
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, July 2006, p. 4796–4804 Vol. 72, No. 7
0099-2240/06/$08.00�0 doi:10.1128/AEM.02861-05
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Molecular and Insecticidal Characterization of a Cry1I Protein Toxic
to Insects of the Families Noctuidae, Tortricidae, Plutellidae,

and Chrysomelidae
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The most notable characteristic of Bacillus thuringiensis is its ability to produce insecticidal proteins. More
than 300 different proteins have been described with specific activity against insect species. We report the
molecular and insecticidal characterization of a novel cry gene encoding a protein of the Cry1I group with toxic
activity towards insects of the families Noctuidae, Tortricidae, Plutellidae, and Chrysomelidae. PCR analysis
detected a DNA sequence with an open reading frame of 2.2 kb which encodes a protein with a molecular mass
of 80.9 kDa. Trypsin digestion of this protein resulted in a fragment of ca. 60 kDa, typical of activated Cry1
proteins. The deduced sequence of the protein has homologies of 96.1% with Cry1Ia1, 92.8% with Cry1Ib1, and
89.6% with Cry1Ic1. According to the Cry protein classification criteria, this protein was named Cry1Ia7. The
expression of the gene in Escherichia coli resulted in a protein that was water soluble and toxic to several insect
species. The 50% lethal concentrations for larvae of Earias insulana, Lobesia botrana, Plutella xylostella, and
Leptinotarsa decemlineata were 21.1, 8.6, 12.3, and 10.0 �g/ml, respectively. Binding assays with biotinylated
toxins to E. insulana and L. botrana midgut membrane vesicles revealed that Cry1Ia7 does not share binding
sites with Cry1Ab or Cry1Ac proteins, which are commonly present in B. thuringiensis-treated crops and
commercial B. thuringiensis-based bioinsecticides. We discuss the potential of Cry1Ia7 as an active ingredient
which can be used in combination with Cry1Ab or Cry1Ac in pest control and the management of resistance
to B. thuringiensis toxins.

Bacillus thuringiensis is a spore-forming bacterium that has
been isolated from many different natural habitats (32). The
main interesting characteristic of this bacterium is that during
sporulation, it produces one or sometimes more crystalline
protein inclusions that exhibit high insecticidal activity upon
ingestion. B. thuringiensis-susceptible species range across a
wide variety of insects belonging to the orders Lepidoptera,
Diptera, Coleoptera, and Hymenoptera (19) and include other
types of invertebrates, such as nematodes and mites (31). The
protoxins that form the crystal are dissolved in the alkaline
insect midgut and are then proteolytically activated to yield a
toxic fragment (18, 45). The activated toxin binds to specific
receptors on the brush border membrane of gut epithelial cells
and is partially inserted into the membrane, generating pores.
This results in colloid osmotic lysis of gut epithelial cells fol-
lowed by the death of the insect (17, 36).

The crystal is composed of Cry and Cyt proteins, in different
combinations and proportions. To date, these proteins have
been classified in 49 Cry groups and 2 Cyt groups and in
different subgroups depending on their amino acid sequence

homologies (http://www.biols.susx.ac.uk/home/Neil_Crickmore
/Bt/toxins2.html). Over the past 20 years, more than 300 dif-
ferent Cry and Cyt proteins have been identified, and several of
them have been successfully employed in biological insecti-
cides in integrated pest management programs (36). Generally,
crystals are composed of protoxins of 130 to 140 kDa (corre-
sponding to the expression of cry1 genes), 65 to 70 kDa (from
cry2 genes), and 70 or 130 kDa (from cry3 genes). However,
not all insecticidal proteins produced by B. thuringiensis clump
together in the crystal. Some B. thuringiensis strains also se-
crete insecticidal proteins during the vegetative growth phase;
these are called VIP proteins (10). In addition, some cry genes,
named cry1I genes (formerly cryV genes), encode proteins of
around 70 to 81 kDa that do not accumulate in the crystal (5,
12, 23, 34, 35, 37, 39, 41, 43, 46); these have been classified as
Cry1I proteins due to their similarity with those in the Cry1
group (6). Their lack of involvement in the crystal structure has
prevented these proteins from being included as active ingre-
dients of B. thuringiensis-based insecticides. However, the ef-
fectiveness of Cry1I in protecting transformed plants from
insect attack has been demonstrated (25, 29, 38). cry1I genes
are usually located approximately 500 bp downstream of other
cry1 genes, but cry1I genes sometimes may not be expressed
due to the lack of an upstream promoter-like sequence (23). In
fact, cry1I genes are usually either silent or expressed in the
vegetative phase and secreted into the growth suspension (23,
37, 41, 46). Cry1I proteins have a broader host range than most
other Cry1 proteins, and the hosts include important species of
lepidopteran and coleopteran pests (43). Strains containing

* Corresponding author. Mailing address: Departamento de Pro-
ducción Agraria, Universidad Pública de Navarra, 31006 Pamplona,
Spain. Phone: (34) 948 16 91 29. Fax: (34) 948 16 97 32. E-mail:
pcm92@unavarra.es.

† Present address: Institut Cavanilles de Biodiversitat i Biologia
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novel cry1I genes have been evaluated as a source of new
proteins with a broad host range (39, 41).

The intensive use of B. thuringiensis-based insecticides has
already given rise to resistance in field populations of the
diamondback moth, Plutella xylostella (11). Since B. thuringien-
sis-transgenic crops (Bt crops) generally express one or two
types of Cry proteins, the development of pest resistance is
viewed as a major threat for this technology. The search for
novel B. thuringiensis strains harboring new cry genes has re-
ceived considerable attention during the last 2 decades, not
only to find toxins with novel activity spectra but also to in-
crease the arsenal of toxins that can be used for resistance
management (11, 12). The most common mechanism of resis-
tance is the reduction of binding of the toxin to its specific
midgut receptor(s). This may also confer cross-resistance to
other toxins that share the same receptor (11). It is there-
fore important to study toxin binding properties to deter-
mine the utility of novel toxins and the possibility of their
being used appropriately in combination with other com-
mercially used B. thuringiensis toxins. In the present paper,
we characterize the expression, toxicity spectrum, and bind-
ing site characteristics of a novel Cry1I protein from a Span-
ish strain, B. thuringiensis HU4-2, originally described by
Martı́nez et al. (33). This strain was selected for study be-
cause it contains a wide variety of cry genes and has a broad
spectrum of activity against lepidopteran pest species (33).

MATERIALS AND METHODS

Bacillus thuringiensis strains. Strain HU4-2 was isolated from a dust sample
originating from a maize grain silo in the Spanish province of Huesca as part of
a countrywide screening program involving the isolation and characterization of
B. thuringiensis strains suitable for use in biological control (21). Strain HU4-2
was classified as B. thuringiensis serovar aizawai (33) and deposited in the Spanish
collection of type cultures (accession number CECT5950). Recombinant B. thu-
ringiensis strains EG7077, EG11070, EG11916, and EG1081 (from Ecogen Inc.,
Langhorne, Pa.) expressing single proteins (Cry1Ab, Cry1Ac, Cry1Ba, and
Cry1Ca, respectively) were used for comparative bioassays and binding experi-
ments.

Preparation of parasporal crystals from strain HU4-2. Single colonies from
Luria-Bertani (LB) plates were inoculated in 500 ml of CCY sporulation medium
(42) and grown for 3 days until lysis was complete. A 1/5 volume of 5 M NaCl was
added to the culture medium, which was then mixed. Spores and crystals were
harvested by centrifugation at 15,000 � g for 20 min. The pellet was washed twice
with sterile bi-distilled water, resuspended in sterile Milli-Q water, and finally
stored at �20°C until used. Crystals were purified by ultracentrifugation in a
sucrose discontinuous gradient as previously described (44). Briefly, the spore-
crystal mixture was sonicated for 20 s in a Soniprep 150 MSE apparatus (Curtin
Matheson Scientific) and immediately loaded onto centrifuge tubes containing
two layers of sucrose solutions at 67% and 79% (wt/vol). After centrifugation at
70,000 � g for 16 h, the interphase containing the crystals was recovered with a
Pasteur pipette, mixed with bi-distilled sterile water to a final volume of 200 ml,
and centrifuged again (15,000 � g, 15 min). This step was repeated twice, and the
crystal pellet was finally resuspended in sterile bi-distilled water. Crystal purity
was checked by phase-contrast microscopy at a magnification of �400, and the
crystal samples were stored at �20°C until required.

Production, purification, and analysis of crystal proteins. Single-protein-ex-
pressing strains were grown for 48 h at 29°C in CCY medium (42) supplemented
with the appropriate antibiotic (3 �g/ml of chloramphenicol for EG11070 and
EG1081, 10 �g/ml of tetracycline for EG7077, and 25 �g/ml of erythromycin for
EG11916). After centrifugation to concentrate the spores and crystals, crystal
protein solubilization and trypsin activation were carried out as described pre-
viously (9). For binding analyses, Cry1Ab and Cry1Ac were further purified by
anion-exchange chromatography with a MonoQ HR5/5 column by fast protein
liquid chromatography (Pharmacia, Uppsala, Sweden).

For the production of the Cry1I-type protein, fresh Escherichia coli
BL21(DE3) cells were transformed with pPC-ire1 plasmid (see “Identification,

cloning, and sequencing of the novel cry gene” below). Cells were grown over-
night in LB with kanamycin (50 �g/ml) at 37°C and used to inoculate 750 ml of
tryptone-yeast extract (2� TY) culture medium (26). The culture was grown at
37°C until the optical density at 600 nm was 0.5 to 0.6 and then incubated at 25°C
for 45 min. Isopropyl-�-D-thiogalactopyranoside (IPTG) (1 mM) was added and
the incubation continued for 2 h at 25°C. Cold phosphate-buffered saline (PBS)
(137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.5) (0.5
volume) was added to the culture, and cells were recovered by centrifugation
(16,000 � g, 15 min). The pellet was resuspended in cold PBS (1/10 volume),
centrifuged, and stored at �80°C. Cells were thawed on ice with 1/33 volume of
cold binding buffer (40 mM imidazole, 4 M NaCl, 160 mM Tris-HCl, pH 7.9;
Novagen, Darmstadt, Germany) and sonicated for 60 s in 15-s pulses. Protein
purification was performed using a His Bind purification kit (Novagen) according
to the manufacturer’s instructions. Finally, the buffer was changed to carbonate
(50 mM NaCO3, 100 mM NaCl, pH 11.3) with a Sephadex G-25 prepacked
column (Amersham Biosciences, Uppsala, Sweden) and the protein solution
stored at 4°C until used. This protein was trypsin activated for binding assays but
used as protoxin for insect bioassays.

Protein quantification was performed with the Bradford assay (3) using bovine
serum albumin (BSA) as a standard. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (10% polyacrylamide gel, 100:1 acrylamide/bis-
acrylamide ratio) was run at 50 mA for 1 h in a mini-Protean III apparatus
(Bio-Rad, Hercules, CA) as previously described (24). Gels were stained with a
solution containing 50% (vol/vol) ethanol, 10% (vol/vol) acetic acid, and 0.1%
(wt/vol) Coomassie brilliant blue R250 for 40 min and destained with a solution
containing 6.75% (vol/vol) glacial acetic acid and 9.45% (vol/vol) ethanol. Pro-
tein sizes were determined by comparison with a broad-range protein marker
(Bio-Rad).

To investigate the presence of insecticidal proteins in the growth medium,
samples were taken every 12 h from a culture of the HU4-2 strain grown in CCY
medium at 28°C over a total period of 72 h. Samples were purified and concen-
trated by centrifugation in tubes with a polyethersulfone membrane with a pore
size corresponding to a cutoff of 10 kDa (Vivascience, Hannover, Germany).
Noninoculated medium was used as the negative control. Proteins in the super-
natant were analyzed by 10% SDS-PAGE and bioassayed as described below.

Identification, cloning, and sequencing of the novel cry gene. The presence of
a cry1I-type gene in the B. thuringiensis HU4-2 strain was detected by PCR. A
general primer pair [1I(98)Fw and 1I(98)Rv] recognizing both cry1Ia and cry1Ib
genes was used in combination with oligonucleotides specifically recognizing
cry1Ia [primers 1Ia(10)Fw and 1Ia(11)Rv)] or cry1Ib [primers 1Ib(8)Fw and
1Ib(9)Rv)] (Table 1). These primers were selected because no other toxin se-
quences from the Cry1I group had been published at the moment that the
amplifications were performed. Template DNA was obtained directly from a
loopful of cells from an overnight LB plate, suspended in 100 �l of sterile water,
and boiled for 10 min. Five microliters of this suspension was added to 20 �l of
the PCR mix containing 0.25 mM deoxynucleoside triphosphates, 1 mM MgCl2,
0.6 to 1 mM of each primer, and 1 U of Taq DNA polymerase (Amersham
Biosciences). Amplification was performed using an Eppendorf Mastercycler
thermal cycler with the following program: a 3-min denaturation step at 95°C; 30
amplification cycles of 1 min at 95°C, 1 min at 45 to 50°C, and 1 min at 72°C; and
a final extension step of 10 min at 72°C.

PCR products were sequenced and, according to the sequence information
obtained, several primers were designed to specifically amplify the whole gene
(Table 1). PCR with all possible primer combinations was performed under the
conditions described above, and for positive reactions, primers were modified for
NheI site inclusion. Three independent PCRs were carried out with primers
MUTFw and 1I(E)Rv, and the amplified products were cloned into pGEM-T
Easy vector (Promega, Madison, WI). The resulting plasmids were named pPC-
ire1, pPC-ire2, and pPC-ire3. These three cloned amplicons were sequenced.

Nucleotide and amino acid sequence analysis. Sequence homology was deter-
mined using the NCBI nucleotide-nucleotide BLAST and protein-protein
BLAST online services at http://www.ncbi.nlm.nih.gov/BLAST. Protein align-
ments were performed by use of ClustalW from the European Bioinformatics
Institute at http://www.ebi.ac.uk/services/.

Bioassays. The activity of the Cry1I-type protein obtained from the recombi-
nant E. coli strain was tested against 10 lepidopteran species, including 1 of the
family Bombycidae (Bombyx mori), 6 of Noctuidae (Earias insulana, Helicoverpa
armigera, Spodoptera exigua, Spodoptera frugiperda, Spodoptera littoralis, and
Trichoplusia ni), 1 of Sphingidae (Manduca sexta), 1 of Tortricidae (Lobesia
botrana), and 1 of Plutellidae (P. xylostella). This protein was also tested against
two species from other insect orders, namely, Leptinotarsa decemlineata (Coleop-
tera: Chrysomelidae) and Tipula oleracea (Diptera: Tipulidae). The Cry1I-type
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protein was not trypsin activated because we were most interested in determining
the toxicity spectrum of the Cry1Ia7 protein in its nonprocessed form.

Cry1I-type protein concentrations for bioassays were adjusted by diluting the
protein stock with 50 mM NaCO3, 100 mM NaCl, pH 11.3. A preliminary test
was performed to determine the specificity of this protein at a relatively high
protein concentration (100 �g/ml). For the resulting susceptible species, five
different protein concentrations were prepared to determine the mortality re-
sponses. Different bioassay methods were chosen depending on the insect tested.
For E. insulana, H. armigera, L. botrana, S. exigua, S. frugiperda, S. littoralis, and
T. ni, bioassays were performed with neonate larvae by incorporating the protein
into an artificial diet (30). A diet surface contamination assay and neonate larvae
were used for M. sexta. Bioassays with B. mori, L. decemlineata, P. xylostella, and
T. oleracea were carried out by dipping leaf disks prepared from white mulberry,
potato, cabbage, or lettuce, respectively, into the protein solution (21). B. mori
and P. xylostella were tested with larvae in the second and third instars, respec-
tively, whereas for L. decemlineata and T. oleracea, neonate larvae were used.
Positive controls for the bioassays were included in the study by use of the same
conditions as described above but with the following toxins: Cry1Ab for B. mori,
L. botrana, M. sexta, and P. xylostella; Cry1Ac for E. insulana and H. armigera;
Cry1Ba for L. decemlineata; Cry1Ca for S. exigua, S. frugiperda, and S. littoralis;
and a crystal suspension of B. thuringiensis serovar israelensis for T. oleracea.
Cry1A, Cry1Ba, and Cry1Ca proteins were trypsin activated because, in this
state, they represent the toxins with the highest known insecticidal activities
against the tested insect species. Negative controls for all the insects tested were
included using the same conditions but without any toxin. For each insect species,
at least 25 larvae were tested per concentration, and the bioassays were repeated
at least three times. Bioassays were conducted at 25°C, 60 to 70% rH, and a 16:8
(light/dark [h]) photoperiod. For all insects bioassayed, mortality was evaluated
after 5 days, except for P. xylostella, which was scored after 48 h. Concentration-
mortality data for the four most susceptible insect species were analyzed by
Probit analysis (28). Additionally, to test for toxins present in the growth me-
dium, purified protein fractions recovered from growth medium supernatant that
had been subjected to SDS-PAGE were bioassayed at concentrations of 8 to 11
�g/ml against L. botrana, as described above.

Midgut isolation and preparation of BBMV. Midguts of E. insulana and L.
botrana were dissected from final instar larvae, washed with MET buffer (250
mM mannitol, 17 mM Tris-HCl, 5 mM EDTA, pH 7.5), frozen in liquid nitrogen,
and kept at �80°C until used. Brush border membrane vesicles (BBMV) were
prepared by the MgCl2 precipitation method (49).

Toxin labeling and binding assays with E. insulana and L. botrana BBMV.
Trypsin-activated Cry1Ia7 and trypsin-activated and fast protein liquid chroma-
tography-purified Cry1Ab and Cry1Ac were labeled with a protein biotinylation
kit (Amersham Biosciences) according to the manufacturer’s instructions. Bind-
ing assays were carried out in a final volume of 0.1 ml binding buffer (PBS [1 mM
KH2PO4, 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4], 0.1% BSA) by
incubating the biotinylated protein with the appropriate amount of BBMV (25
�g for both insect species) for 1 h at room temperature. The amounts of

biotinylated protein were 20 ng for Cry1Ab, 50 ng for Cry1Ac, and 140 ng for
Cry1Ia7 when E. insulana BBMV were used and 30 ng for Cry1Ab and 140 ng for
Cry1Ia when L. botrana BBMV were used. The same binding conditions were
used for competition assays, but an excess of at least 400-fold of unlabeled
protein was added to the reaction mixture. After BBMV incubation, toxin bound
to BBMV was recovered by centrifugation at 11,000 � g for 10 min at 4°C
followed by two washes with 0.5 ml of cold binding buffer, as described elsewhere
(16). The final pellet was solubilized in 10 �l sample buffer (24) and boiled for
10 min, and the proteins were separated by 10% SDS-PAGE. Proteins were
electrotransferred onto a nitrocellulose membrane (Hybond ECL; Amersham
Biosciences). The membrane was blocked overnight with a solution containing
3% ECL blocking agent (Amersham Biosciences), 0.1% BSA, and 0.1% Tween
20 in PBS; incubated for 1 h with a streptavidin-AP conjugate (Roche Diagnosis,
Indiana); and washed three times with 0.1% BSA, 0.1% Tween 20 in PBS.
Toxin bound to the BBMV was revealed by incubating the membrane with a
Nitro Blue Tetrazolium-BCIP (5-bromo-4-chloro-3-indolylphosphate) solu-
tion (Roche Diagnostics).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper have been filed in the GenBank database under accession
number AF278797.

RESULTS

Analysis of the proteins produced by the HU4-2 strain. The
purified crystals from HU4-2 produced a three-band pattern
corresponding to peptides with sizes ranging between 130 and
145 kDa. A band corresponding to the expected molecular
mass of a Cry1I-type protein was not detected as a component
of the crystal (Fig. 1). However, a protein of �75 kDa was
observed following SDS-PAGE of purified samples of the
growth medium of the HU4-2 strain (data not shown) and was
subjected to insect bioassay as described below.

Cloning and nucleotide sequence of the cry1I gene. The cry1I
general primer pair, 1I (98)Fw and 1I(98)Rv, produced an
amplification fragment of 983 bp (data not shown), whereas
cry1Ia- and cry1Ib-specific primers (Table 1) did not show
any amplification, suggesting the presence of a new cry1I
gene. Three independent PCRs performed with the primers
MUTFw and 1I(E)Rv resulted in the same 2,200-bp fragment
being amplified in all of them. The amplified fragments were
independently cloned, and plasmids pPC-ire1, pPC-ire2 and
pPC-ire3 were obtained. All of these fragments showed iden-

TABLE 1. PCR oligonucleotides designed and used for cloning the cry1Ia7 gene

Primer Sequence (5�–3�) Positions Sourcee

1I(98)Fw CACTAAAAAATGAAACAGATATAGA 74–98a Van Rie, pers. comm.
1I(98)Rv CCACATATTCATATACTGAGTGRTT 1057–1080a Van Rie, pers. comm.
1Ia(10)Fw TGTCTGAGTATGAAAATGTAGA 134–155c Van Rie, pers. comm.
1Ia(11)Rv GTTTTAATTGGATACATTTG 841–860c Van Rie, pers. comm.
1Ib(8)Fw TCTGAGCATGAGAGTATTGA 136–155b Van Rie, pers. comm.
1Ib(9)Rv GTGGTTTTAATAGGATATACAA 842–862b Van Rie, pers. comm.
1I(A)Fw GTATGAATAAAATTATATCTG 300–320c This study
1I(B)Rv GCAACAAATGTAAATTTGCAGC 928–949c This study
1I(C)Fw TTCTCTACCATAGAGTCTGC 1318–1337c This study
1I(D)Rv TTATAGTCTAAGTCCTCTCC 2134–2153c This study
1I(E)Rv CTACATGTTACGCTCAATATGGA 2138–2160a This study
1I(F)Rv GCAGACTCTATGGTAGAG 1320–1337c This study
1I(G)Fw GGTCTAAATAACTTGAGGGG 1078–1097c This study
1I(H)Rv GAAGAGAAGTTCCAAGCACC 2221–2240c This study
MUTFw GGGCTAGCATGAAACTAAAGAATCCd 1–17a This study

a The positions given correspond to the cry1Ia7 gene.
b The positions given correspond to the cry1Ib1 gene.
c The positions given correspond to the cry1Ia1 gene.
d The underlined nucleotides represent the NheI site.
e Van Rie, pers. comm., personal communication with J. Van Rie (Bayer, Belgium).
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tical sequences. The cloned fragments contained an open read-
ing frame in the nucleotide sequence, and these data were
deposited into GenBank. Comparison with other available se-
quences indicated 97.2% identity to cry1Ia1, 93.6% to cry1Ib1,
92.5% to cry1Ic1, 90% to cry1Id1, and 93.7% to cry1Ie.

Deduced amino acid sequence of Cry1Ia7. A fragment from
pPC-ire1 encoding amino acids 1 to 719 of the Cry1I-type
protein was cloned into pET28b(�) vector (Novagen) to con-
struct pPC-ire1I plasmid for T7 polymerase-driven overexpres-
sion. The Cry1I-type polypeptide has a predicted molecular
mass of 80.9 kDa, which is in agreement with the 80-kDa band
observed by SDS-PAGE analysis of the expression and purifi-

cation procedure (Fig. 2A). Trypsin digestion of this protein
resulted in a fragment of ca. 60 kDa, which is typical of acti-
vated Cry1 proteins (Fig. 2B). Alignment of the deduced
amino acid sequence with those of other known Cry1I proteins
showed that the Cry1I-type protein had 96.1% sequence iden-
tity to Cry1Ia1, 92.8% to Cry1Ib1, 89.6% to Cry1Ic1, 89% to
Cry1Id1, and 93% to Cry1Ie1. According to current classifica-
tion criteria based on amino acid sequence similarity (6), the
name Cry1Ia7 was assigned to the novel polypeptide. Cry1Ia7
had from 28 to 47 amino acid differences from other Cry1I
proteins, and these appeared randomly distributed throughout
the peptide sequence (Fig. 3). Some amino acid substitutions
were found in the five conserved blocks identified. Block 2 was
the most variable one, with one to six amino acid substitutions,
and block 5 was the most conserved. The N-terminal domain
contains features such as a positively charged stretch of amino
acids (from M-1 to Q-10) followed by relatively hydrophobic
residues (from S-11 to A-16) and a more-polar region (from
K-17 to K-44). This region is highly conserved in Cry1I pro-
teins, as confirmed in the amino acid sequence analysis (Fig.
3), and may function as a secretion signal peptide in Bacillus
species (40). Thus, in B. thuringiensis, the mature putative
protein would start at amino acid 46 in the predicted amino
acid sequence and may be secreted as a protein with a theo-
retical molecular mass of �75 kDa.

Cry1Ia7 insecticidal activity. The Cry1Ia7 protoxin was ac-
tive against the lepidopterans E. insulana, L. botrana, and P.
xylostella and the coleopteran L. decemlineata (Table 2). How-
ever, Cry1Ia7 was not toxic at the highest doses assayed (100
�g/ml) to the lepidopterans B. mori, H. armigera, M. sexta, S.
exigua, S. frugiperda, S. littoralis, and T. ni or to the dipteran T.
oleracea. Cry1Ia7 50% lethal concentration (LC50) values were
calculated for the four susceptible species and then compared
to the LC50 values of activated Cry proteins known to be active
against these species (Table 2). With an LC50 of 10.0 �g/ml,

FIG. 1. SDS-PAGE of parasporal crystals obtained from the com-
mercial biopesticides Dipel (lane 2) and Xentari (lane 3) and from the
strain HU4-2 (lane 4) and purified by ultracentrifugation in a sucrose
gradient as described in Materials and Methods. Molecular masses of
the protein markers (lane 1) are given on the left.

FIG. 2. SDS-PAGE showing the expression and purification of Cry1Ia7. (A) Lanes: 1, molecular mass markers; 2, E. coli BL21(DE3) native
strain; 3, E. coli transformed with plasmid pPC-ire1 after IPTG-induced expression of the cloned cry1Ia7 gene; 4, pellet of the culture that
expressed Cry1Ia7 after sonication; 5, supernatant of this culture after sonication; 6, Cry1Ia7 protein after nickel affinity column purification and
Sephadex column buffer exchange. (B) Cry1Ia7 protein after purification (lane 2) and after trypsin digestion (lane 3). Molecular sizes of the
markers (lanes 1) are given in kDa.
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Cry1Ia7 was 1.8-fold more active than Cry1Ba against L. de-
cemlineata but less active than the control Cry1A proteins
chosen for being among the most toxic ones for these species.
Against L. botrana, Cry1Ia7 (LC50 of 8.6 �g/ml) was sixfold less
active than activated Cry1Ab. Against E. insulana, Cry1Ia7
(LC50 of 21.1 �g/ml) was 19-fold less active than activated
Cry1Ac. Against P. xylostella, Cry1Ia7 (LC50 of 12.2 �g/ml) was
around 150-fold less active than activated Cry1Ab.

Bioassay of the �75-kDa protein component purified from
the HU4-2 growth medium resulted in 47 to 53% mortality of
L. botrana larvae that had consumed 8 to 11 �g protein/ml,
which is comparable with the insecticidal activity of Cry1Ia7
expressed in E. coli.

Binding experiments with E. insulana and L. botrana BBMV.
Biotinylated Cry1Ia7 bound to BBMV from the two insect
species, and this binding was specific, since it was completely
displaced by the addition of an excess of the same unlabeled
toxin (Fig. 4, lanes 6 and 7, for L. botrana and Fig. 5B, lanes
2 and 3, for E. insulana). Heterologous competition exper-
iments were also performed with biotinylated Cry1Ia7 and
an excess of unlabeled Cry1A toxins. In these experiments,
neither Cry1Ab nor Cry1Ac displaced Cry1Ia7 binding to
BBMV (Fig. 4, lane 8, for L. botrana, and Fig. 5B, lanes 4
and 5, for E. insulana). Similarly, experiments with biotin-

ylated Cry1Ab and biotinylated Cry1Ac (the former only
with E. insulana BBMV) were carried out, and the binding
was also shown to be specific (Fig. 4, lanes 3 and 4, and Fig.
5A, lanes 2, 3, 7, and 8). Cry1Ia7 could not displace Cry1Ab
binding to L. botrana BBMV (Fig. 4, lane 5), nor could it
displace Cry1Ab or Cry1Ac binding to E. insulana BBMV
(Fig. 5A, lanes 4 and 9, respectively). Cry1Ac could displace
Cry1Ab binding in E. insulana (Fig. 5A, lane 5), in agree-
ment with previous data (20). Taken together, these results
indicate that Cry1Ia7 binds to sites different from those of
Cry1Ab in both species. In the case of E. insulana, where
Cry1Ac was also included in the analysis, this toxin shared
binding sites with Cry1Ab but not with Cry1Ia7.

FIG. 4. Binding and competition experiments with biotinylated
Cry1Ab and Cry1Ia7 with L. botrana BBMV. Lanes: 1, biotinylated
Cry1Ab (control without BBMV); 2, biotinylated Cry1Ia7 (control
without BBMV); 3 to 5, binding of biotinylated Cry1Ab to BBMV
(lane 3) and in the presence of an excess of unlabeled Cry1Ab (lane 4)
or Cry1Ia7 (lane 5); 6 to 8, binding of biotinylated Cry1Ia7 to BBMV
(lane 6) and in the presence of an excess of unlabeled Cry1Ia7 (lane 7)
or Cry1Ab (lane 8).

FIG. 5. Binding and competition experiments with biotinylated
Cry1Ab, Cry1Ac, and Cry1Ia7 with E. insulana BBMV. (A) Lanes: 1,
biotinylated Cry1Ab (control without BBMV); 2 to 5, binding of bio-
tinylated Cry1Ab to BBMV either without further addition (lane 2) or
in the presence of an excess of unlabeled Cry1Ab (lane 3), Cry1Ia7
(lane 4), or Cry1Ac (lane 5); 6, biotinylated Cry1Ac (control without
BBMV); 7 to 9, binding of biotinylated Cry1Ac to BBMV either
without further addition (lane 7) or and in the presence of an excess of
unlabeled Cry1Ac (lane 8) or Cry1Ia7 (lane 9). (B) Lanes: 1, biotin-
ylated Cry1Ia7 (control without BBMV); 2 to 5, binding of biotinylated
Cry1Ia7 to BBMV either without further addition (lane 2) or and in
the presence of an excess of unlabeled Cry1Ia7 (lane 3), Cry1Ab (lane
4), or Cry1Ac (lane 5).

TABLE 2. Toxicity of Cry1Ia7 against first-instar larvae of L. botrana, E. insulana, P. xylostella, and L. decemlineataa

Treatment for
indicated species

Regression line value
LC50 (�g/ml)

Distribution value Relative
potency

Confidence limit
(95%)

Slope � SE a2 � SEb 	2 df Lower Upper

L. botrana
Cry1Ab 1.87 � 0.20 4.71 � 0.12 1.4 0.30 3 1
Cry1Ia7 2.93 � 0.19 2.65 � 0.20 8.6 0.75 3 0.18 0.13 0.23

E. insulana
Cry1Ac 1.87 � 0.17 4.92 � 0.06 1.1 0.09 3 1
Cry1Ia7 3.25 � 0.35 0.71 � 0.47 21.1 1.27 3 0.05 0.04 0.06

P. xylostella
Cry1Abc 1.90 � 0.20 ND 0.08 ND ND ND ND ND
Cry1Ia7 2.74 � 0.25 2.01 � 0.26 12.3 1.62 3 ND ND ND

L. decemlineata
Cry1Ba 1.32 � 0.09 3.35 � 0.14 17.9 1.33 3 1
Cry1Ia7 1.32 � 0.09 3.68 � 0.12 10.0 1.22 3 1.79 1.2 2.4

a Relative potencies were calculated with respect to positive control Cry1 proteins that have been trypsin activated. ND, not determined.
b a2, intercept of the regression line.
c Data are from reference 14.
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DISCUSSION

A novel gene encoding a protein of the Cry1I group has been
cloned and sequenced. The new protein has interesting insec-
ticidal properties, particularly with regard to its wide host
range, a feature of some proteins in this group. Moreover, its
binding sites are different from those of the Cry1A toxins
commonly found in Bt crops and B. thuringiensis-based insec-
ticides.

Our studies did not detect the protein (predicted molecular
mass of 81 kDa) by SDS-PAGE analysis after the crystal was
formed in HU4-2 cells. However, the cry1Ia7 gene was identi-
fied in this strain, which contains an important level of diversity
of additional cry genes. Sometimes the cry gene complex of a
strain is not reflected in the protein content of the crystal (33),
because not all cry genes are expressed or because not all Cry
proteins take part in crystal formation, and some may be se-
creted into the growth medium (10, 23). In fact, our results
indicated a significant contribution of 130- to 145-kDa proteins
in the parasporal crystal that may correspond to the expression
of other cry1 genes, but not cry1I, which code for proteins of
approximately 80 kDa (6). This could be due to the lack of
significant expression of this gene or to the fact that the protein
is secreted into the medium (23, 37, 41, 46).

The complete open reading frame of the new cry1Ia7 gene
was cloned and expressed in E. coli cells. SDS-PAGE analysis
of the purified protein generated in E. coli revealed a major
peptide of ca. 81 kDa which is similar to other proteins of the
Cry1I group (5, 12, 41, 43). Cry1I proteins produce inclusion
bodies when they are expressed in E. coli. However, these
proteins do not participate in crystal formation, since they are
secreted into the medium during the vegetative growth phase
of the bacterium (5, 23, 37). Cry1Ia7 also produced inclusion
bodies in E. coli after being induced by IPTG at 37°C, but at a
lower temperature (25°C), the protein produced is soluble.
Lower growth temperatures, a different culture medium (2�
TY instead of LB), and a lack of overexpression could be some
of the reasons for this difference. Amino acid sequence analysis
of Cry1Ia7 showed characteristics similar to those of other
secreted proteins from the same group. However, Cry1Ia7 was
different at several positions from the reported Cry1I proteins
(46). Moreover, minor changes in amino acid sequences can
produce important variations in the host range or insecticidal
properties of these toxins. Cry1Ia1 and Cry1Ia2 differ by a
single amino acid in domain II and exhibit differing insecticidal
activity spectra (12). Cry1Ia7 differs from Cry1Ia1 by four
amino acids which are scattered throughout block II, so we
may have expected modifications in the toxicity and specificity
of the encoded Cry protein. However, these changes in the
sequence did not appear to modify the activity spectrum. The
regions corresponding to the three domains of Cry1Ia7 were
highly similar to those of Cry1Ia1. Loop regions in domain II
have been reported to be involved in receptor binding and
toxicity (36), and the three potential loop regions in domain II
of Cry1Ia7 matched those of Cry1Ia1. Similar results were
obtained by Choi et al. (5), who observed no amino acid dif-
ferences in loop regions of Cry1Id1 compared with Cry1Ia3,
although the latter protein exhibited a significantly higher ac-
tivity against B. mori. Amino acid substitutions in regions ad-
jacent to the loops of domain II might also affect the protein

conformation, and thus the toxicity could also be altered. In
addition, domain III has been reported to be involved in re-
ceptor binding (7), and some of the amino acid substitutions in
the corresponding region of Cry1Ia7 could therefore correlate
with differences in receptor binding and toxicity.

Cry1I toxins are particularly interesting from an agricultural
perspective because of their wide host range. Other proteins,
such as Cry1B, Cry1C, and Cry2A, also exhibit host ranges
spanning more than one insect order (1, 4, 48, 50). Cry1I,
Cry1B, Cry1C, and Cry2A protein groups include the only
native proteins which, independent of their differential proteo-
lytic processing, are toxic for insects of different orders. Cry1I
proteins were initially characterized by their dual activity to-
wards Lepidoptera and Coleoptera (43). The first protein re-
ported by Tailor et al. (43) had dual activity against L. decem-
lineata and Ostrinia nubilalis, but the activity of the remaining
Cry1I-type proteins that have been characterized subsequently
has been restricted to lepidopteran species (5, 12, 23). Cry1Ic2
is the only protein for which insecticidal activity against a
beetle, Diabrotica virgifera, has been reported (34). Cry1Ia7
protein has been found not to be toxic against H. armigera, T.
ni, and Spodoptera spp. However, Cry1Ia7 was toxic against P.
xylostella, an insect which is usually susceptible to Cry1I pro-
teins (5, 23, 37, 39, 41). Nevertheless, Cry1Ia7 showed activity
against L. decemlineata, supporting the dual activity against
Lepidoptera and Coleoptera described by Tailor et al. (43).
Moreover, Cry1Ia7 was toxic to L. botrana larvae, whose sus-
ceptibility had not been previously reported in the Cry1I
group.

Despite the fact that binding site competition studies involv-
ing Cry1A toxins are numerous in the literature (8, 9, 11, 15,
16, 47), this study is the first involving a Cry1I toxin. Cry1A
proteins compete for common binding sites in all species stud-
ied, and this forms the basis of cross-resistance or multiple
resistance among these toxins (2, 9, 13, 27). To determine the
compatibility, in terms of resistance management, of Cry1Ia7
with other Cry1A proteins widely used in Bt crops, we per-
formed heterologous binding assays with BBMV from L. bo-
trana and E. insulana. The results showed that Cry1Ia7 does
not compete for Cry1Ab or Cry1Ac binding sites. It is there-
fore unlikely that development of resistance to Cry1A toxins
would confer cross-resistance to Cry1Ia7 or vice versa (11). In
view of the similarities found in binding site models among
insect species, the results obtained with L. botrana and E.
insulana seem likely to apply to other species.

The fact that Cry1I proteins are secreted and not crystallized
impedes their use in biopesticide spray applications. Neverthe-
less, their interesting insecticidal characteristics can be success-
fully exploited if Cry1I proteins are expressed in transgenic
plants (25, 29, 38). Alternatively, cry1I genes could be cloned in
Pseudomonas spp., thus expressing the Cry1I proteins and mi-
croencapsulating them in the bacterial cell wall (22). Microen-
capsulated Cry1I could be used in spray applications alone or
in rotations with B. thuringiensis-based insecticides containing
Cry1A toxins.
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13. González-Cabrera, J., B. Escriche, B. E. Tabashnik, and J. Ferré. 2003.
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