 2000). Examination of
the EST sequences reveals a large diversity of cysteine
proteases within the rootworm midgut that apparently
are highly expressed given that > 10% of the clones
were identified as cathepsin hits. Previously, Koiwa et al.
(2000) resolved five major peptides by affinity chroma-
tography which exhibited similar N-terminal sequences
and suggested that the digestive proteolytic system of
rootworms is derived from products of a multigene fam-
ily. Recently, Brown et al. (2004) reported that a cDNA li-
brary representing D. v. virgifera larval gut tissue mRNA
contained cysteine proteinase-encoding clones at high
frequency (15%) although only seventy clones were se-
quenced. Sequence analysis revealed eleven cyste-
ine proteinases, nine of which were cathepsin L-like en-
zymes and another two cathepsin B-like enzymes.The
present study is in agreement with these results ex-
cept that the diversity of cathepsins appears to be even
greater than reported by Brown et al. (2004).

In the absence of complete genome sequences for
beetle pests, EST sequencing is likely to remain a useful
tool in the identification of candidate proteins for novel
toxins. Tissue-specific EST projects in different beetle
pests, such as Tribolium, should enable us to establish
what percentage of the unidentified midgut ESTs corre-
spond to beetle-specific gut proteins. In this fashion, we
should be able to ascertain not only which proteins are
specific to insects as a whole but also which are specific
to certain insect tissues, presenting candidate insect and
tissue-specific insecticide targets.

Experimental procedures

Library preparation and EST sequencing

Midguts were dissected from approximately 800 third-
instar western corn rootworm larvae and flash frozen in
liquid nitrogen. The dissected tissue was shipped on dry
ice to Invitrogen (Carlsbad, CA, USA), where a micro-
quantity cDNA library was prepared from polyA* selected
MRNA using SuperScript Il RNase H~ reverse transcrip-
tase (Invitrogen Life Technologies). The total number of
primary clones (2.53 x 10'9) in the library and their av-
erage insert size (1.7 kb) were estimated. Escherichia
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coli (strain ElectroMax DH10b ton A) colonies containing
individual cDNA clones were picked into ninety-six-well
deep-well microtitre plates and grown overnight in 2x
Yt supplemented with ampicillin (100 pg/ml) antibiotic.
Glycerol (20% v/v) was added to aliquots of these over-
night cultures for the preparation of freezer stocks. DNA
was prepared from the remainder of the overnight cul-
ture using a plasmid-preparing robot (MWG RoboPrep
2500), and the clones were sequenced using the SP6
sequencing primer on an ABI3700 capillary sequencer.
As the library was directionally cloned, this primer se-
quenced through the 5’ end of the cDNA.

EST annotation

Following automatic removal of vector sequences, nu-
cleotide sequences were assembled using LaserGene
software (DNAStar, Madison, WI, USA) to determine re-
dundancy among the EST sequences. All ESTs have
been submitted to the GenBank dbEST database (ac-
cession numbers CN497248-CN498776). Consensus
sequences were submitted in batch to the Blastx server
to search GenBank non-redundant databases current as
of September 2003.The top hit from the BLASTX search
was deposited in a spreadsheet for further annotation
and ease of data handling. Biological processes and
molecular functions were assigned using GeneOntology
(The Gene Ontology Consortium, 2001; http://www.ge-
neontology.org/) based on annotation of the single ‘best
hit' match in BLASTX searches.

For the cadherin EST, the complete cDNA was se-
quenced by primer walking using primers derived from
internal sequence.This was repeated until the ESTs had
been sequenced three times on each strand of DNA. For
the cathepsin ESTs, the nucleotide sequences were as-
sembled in LaserGene as contigs and then the assem-
blies viewed manually to look for nucleotide differences
likely to correspond to allelic variation or differences
likely to correspond to proteins encoded by different loci.
Comparative protein sequence analyses was carried out
using the CLUSTALW analysis program with default pa-
rameters (DNAStar) and phylogenetic trees derived from
the resulting alignments.
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