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Bacillus thuringiensis subsp. aizawaiEG6346, a novel grain dust isolate, was analyzed by Southern blot 
hybridization for its insecticidal crystal protein (lCP) gene profile. Strain EG6346 lacks previously character­
ized cry/A ICP genes yet does possess novel cry/-related gene sequences. A recombinant genomic plasmid 
library was constructed for strain EG6346 in Escherichill coli. One recombinant plasmid, pEG640, isolated 
from the library contained a novel ICP gene on a S.7-kb Sau3A insert. The sequence of this gene, designated 
cry/F, was related to, but distinct from, the published sequences for other cry/ genes. A ~econd novel cry/­
related sequence waS also located on pEG640, approximately SOO bp downstream from cry/F. Introduction of 
cry/F into a Cry- B. thuringiensis recipient strain via electroporation enabled sufficient production of CrylF 
protein for quantitative bioassay analyses of insecticidal specificity. The CryIF crystal protein was selectively 
toXic to a subset of lepidopteran insects tested, including the larvae of Ostrinia nubilalis and Spodoptera exigua. 

Perhaps the; most well-known and widely used bioinsecti­
cides are those based on the insecticidal crystal proteins 
(ICPs) produced by the sporulating bacterium Bacillus thur-. 
ingiensis. The ICPs (also termed delta endotoxins) can 
comprise up' to 20 to 30% of the total dry weight of 
sporulated cells (28) and form crystalline inclusions which 
are ~oxic when ingested by susceptible insects. The crystal­
line inclusions may be of various morphologies which reflect 
the differences in the nature of the ICPs that comprise 
them. ICPs can exhibit a wide variety of insecticidal speci­
ficities, and crystal proteins toxic to lepidopteran, dipteran, 
and coleopteran insect species have been described (7, 13, 
23). 

Upon ingestion, ICPs are solubilized and, in some cases, 
proteolytically processed by insect gut prdteases to yield an 
active truncated toxin moiety (28). This active toxin moiety 
disrupts the osmotic balance of midgut epithelial cells, 
eventually resulting in cell lysis. The insect stops feeding 
within minutes, followed by paralysis and death in 3 to 5 
days. 

The genes encoding ICPs have been localized to large 
(>30-MDa) plasmids (14, 15), and various ICP genes have 
been cloned and characterized (for a review, see reference 
20). Generally, the sequences of genes encoding proteins 
active on different orders of insects are not well conserved. 
Rather, the gene sequences encoding a given crystal pheno­
type and proteins active against the same insect order are 
significantly more related. The sequence relatedness of ICPs 
as well as their insecticidal activity spectrum have been used 
to define an ordered classification of genes encoding B. 
thuringiensis ICPs (20). Four major classes of ICP genes 
have beeri identified; cryJ, cryII, cry/II, and cryJV genes 
encode lepidoptera-specific (CryI), lepidoptera- and diptera-
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specific (CryII) , coleoptera-specific (CryIlI), and diptera­
specific (CryIV) proteins, respectively. 

The cryJ genes, encoding the 130- to 138-kDa lepi­
dopteran-active ICPs that form bipyramidal crystalline in­
clusions, comprise the largest of these families. Within the 
cry/ gene classification, a sub ranking has been established 
on the basis of further refinement of sequence relationship. 
The cryJA gene subfamily [cry1A(a), cryJA(b), and cryJA(c)] 
includes the previously designated 4.5, 5.3, and 6.6 PI 
genes, originally differentiated according to the size (in 
kilobases) of a characteristic HindIlI fragment associated 
with the presence of the gene (25). The amino acid sequences 
of. CryIA proteins are highly homologous (>80%), with 
most of the sequence dissimilarity localized to a short 
internal variable region (40). It is believed that differences 
within this variable region account for the different in­
secticidal specificities exhibited by the CryIA(a), CryIA(b), 
and CryIA(c) proteins. Additional genes within the cry/ B. 
tlzllringiensis family have been recently reported, such as 
the cryIB gene from B. tlzllringiensis subsp. thliringiensis 
(5), cryJC and cryID from B. rhllringiensis subsp. aizawai 
(4, 21), and cryIE from B. tlzllringiensis subsp. darmsta-

·diensis (4). Comparisons of the sequences for these genes 
reveal significant sequence dissimilarities throughout the 
N-terminal protein domain, in contrast to the more exten­
sive N-terminal sequence homology among the CryIA sub­
group. 

In this report, we present data which establish the pres­
ence of at least one additional subgroup of cryJ genes. The 
prototype of this class, designated cry/F, was isolated from 
a novel grain dust isolate of B. rhuringiensis subsp. aizawai. 
The CryIF is distinctly different in protein sequence and 
insecticidal specificity from the other CryI proteins. We 
have also identified an open reading frame located down­
stream from the novel cryIF gene, which could possibly 
encode an additional novel toxin gene. Data are presented on 
the identification, cloning, sequencing, and expression of 
cry/F, as well as on the insecticidal activities of the CryIF 
protein. . 
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TABLE 1. Bacterial strains and plasmids 

Strain or plasmid Relevant characteristic(sl Reference or source 

B. thuringiensis subsp. kurstaki 
HD73-26 
EG1945 

B. thuringiensis subsp. aizawai 
EG6345 

Cry- Cms 

HD73-26(pEG642) 

115- and 45-MDa plasmids 

11 
This study 

EG6346 115-MDa plasmid. cured of 45-MDa plasmid 
This study 
This study 

E. coli 
DH5a 
GM2163 
EG1943 

Am·ps 
Amps Dam- Dcm­
DH5a(pEG640) 

Tcr Bacillus vector 
Ampr E. ·coli vector 

Bethesda Research Laboratories 
30 
This study 

Plasmids 
pEG434 
pGEMT"-3Z 
pEG640 
pEG642 

pGEM-3Z with 5.7-kb insert of EG6346 DNA (cryIF ORF2) 
Tcr• E. coli-Bacillus shuttle vector with pEG640 inserted into 

31 
Promega 
This study 
This study 

HindIII site of pEG434 (cryIF ORF2) 

MATERIALS AND METHODS 

Bacterial strains and plasmids. The strains and plasm ids 
discussed in this report are described in Table 1. B. thurin­
giensis subsp. aizawai EG6345 was isolated from a maize 
grain dust sample by using previously described procedures 
(11). Plasmid profiles were determined for each strain by 
electrophoresis through agarose gels (14). The crystal-nega­
tive (Cry-) strain B. tiltlringiensis HD73-26, which is a cured 
derivative of HD-73 containing a single 4.9-MDa plasmid, 
was used as a recipient for transformation of recombinant 
DNA constructs into B. tllllrillgiensis (11, 13a). B. (hI/ring i­
ensis subsp. kurstaki HD-1 was obtained from the collection 
ofH. T. Dulmage. Library efficiency Escherichia coli DH5a 
competent cells, supplied by Bethesda Research Laborato­
ries, were used in the construction of the recombinant 
plasmid genomic library. Plasmid pGEM-3Z (Promega 
Corp.) was the vector used to construct. the genomic library. 
Plasmid pEG434 was used to facilitati expression of toxin 
genes in B. thtlringiensis (31). Plasmid pEG434 contains the 
3.1-kb EcoRI fragment from Bacillus cereus plasmid pBC16 
modified by the insertion of a mUltiple cloning site at the 
EcoRI site. E. coli GM2163, obtained from New England 
BioLabs, was used to facilitate transfer of plasmids from the 
E. coli DH5a background to B. thuringiensis HD73-26 (30). 

Nucleic acid hybridization. Total DNA from strains 
EG6345 and EG6346 was prepared according to the proce­
dure of Kronstad et al. (24). Restriction enzyme digests were· 
performed as recommended by the manufacturer. Restricted 
DNAs were size separated by electrophoresis in horizontal 
0.7% agarose slab gels and transferred to nitrocellulose by 
the procedure of Southern (37). All double~stranded DNA 
probes were radioactively labeled by nick translation (33). 
Nitrocellulose filters containing bound DNA were hybrid­
ized under either of two conditions to accommodate alter­
ations in the stringency of the annealing reaction. Prehybrid­
ization and hybridization of filters were in a solution of 3 x 
SSC (IX SSC is 0.15 M NaCI plus 0.015 M sodium citrate), 
lOx Denhardt's solution (IX Denhardt's solution is 0.02% 
bovine serum albumin, 0.02% FicoIl, and 0.02% polyvi­
nylpyrrolidone), 200 J.l.g of heparin per ml and 0.1% sodium 
dodecyl sulfate (SDS). Standard (high-stringency) hybridiza­
tion was conducted at 65°C; hybridization at lower strin­
gency was performed at 50°C. Washes were in 3x SSC-O.1% 
SDS at either temperature. Filters were dried and exposed to 

Kodak X-Omat AR film, using DuPont Cronex intensifying 
screens. 

Construction of a B. thuringiensis EG6346 genomic library. 
High-molecular-weight DNA, obtained from B. thuringiensis 
EG6346, was partially digested with Satl3A and size frac­
tionated on a 10 to 40% sucrose gradient in 100 mM NaCI-10 
mM Tos hydrochloride (pH 7.4)-1 mM EDT A (29). Gradient 
fractions, containing DNA ranging in size from 5 to 10 kb, 
were pooled, dialyzed against 10 mM Tris-1 mM EDT A (pH 
7.4), extracted with 2-butanol to reduce the volume, and 
ethanol precipitated (29). The purified insert DNA was 
ligated to pGEM-3Z BamHI-digested vector DNA at a 1:2 
molar ratio of vector to insert and at a final DNA concen­
tration of 20 fJ.g/ml, using T4 DNA ligase (Promega). Trans­
formation into E. coli DH5a cells was done according to the 
manufacturer's directions. Transformed colonies were 
plated on LB medium containing 100 fJ.g of ampicillin and 50 
fJ.g of X-Gal (5-bromo-4-chloro-3-indolyl-!3-D-galactoside) 
per m1. Approximately 3.3 x 106 colonies were screened for 
the presence of cryl~related toxin gene sequences under ,.: 
low-stringency conditions, using a probe comprised of a 
2.2-kb PvuII intragenic fragment obtained from a cryIA(a) 
gene present within B. thuringiensis HD-1. Rapid, small­
scale isolation of plasmid DNA from recombinant colonies 
was performed by the procedure of Birnboim and Doly (3). 

Transformation procedures. Transformation of E. coli 
DH5a was performed according to the manufacturer's pro­
tocol (Bethesda Research Laboratories' recommended pro­
tocol, which was adapted from the procedure of Hanahan 
[17]). Transformation into the Dam- Dcm- E. coli GM2163 
(30) was facilitated by preparation of frozen competent cells 
according to the procedure of Maniatis et a1. (29). Transfor­
mation of B. thllringiensis HD73-26 was accomplished, as 
previously described, by electroporation in a Bio-Rad Gene­
Pulser (31). 

DNA sequencing. Standard dideoxy sequencing proce­
dures (34) using Sequenase (U.S. Biochemical) were em­
ployed to sequence the 5.7-kb pEG640 insert. Sequencing of 
the insert was initiated in both directions and on both strands 
from the SP6 and T7 promoters present on vector pGEM-3Z 
and was done with use of the specific primers supplied by the 
manufacturer (Promega). Preparation of and denaturation of 
the double-stranded template were also done as instructed 
by the manufacturer (Prom ega or U.S. Biochemical). Sub-
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sequent l7-mer oligonucleotide primers were synthesized on 

a model 380B Applied Biosystems DNA synthesizer. The 

sequence analysis program of Queen and Korn was used to 

compare the sequences of cryIF and ORF2 with the pub­

lished sequences of other B. thuringiensis ICP genes (32). 

Protein analysis. B. thuringiensis EG6345, EG6346, and 

EG1945 were grown for 72 h at 30°C in M55 medium [29 mM 

K2HP04 , 37 mM KH2P04, 1 mM citric acid· H20, 5 mM 
(NH4hS04' 150 mM NaCl, 1 mM CuCI2 • 2H20, 1 mM 

ZnCl2-trisodium citrate, 1 mM Na2Mo04, 0.3 mM MgCl2 • 

6H20, 5 11M MnCl2 . 4H20, 0.5 mM CaCl2 • 2H20, 0.15% 

potato dextrose broth (Difco Laboratories), 0.265% nutrient 

broth (Difco), 0.67 mM L-methionine (Sigma Chemical Co.)] 

until cultures were fully sporulated. Cultures were har­

vested, resuspended in TNT (50 mM Tris [pH 7.5], 100 mM 

NaCI, 0.05% Triton X-lOO) with a final lysozyme (Sigma) 

concentration of 0.5 mg/ml, and lysed at 37°C for 2 h. Lysed 

cultures were pelleted, resuspended in TNT, and loaded 

onto linear 78 to 55% Renografin-76 (Squibb Diagnostics) 

gradients containing 0.05% Triton X-100. Gradients .were 

centrifuged at 18,000 rpm in an SW28 rotor, using a Beck­

man model L8 ultracentrifuge, for at least 2 h. Crystal bands 

were collected from gradients and fractionated over an 

additional Renografin gradient for further purification of 

crystals. ,The crystals were washed and resuspended in 

0.005% Triton X-100 and stored at 4°C. Purified crystal 

preparations used in bioassay analyses were also examined 

by using a discontinuous SDS-polyacrylamide gel electro­

phoresis (PAGE) system consisting of a 3% acrylamide 

stacking gel (pH 6.8), with a linear gradient gel from 5 to 20% 

acrylamide (pH 8.8) used for resolution of protein bands (6, 

26). Crystal protein concentration was determined by the 

Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, 

Calif.). 
Insect toxicity assays. The insecticidal activity of the CryIF 

protein was tested against four lepidopteran larvae, one 

member of the Pyralidae (Ostrinia nllbilatis) , and three 

Noctuidae (Spodoptera exigua, Hetiothis virescens, and 

Helicoverpa zea), using Renografin-purifif;d crystal protein 

from B. thuringiensis EG1945 harboring the cryIF gene on 

plasmid pEG642. For comparison, Renografin-purified crys­

tal proteins from recombinant B. thllringiensis EG7077, 

containing the cryIA(b) gene, and EG1861, containing the 

cryIA(c) gene, were included (39a). Insecticidal activity was 

measured by using an overlay technique in which the surface 

of an agar-based artificial diet (22) was covered with an 

aliquot suspension containing CryIF protein crystals. Each 

bioassay consisted of eight serial dilutions in 0.005% Triton 

X-IOO. Fifty-microliter aliquots were delivered to each of 32 

2-ml wells containing 1 ml of diet (surface area, 175 mm2
). 

The diluent only served as a control treatment. After the 

diluent was allowed to dry, one neonate larva of the test 

species was placed in each well, for a total of 256 larvae per 

bioassay. After covering, bioassays were held at 28°C for 7 

days, at which time mortality was scored. If insecticidal 

activity was sufficient to determine 50% lethal concentra­

tions, bioassays were repeated. Bioassay data were adjusted 

for control mortality with Abbott's formula (1), with repli­

cations combined for composite probit analysis (12) using 

the program of Daum (8). 
Nucleotide sequence accession number. The nucleotide 

sequence of the 5.7-kb insert of B. thllringiensis DNA in 

pE0640, including the coding region of CryIF and its de­

duced amino acid sequence, have been filed with GenBank, 

Los Alamos National Laboratory, under accession number 
M63897. 
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FIG. 1. Hybridization analyses of B. thuringiensis subsp. ai:w­

wai isolates. (A) Southern blot of an agarose gel containing HindUI­

digested total DNA from B. Ihllringiensis strains EG6346 (lane 1), 

EG634S' (lane 2), and HD-l (lane 3) following hybridization to a 

np-labeled, N-terminal, 726-bp EcoRI probe from the B. thuringi­

ensis subsp. kllrstaki HD-l cryIA(a) gene at low-stringency condi­

tions. (B) Southern blot of an agarose gel containing HindIII­

digested total DNA from B. thllringiensis strains (lanes as in panel 

A) following hybridization to the 32P-labeled, 2.2-kb intragenic 

Pvull probe from the cryIA(a) gene of B. thuringiensis HD-l at 

low-stringency conditions. (C) Southern blot analysis of HindIlI­

digested total DNA from B. thuringiensis strains (lanes as in panel 

A) following hybridization to a np-labeled, N-terminal, O.4-kb 

PSII-Sacl intragenic, crylF-specific probe from plasmid pEG640. 

HindIlI-digested phage lambda DNA was used for size standards. 

RESULTS 

Identification and isolation of the crylF gene. B. thuringien­

sis subsp. aizawai EG6345 was isolated from a maize grain 

dust sample and selected for further study on the basis of its 

insecticidal activity against a variety of lepidopteran larvae 

(data not shown). Strain EG6346 was identified by its distinct 

colony morphology (Le., shinier) in comparison with strain 

EG6345 on a nutrient salts agar plate and subsequently 

shown by plasmid profile agarose gel electrophoresis analy-

- ses to be a spontaneously cured derivative of strain E06345, 

which lacked the 45-MDa plasmid. Both strains, EG6345 and 

the cured derivative, EG6346, produced large bipyramidal 

inclusions during sporUlation. 
Total DNA, prepared from both EG6345 and EG6346, was 

digested with HindIII, electrophoresed through a 0.7% aga­

rose gel, transferred to nitrocellulose, and hybridized at 50°C 

either to a 726-bp EcoRI N-terminal probe (Fig. lA) or to the 

2.2-kb intragenic PvuII probe isolated from the cryIA(a) 

gene of B. thuringiellsis HD-l (Fig. 1B) (24). Digested DNA 

from B. thuringiensis subsp. kllrstaki HD-l. which harbors 

the eryIA(a), eryIA(b), and cryIA(c) genes, was included as 

a control. 
As shown in Fig. lA, the 726-bp EcoRI probe detected the 

expected 4.5-, 5.3-, and 6.6~kb fragments in HD-l DNA (lane 

3) corresponding to the previously described characteristic 

HindIII fragments for the cryIA(a), cryIA(b), and cryIA(e) 

genes, respectively (24). This probe also detected a promi-
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nent 5.3-kb band in E06345 (lane 2) which was absent in 
the cured derivative E06346 (lane 1). This result indicated 
that the 45-MDa plasmid of E06345 harbored at least one 
cryIA(b) gene. Subsequent conjugal transfer experiments 
confirmed these data (Bb). The N-terminal 726-bp EcoRI 
probe also hybridized to a 1.4-kb HindIII fragment of 
unknown origin in both EG6345 (lane 2) and E06346 (lane 1). 
Independent experiments confirmed the presence of the 
1.4-kb hybridizing fragment in strains E06345 and E06346 
(data not shown). 

The hybridization pattern obtained with the intragenic 
PvuII probe from cryIA(a) was more complex (Fig. 1B). This 
probe, as expected, also hybridized to the 4.5- and 6.6-kb 
N-terminal flanking HindIII fragments in HD-1 (lane 3), 
confirming the presence of the cry/A(a) and cry/A(c) genes 
resident in this strain. In addition, a C-terminal 2.2-kb 
flanking HindIII fragment from cry/A (c) , as well as an 
internal 1.1-kb fragment corresponding to the presence of 
the cryIA(a) gene, was detected in HD-l. As expected, the 
4.5- and 1.1-kb fragments, corresponding to the cry/A(a) 
gene, were absent in both E06345 and E06346, consistent 
with the lack of a cryIA(a) gene in both strains. Although a 
band of approximately 6.6 kb was observed in E06345 
(lane 2), which appears to comigrate with the cry/A(c)­
specific 6.6-kb band from HD-l (lane 3), the appearance 
of this band is coincidental and does not suggest the pres­
ence of a cryIA(c) gene in E06346, as determined by 
independent confirmation with the EcoRI probe (Fig. lA, 
lane 2). 

A 53-kb HindIII fragment was detected with the PvuII 
probe (Fig. IB) in both HD-1 (lane 3) and E06345 (lane 2) 
but was not detected in E06346 (lane 1). Similarly, an 
internal 0.9-kb fragment derived from cryIA(b) was detected 
by the PVI/II probe in both HD-l and E06345 but was absent 
in the E06346 digest. Lastly, a 6.0-kb fragment correspond­
ing to the 3 '-terminal and flanking sequences of the cryIA(b) 
gene was also detected with the PVI/II probe in strain HD-l. 
These data confirmed the presence of a cryIA(b) gene in 
strains HD-1 and E06345 and its.absepce in EG6346. 

A 1.4-kb HindIlI fragment, detected-in strains EG6345 and 
E06346 by the EcoRI probe, was also faintly detected in 
these strains by the PVlIII probe. A 2.5-kb fragment was also 
detected with the PVI/II probe in all three strains. For strains 
E06345 and E06346, this band may correspond to the 
presence of a characteristic HindIII fragment from a cry/C 
gene, which has been detected in other B. thllringiensis 
subsp. aizawai strains of the Ecogen collection (7a). The 
appearance of a similarly sized fragment in HD-l is most 
likely coincident, since HD-l does not harbor a cryIC gene, 
This fragment could correspond to a C-terminal flanking 
HindIII fragment from the cryIA(a) gene resident in the 
strain. The PVI/II probe also hybridized to two large HindIII 
fragments present in both E06345 and E06346. These 
fragments, approximately 8.2 and 10.4 kb in length, were not 
detected by the EcoRI probe in E06345 and E06346, nor 
were they observed with either probe in HD-1 DNA. These 
data suggested the presence of at least one or more novel 
toxin genes in strains E06345 and EG6346. 

A partial Sal/3A genomic library was constructed for 
E06346 and was screened at low-stringency conditions with 
the intragenic PvuII probe. E06346 DNA was chosen as the 
substrate DNA due to its apparent lack of cryIA type toxin 
genes, Whose presence could potentially increase the diffi­
culty in screening the library at low stringency with the 
PVI/II probe. The probe hybridized strongly to one E. coli 
recombinant colony (E01943) which contained a recombi-
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FIG. 2. Restriction maps of plasm ids pEG640 (E. coli) and 
pEG642 (E. coli-Bacillus) containing crylF. Restriction enzymes: H,! 
HindIII; E, EcoRI; Ptl, Pstl; B, BamHI; B2, BstEIl; X, Xbal; K, 
KpnI; C, Clal; Pv2, PvuIl. Open boxes denote toxin gene se-: 
quences; closed box is E. coli cloning vector pGEM-3Z (Promega); 
hatched box is the Bacillus vector pEG434. Arrows indicate direc­
tion of transcription. tet, the tetracycline resistance gene encoded 
on plasmid pEG434. 

nant plasmid, pEG640, that consisted of pOEM-3Z ligated to. 
a 5.7-kb Sau3A insert. 

Sequence analyses 'of cryIF. A restriction map for the, 
pEG640 insert was generated (Fig. 2A). Relative positions of 
restriction sites and localization of toxin gene sequences 
within the map were initially determined by low-stringency 
hybridization of Southern blots containing digested pEG640 
DNA to the EcoRI and PVlIII toxin gene probes (data not 
shown). Initial mapping data identified two regions on the 
pE0640 insert which reacted with varying intensity to the 
toxin gene probes. The larger of these, spanning over 3 kb in 
length, hybridized strongly to the PvuII probe at low- and 
high-stringency conditions. Significant hybridization was 
also observed with the EcoRI probe at low-stringency con­
ditions. A smaller region, positioned in close proximity to 
the vector, weakly hybridized to the EcoRI probe at low­
stringency conditions only. These data suggested the pres­
ence of two distinct cry/A-related sequences on the pEG640 
insert. 

The presence of at least one complete toxin gene and a 
possible truncated toxin gene was subsequently verified by . 
DNA sequence analysis of the entire 5.7-kb insert. The DNA 
sequence, which is flanked by Sa1l3A cloning sites (OATC), 
extends 5,649 nucleotides in length (Fig. 3). Translation of 
the sequence revealed the presence of two open reading 
frames which were separated by approximately 500 bases of 
noncoding DNA sequence and are out of frame with respect 
to one another. The gene potentially encoded by the up­
stream open reading frame (ORF1) has been designated 
cryIF. Justification for this designation derives from se­
quence comparisons with other toxin genes and is discussed 
below. 

The crylF open reading frame, which is the larger of the 
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A'l'A'1"1'AAATGAAGAAAGAAG'l'ACTGCCAGA'l"I'ACCG'l"l'AGATATATCC'l"l'ATCCC'l"I'ACA 
IlaLeUAanC1UGluArqSarThrGlyArqLeuPraLeUAapIleSerLeuserLeuThr 

• • 630 • • 660 
CG'1"1"1'CC'1"1"1"1'GAGTCAA'1"l"I'G'1"1CCAGCTGTGGGAGT'l'CCG'1"1"l'GCA'1"1'A'l"l"I'GA'l"l"I'A 
ArqPbeLeuLeuSarGluPbaValPrOClyValGlyValAlaPbeGlyLauPbeAspLau 

• • 690 • • 720 
A'l'A'l'CGGC'1"1"l"I'ATAACTCC'l"I'CTGA'l"I'GCAGC'l"l'A'l"l'TCT'l"l'TACAGA'l"l'GAACAA'l"I'G 
IleTrpGlyPbeIleThrpraSarAspTrpSerLauPbaLeuLauClnIleCluGlnLeU 

• • 750 • • 780 
A'l"I'GAGCAAAGAATAGAAACA'1"1'GCAAAGGAACCGGCCAA'l"I'ACTACA'1"1'ACCAGGC'1"1'A 
IleC1UGlnArqIleCluThrLauGluArqAsnArqAlaIlaThrThrLauArqGlyLeU 

• • 810 • • 140 
GCAGA'l'AGCTATGAAA'l"l'TATA'1"1'GAAGCACT~=AA'l'AA'l' 
AlaAJlpSer'1'yrGluIle'1'yrIleCluAlaLau.ArqG1UTrpGluAlaAanProAanAan 

• • 870 • 900 
GCACAA'l"I'AAGCGAAGATGTCCCTA'1'TCCA'l"l'TGCTAA'l'ACAGACGACGC'1"1"1'AATAACA 
AleGlnLauArqG1UAapValArqIleArqPbeAlaAanThrAspA.8pAlaLauIleThr 

• • 930. 960 
GCAA'l'AAATAA'1"1"l"I'ACAC'l"l'ACAAC'1"1"l"I'GAAA'l'CCCTCT'l"l'TA=ATCT'1'CAA 
AlaIleAanAanPbaThrLeuThrSarPbeCluIlePraLeuLeuSarValTyrValCln 

• • 990 • • 1020 
GCGCCGAA'l"l'TACA'l"l"I'ATCACTA'l"I'AAGAGA=A~A 
AlaAlaA.8nLeuHlsLeuSerLeuLeuArqAspAlaValSarPbeClyGlnGlyTrpGly , i 

• • 1050 • • 1080 
CTGGATA'l'AGCTACTG'l"l'AA'l'AATCA'1"1'A'l'AATAGA'1"1'AA'l'AAA'l'C'l"I'ATTCATAGA'l'A'l' 
LeUAapIleAlaThrVa1A.8nAanHiaTyrAsnArqLeUIleAanLeuIlalll~ 

• • 1110 • 1140 
ACCAAACA'1"l'G'1'T'1'CCACATACAA'l'CAACGA'l"I'AGAAAAC'l"l'AAGAGCTACTAA'l'ACT 
ThrI.yeB1acyaLeUAapThrTyrAsnGlnClyLeuG1UAanLeuArqGlyThrAsnThr 

• • 1170 • • 1200 
CGACAATGCGCAACATTCAATCAG'1"1"l'ACGAGAGA'l"l"I'AACAC'l"l'AC'l'Q'l'A'1"1'AGA'l'A'l'C 
ArqGlnTrp.AlaArqPbeAanGlnPbeArqArqA.8pLeUThrLauThrValLeUAapIle 

• • 1230 • • 1260 
GT'1'CC'1'C'I'lCTACGATG'l"!'AGAACATA'l'CCAA'l"I'CAAACGTCATCCCAA'l"I'A 
ValAlaLauPbePraAsnTyrAspValArqThrTyrPraIleGlnThrSarSerGlnLeu 

• • 1290 1320 
ACAAGGCAAA'l"l'TA'l'ACAAG'l"I'CAG'l'AA'l'TGACGA'l"I'CTCCAG'1"1"l'CTGCTAA'l'A'l'ACCT 
ThrArqGluIleTyrThrSerServalIleGluAspSerPraValSerAlaAsnIlePro 

• • 1350. 1380 
AA'1'GG'1"1"l"AA'l'AGGCCGCAA'1"1'TCGAG'l"I'AGACCGCCCCATC'l"I'A'l'GGACT'l"l'ATGAAT 
A8nGlyPbeAsnArqAlaGluPbeClyValArqPraProHisLauHeeAspPheHeeAsn 

• • 1410 • • 1440 
T=C'M"l''G<>'l''l''I'T'M''''G'1'~AACTGCAGAGACTG'l''I'AGAAGTCAAAC'I'GTCTGGGCAGGACAC'l''I'AGTT 
SerLeuPheValThrAlaGluThrValArqSarGlnThrValTrpGlyGlyHisLauVal 

• • 1470 1500 
AG'l"I'CACCAAATACGCCTGCTAACCGTA'l'AAA'l"l'TCCCTAG'l"I'ACGGGG'l'C'l"I'CAA'l'CCT 
SerSerArqAsnTbrAlaGlyASnArqIleAsnPbeproSerTyrGlyvalPbeAsnPro 

• • 1590 • 1620 
CCC'l'ON:::II"lIl"II"l'l'l'I'G=l'C~CGAGGAGCA'1"1'TGGGAA'1'CCTCA'l"I'A'l'Q'l'AC'1'GGGGC'1"l'AGCGGAGTA 
ProVaLPbeValArqGlyGlyPbeClyAsnProBiaTyrValLeuGlyLeuArqGlyVal 

• • 1650 • • 1680 
GCA'l"l'TCAACAAACTGG'1'ACCAACCACACCCGAACA'l"l'TAGAAA'l'ACTGCCACCA'l'AGA'l' 
AlaPheClnGlnThrGlyThrAsnBiaThrArq'l'hrPheArqAsnserGlyThrIleAap 

• • 1710 • 1740 
'1'C'1'C'1'AGATGAAATCCCACCTCACGA'l'AATAG'l'GGGCCACC'l"I'GGAA'l'GA'l"I'ATACTCA'l' 
SarLeUAapCluIleProPrOClnAspA.8nserGlyAlaPrOTrpAanAapTyrSerBl. 

• • 1770 • • 1800 
G'l'A'l"I'AAATCATCT'1'ACA'1"1"1'Q'1'ACGA'1'GGCCAGC'1'GAGA'1'TTCA~'l'GG 
ValLeuAsnBlaValThrPbeValArqTrpProGlyGluIleSerGlysarAap~ 

• • 1830 • • 1860 
~CCCA=AG'l"GCAACCCCTACAAA'1'ACAA'1"l"GATCCC 
ArqAlaProllet.PheSar'1'%p'1'hrBlaAr95arAlaThrProThrA.8nThrIleAapPro 

• • 1890 • • 1920 
GAGACGATTACTCAAA'l'ACCA'1"1'GG'1'AAAAGCACATACACT'1'CAG'l'CAGGTACTACT'G'1"1' 
GluArqlleThrGlnIlePrOI.euVaLLyeAl&81aThrI.euGlnserGlyTbrTbrVal 

• • 1950 • • 1980 
C'1'AAGAGGCCCCGACCGGAGCACA'l'AT'l'C'1'l'CCACCAACAAG'1'GGAG<:ACCA'l"l'T 
valArqGlyProGlyp~eThrClyGlyAapIleLeuArqArq'l'hrSerG1YClyProPhe 

• • 2010 2040 
GC'l"I'ATACTATTCT'1'AA'l'A'1'AAATGGGCAA'l"I'ACCCCAAAGGTATCCTGCAAGAA'l'ACCC 
AlaTyr'l'hrIleValAsnIleAanGlyGlnLeuProGlnArqTyr.ArqAlaArqI1eA.r9 

• • 2070 • 2100 
'l'ATCCCTCTACTACAAA'l'CTAAGAA'l"l"I'ACGTAACGCT'l'CCAGGTGAACCGA'1"1"l"I'TCCl 
TyrAlaSerTbrTbrAsnI.euArqIleTyrValThrValAlaG1YCluArqIlePbeAla 

• • 2130 • • 2160 
GC'l'CAA'l"l"I'AACAAAACAA'l'GGA'l'ACCCGTGACCCATTAACA'l"I'CCAA'1'C'I"l"l"1'AGTl'AC 
GlyGlnP~eA.8nLya'1'brKetAap'1'hrGlyAapPrOI.eUTbrPbeGlnSerPhas~ 

• • 2190 • • 2220 
GCAACTA'l"I'AATACAGCT'1"1"1'ACA'l"I'CCCAA'l'GAGCCAGAG'l'AC'l"l'TCACAGTA=CT 
AlaThrIleA.8nThrAlaPheThrPbeProKeeserGlnSerSerPheThrValClyAla 

• • %%50 • • 2280 
GA'l'ACT'l"l"I'AG'l"I'CAGGCAATGAAG'1"1"l'ATA'l'AGACAGA'l"l'TGAA'l"I'GA'l"I'CCAG'l"I'ACT 
AapThrPbeSerserGlyAsnGluValTyrIleAspAr9PbeG1ULeuIleProvalThr 

• • 2310 • • 2340 
GCAACA'l"l"I'GAAGCAGAA'l'AT'GA'l"l"I'AGAAAGAGCACAAAAGGCGCT'GAATGCGe'l'G'l"l' 
AlaThrPheGluAlaC1U'l'yrAapI.eUCluArqAlaG1nI.yaAlaValAanAlaLeuPhe 

• • 2370 • • 2400 
AC'l'TCTATAAACCAAA'l'AGCGA'l'AAAAACAGATGTGACCGA'l"I'ATCA'1'A'1"l"GATCAAGTA 
TbrSerIleA.8nGlnIleGlyIleI.ya'l'brAapvalThrAap'l'yrH1sIleAapClnVal 

• • 2430 • • 2460' 
TCCAA'l"l"I'AGTGGA=ATCAGATGAArl1 IGTeTGGATGAAAACCCACAA'l"1"G'1'CC 
SarAanLeuVa1A.8pcyaLeuBarA.8pGluPhacyaLeUAapGluIoyaArqGluLeUSar 

• • 2490 • • 2520 
GAGAAAC'l'CAAACATGCCAACCGACTCAG'l'GA'l"GAGCGCAA'l"l'TA=UGATCCAAAC 
GluLyaVaLLyaB1aAlaLysArqLeuSerAspGluArqAanLeuLeUClnAapProAan 

• • 2550 • • 25110 
'l"I'CAAAGGCA'l'CAA'l'AGCCAACTAGACCGTCGT'1'GCAGAGGAAGTACCCA'l'A'1'l'ACCA'l'C 
PbeI.yaGlyIleA.8nArqGlnLeuAspArqGlyTrpArqGlySerThrAapIle'1'hrIle 

• • 2610 • • 2640 
CA..' GACGAGA'l'GA=A'1"1'C1 •• I\GA' • A'l"I'ATGTCACACTACCAGGTACCT'l"l"GATGAG 
GlnArqGlyAapAepValPbeI.yaGluAsnTyrValThrI.euProGlyThrPheAapGlu 

• • 2670 • • 2700 
TGCTATCCAA=A'l"l"I'A'l'A'l'CAAAAAATAGAT'GAG'1'CCAAA'l"I'AAAACCCTA'l'ACT= 
cyaTyrProThrTyrLeU'l'yrGlnLysIleA.8pGluSerI.ysI.euIoyaProTyrThrArq 

• • 2730 • • 2760 
TA'l'CAA'l"I'AAGAGCG'l'A'l'A'l'CCACGA'l'AGTCAAGAC'l"I'AGAAATCTA'1"1"l"GATC=A'1' 
TyrGlnLeuArqGlyTyrIleGluAspSerGlnAspLeuGluIlaTyrLeuIleArqTyr 

• • 2790 • • 2820 
AATGCAAAACACCAAACAG'l'AAATG'1'GC'1'AGGTA==ATGCCCCC'l"I"l'CAGTC 

. AanAlaLyaHlaGluThrValAsnValI.euGlyThrGlyserI.euTrpProI.euSerVal 

• • 2850 • • 2880 
CAAAG'l'CCAATCAGAAAGT'G'l'GCAGAACCGAATCGAT'GCGCCCCACACCTTGAATGCAA'l' 
GlnserProIleArqI.yscysGlyGluPrOAsnArqCysAlaproHisLauGlu'1'11>Aen 

• • 2910. 2940 
CCTGA'l'CTAGATTCT'1'CCTGCAGAGACCGGCAAAAAT'G'l'GCACATCATTCCCATCA'1"1"1'C 
PrOAapLeuAspcysSerCYSArqAspGlyGluIoysCysAlaHisHisSarH1sHisPhe 

• • 2970. 3000 
TCCTTCGACA'l"I'GATG'l"l'GGATGTACAGAC'l"I'AAATGAGCAC'l"I'AGA'1'G'I'A'l'GGGTGATA 
SerI.euAspIleA.8pValGlyCYsThrAspI.euASnGluAspI.euAspValTrpValIle 

• • 3030. 3060 
'l"I'CAAGATTAAGACCCAAGATGGCCAT'GCAAGACTAGGAAATCTAGAGTTTCTCGAAGAG 
PbeLysIleI.ysThrGlnAspGlyHiSAlaArqLeUGlyAsnLeUGluPbBLeuGlUGlu 

• • 1530. 1560 •• 3090 • • 3120 
GGTGGCGCCA'l"l'TGCA'l"I'GCAGA'l'GAGCATCCACCTCC'1"1"1"l'TATCGGACA'l"I'ATCAGA'l' AAACCA'l"I'AG'l'CCGGCAAGCACTAGCTCGTGTGAAAAGAGCAGAGMAAAATGGAGAGAT 
GlyGlyAlaIleTrpIlaAleAspGluAspProArqproPbeTyrArqThrLeuSarAsp LysPraI.euValGlyGluAlaLeuAlaArqValLysArqAlaGluLysLysTrpArqAaP 

FIG. 3. DNA sequence of the 5.7-kb insert of B. thllringiensis EG6346 DNA on pEG640. The sequence is flanked by the Sau3A cloning 
sites and extends 5,649 nucleotides in length. Two open reading frames are indicated as diagrammed in Fig. 2. The larger of these is crylF., 
and the smaller is designated ORF2. Putative ribosome binding sites (RBS) are shown. A putative promoter region upstream of crylF IS 

numerically designated as the -35 and -10 region. Amino acid sequences for CryIF and ORF2 are shown below the nucleotide sequence. 

3970 
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• 3150 • • 3180 
AAACG"1'GAAAAA'l"l'GGAA"l"l'GGAAACAAATAT'l'G'l'l"rATAAAGAGGCAAAACAATC"1'G1'A 
LyaArqGluLyaLeUGluLaUG1UThrAanIl.ValTyrLysGluAlaLysG1US.rVal 

• • 3210 • • 3240 
GATGC"l"I'rA'l'I'TG'rAAACTC'l'CAATATGlI.'l'CUT'l'ACAAGCGGATACGAATATTGCCATG 
Asp.\laLeuPh.ValAanSarGln'l'yrAspGlnLauGlnAlaAapThrAsnIlaAl .... t: 

• • 3270 • • 3300 
AT'1'CA~'1'AAACG'l'G'1'TCATAGAAT'l'CGGGAAGCGTATCT'l'CCAGAGTTA= 
IlalUaAlaAlaAapLyllArqValBUArqIlaArgGluAlaTyrLallProGluLaUSar 

• • 3330 • • 3360 
GTGATTCCGGGTG'1'AAATG"l'AGACA'l'l"1'TCGAACAAT'l'AAAAGGGCGTAT'1"1"1'CACTGCA 
ValIl.ProGlyValAsnValAspIlaPhaGluGluLauLysGlyArqIlaPhaThrAla 

• • 3390 • • 3420 
TTC'l'TCCTATATGATGCC:AGA.V.TGTCAT'l'AAAAACGGTGAT'l'l'CAATAATGGCTTATCA 
PhaPhaLauTyrAspAlaArqAsnValIlaLysAsnGlyAapPhsAsnAanGlyLaUSar 

• • 3450 • • 3480 
TGC'1'GGAA~TGTAGATGTAGAACAACAAAACAACCAc:cGTTC:GG"1'CCTT 
c:y~nvaLLyaG1YHi.valAspValGluGluGlnAanAanHiaArqsarValLeu 

• • 3510 • • 3540 
c;rrc;rrc:CGGAATGGGAAGc:AGAAGTGTCACAACAA~ 
VslValProG1UTrpGluAlaGluValSarGlnGluvalArqvalc:ysProGlyArqGly 

• • 3570 • • 3600 
TATATCC'l"1'Q;rol'C!ACAGCGTACAAGGAGGGATATGGAG.\AGGTTGCGAACCATTCAT 
TyrIlaLaUArqValThrAl~TyrLYsGluGlyTyrGlyGluGlyc:ysvalThrIlaHis 

• . ' 3630 • • 3660 
GAGATCGACAACAATACAGACGAACTGAAG'l'TTAGCAACTGCGTAGAAGAGGAAGTCTAT 
G1UIlaGluAanAanThrAspGluLauLysPheSerAanc:ysvalGluGluGluValTyr 

• • 3690 • • 3720 
CCAAACAACACGGTUCGTGTAATGAT'l'ATACTGCAAATCAAGAAGUTACGCCGGTGCG 
ProAanAanThrValThrCysAsnAapTyrThrAlaAsnGlnGluGluTyrGlyGlyAla 

• • 3750 • • 3780 
TACACT'l'CCCGTAATCGTGGATATGACGAAACT'l'ATGGMGCAATTCT'l'CTG"l'ACCAGCT 
TyrThrSarArqAsnArqGlyTyrAspGluThrTyrGlySarAsnSarSarValPraAla 

• • 3810 • • 3840 
GAT'l'ATGCGTCAGTCTATGAACAAAAATCGTATACAGATGGACGAAGAGACAA= 
AspTyrAlaSerValTyrGluGluLysSarTyrThrAapGlyArqArqAspA8nProc:ys 

• • l870 • • 1900 
GAATCTAACAGAGGATATGGGGAT'l'ACACACCACTACCAGCTGGCTATGTGACAAAAGAA 
G1USarAanArqGlyTyrGlyAspTyrThrproLauProAlaGlyTyrValThrLysGlu 

• • 3910 • • 3960 
T'l'AGAGTACT'l'CCCAGAAACCGATAAGGTATGGATTGAGATCGGAGAAACGCAAGCAACA 
LauGluTyrPhaProGluThrAspLysValTrpIleGluIlaGlyGluThrGluGlyTbr 

• • 3990 • • 4020 
T'l'CATCGTGGACAGCG'l'GGAATTACTCC'1'TATGGAGGAATAGTCTCATACAAAAT'l'AGTT 
PheIleValAspSarValGluLauLauLauKetGluGluaa4 

• • 4050 • • 40110 
T'l'AAATM'CGTT'l"l'CAAATCAATTGCCTAAGAGCATCAT'l'ACAAATAGA'l'AAGTAATTTG 

:' i 
• • 4110 • • 4140 

T'l'GTAATGAAAAACGGACATCACCTCCATTGAAACGGTGAGATGTC=ACTATGT'l' 

• • 4170 • • 4200 
AT'l'TTCTAGTAATACATATG"l'ACAGAGCAACT'l'AAT'l'AAGCAGAGATAlll rcCCCTATC 

• • 4230 • • 4260 
GATGAAAATA'l'C'1'C"l'fiClll t 1'C1"l"lCl"rTATTCGGTATATGCTTTACT'I'GTAATTGAAA 

• • 4290 • • 4320 
ATAAAGCACTAATAAGAGTATT'l'ATAGGTG"l'TTGAAGT'l'ATT'l'CAGTTTATTT'l'TAAAGG. 

• • 4350 • • 4380 
AGGTT'l'AAAAACGT'l'AGAAAGTTATTAAGGAATAATACT'l'AT'l'AGTAAATTCCACATATA 

• • 4410 • • 4440 
TTT'l'ATAAT'l'AATTATGAAATATATG"l'ATAAATTGAAAATGCTTTATTTGACATTACAGC 

• 4470.. 4500, 
TAAGTATAA=ATGAATAAAAT'l'ATATCTGAAA.AT'l'AAATAATAT'l'A~ , 

U8 

• • 4530 • • 4550 
GAT'l'AATAmAAACTAAAGAATCCAGATAAGCATCAAAGTTTT'l'CTAGCAATGCGAAAGT 

KetLysLauLysAsnProAapLyaHisGlnSarPhasarserAanAlaLyaVa 

• • 4590 • • 4520 
AGATAAAATCl'CTACGGAT'l'CACTAAAAAATGAAACAGATATACAATTACAAAACAT'l'AA 
lAspLysIlaserThrAapSerLauLysAsnGluThrAspIlaGluLauGlnAanIlaAa 

• • 4550 • 4680 
TCATGAAGA'l"1'G'1"1'l'GTA'l'CTGAGTATGAAAATG"l'AGAGCCG"1'T'1'GT'l'AGTGCATC 
nBisGluAspCysLauLySIleSarGluTyrGluAanValGlllProPheVal5erAlaSe 

• • 4710 • 4740 
AACAAT'l'CAAACAGGTAT'l'AGTA'l'TGCGGGTAAAATACTTGGCACCC"l'MGCGTTCC: 
rThrIlaGln'1'lIrGlyIlasarIleAlaGlyLysIlaLauGlyTbrLeuGlyValProPtl 

• • 4770 • • 4100 
TGCAGGACAAGTAGCTAGTCTTtATAGTTT'l'ATCT'l'AGGTGAGCTA'l'GGCCTAAGGGGA 
eAlaGlyGlnValAlaSarLauTyrSerPheIlaLeuGlyGluLauTrpProLysGlyLy 

• • 4130 • • 41160 
AAATCAATGGGAAATCTT'l'ATGGMCATGTAGAAGAGATTATTAA1'CAAAA.lIATATCAAC 
sAsnGlnTrpG1UIlePhaKet:GlUBiaValGluG1UIleIleAsnGlnLysIlaSerTh 

• • 4890 • • 4920 ' 
T'l'A~CT'1'ACAGACT'l'GAAAGGATTAGGAGATGCC'1'TACCTGTCA 
rTyrAlaAr9AanLysAlaLaUThrAspLauLyaGlyLeuGlyAspAlaLeuAlaValTy 

• • 4950 • 4980 
CCATGAA~=AAGAACACAA=AGGAGTGTTGT 
rHisG1USarLeuG1USerTrpValGlyAsnArqLysAsnTtlrArqAlaArq5erValVa 

• • 5010 • • 5040 
CAAGAGCCAATATATCGCATTACAATTGATGTTCGT'l'CAGAAACTACC'1"I"Clll NCAGT 
,lLysSerGlnTyrIleAlaLeuG1ULaUKat:PheValGlnLysLeuProserPheAlaVa 

• • 5070 • • 5100 
GTCTGGAGAGGAGGTACCAl"rAT'l'ACCGATATATGCCCAAGCTGCAAATT'l'ACATT'l'GTT 
lSarGlyGluGluValProLeULauProIleTyrAlaGlnAlaAlaAsnLeuHisLaULa 

• • 5130 • 5160 ' 
GCTATTAAGAGATGCATCTATTT'l'TGGMAAGA=ATTATCATCTTCAGAAATT'l'C ; 
ULaULauArqAspAlaSerIlePheGlyLysGluTrpGlyLeuSerSerSerG1UIlaSe 

• • 5190 • • 5220 
AACATTT'l'ATAACCGTCAAGTCGAACGAGCAGGAGATTAT'l'CCGACCATTGTGTGAAATG 
rThrPhsTyrAsnArqGlnValGluArqAlaGlyAspTyrSarAspHiscyaValLysTr 

• • 5250 • 5210 
GTA'1'AGTACAGGTCTAAATAACTTGAGGGGTACAAATGCCGAAAGCTGGGTTCG"l"l'ATAA 
pTyrSerThrGlyLaUAanAsnLauArqGlyTbrAsnAlaG1USarTrpValArqTyrAs 

• • 5310 • 5340 
TCAATT'l'CGTAAAGATATGACATTAATGGTACTTGATT'l'AGTCGCACTATTCCCAAGCTA 
nGlnPhaArqLysAspMetThrLsuKatValLeUAapLeUValAlaLeuPheProSarTy 

• • 5370 • • 5400 
TGATACACTTGTATATCCAAT'l'AAAACTACTTCTCAACTTACAAGACAAGTATATACAGA 
rAspTbrLauValTyrProIleLysThrThrSerGlnLeUThrArqGluvalTyrTbrAs 

• • 5430 • • 5460 
CGCAATTGGGACAGTACA~ACGA=ATAATAATAA 
pAlaIlaGlyThrValHisProAsnAlaSerPheAlaS~AanAanAa 

• 5490 • • 5520 
'TGCCCCf%'CQTTC'l'CTACCATAGAGTCTCC'1'GT'1CCCGc:ATCTACTCGATT'l' 
nAleProsarPha5arThrIleGluserAlaVal ValAr9AanProHieLeULauAapPh 

• • 5550 • • 5580 
TCTAGAACAAGTTACAATT'l'ACAGCTTAT'l'AAGTAGGTGGAGTAACACTCAGTATATGAA 
aLauGluGlnValThrIlaTyrSerLauLaUSerArqTrpSerAsnThrGl.n'l'yrI(etAs 

• • 5610 • • 5540 
TATG"l'GGGGAGGACATAGACTTGAATTCCGAACAATCGGAGGAATGT'l'AAATACCTCAAC 
nKetTrpGlyGlyHiaArqLsUGluPheArqTbrIleGlyGlyXetLeuAsnThrSsrTb 

FIG. 3-Continued. 

two, is 3,522 nucleotides in length, encoding a putative 
peptide consisting of 1.174 amino acids. Its position within 
pEG640 and its relationship to the location of the down­
stream open reading frame (ORF2) are schematically repre­
sented in Fig. 2A. As shown in Fig. 3, the coding region of 
the cryIF gene extends from nucleotide positions 478 to 
3999. An NH~-terminal methionine translational start site 
was identified-for cryIF at nucleotide position 478 of the 

sequence. It was immediately preceded by a putative ribo­
some binding site. A putative promoter sequence for the 
cryIF gene was located via sequence inspection upstream of 
the ribosome binding site, beginning at nucleotide position, 
389 (Fig. 3). The sequences of the cryIF presumed -10 and 
- 35 regions were homologous to those identified for the 
HD-1-Dipel cryIA(a) gene Btl promoter (41). 

A methionine codon, followed by an open reading frame of 
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FIG. 4. SDS-PAGE analysis of crystal protein from B. thurin­
giensis native and recombinant strains. Lanes: 1 and 2. Renografin 
gradient-purified crystal protein from B. thllringiensis EG6345 and 
EG6346, 2.8 and 0.75 ILg, respectively; 3, 0.70 ILg of Renografin 
gradient-purified crystal protein from B. thllringiensis EG1945 
(recombinant strain harboring cry/F). Numbers at the left indicate 
the positions of protein size standards in kilodaltons. 

The smaller protein present in EG6346 and also evident in 
EG6345 most likely represents the protein encoded by the 
crylC gene. which has been identified in each of these strains 
by DNA hybridization analysis with a cryIC-specific oligo­
nucleotide probe (data not shown). However. because of the 
sometimes spurious nature of protein migration in gradient 
SDS-polyacrylamide gels. specific confirmation of protein 
size for the CryIC protein compared with the CryIF protein 
will depend on analysis of the full-size. cloned cryIC gene 
product. 

Plasmid localization of the cryIF gene. To determine the 
location of the crylF gene in B. thllringiensis EG6345 and 
EG6346 and to compare its location with that of the crylA(b) 
gene present within strain EG6345. plasmid DNAs from 
EG6345 and EG6346 were resolved by agarose gel electro­
phoresis according to the method of Gonzalez et al. (14) (Fig. 
5A). Plasmid DNAs were then transferred to nitrocellulose 
and hybridized either to the intrag~nic 2,.2-kb PvuII probe or 
to a crylF gene-specific probe consisting of a gel-purified 
O.4-kb PstI-Sacl fragment isolated from the 5'-terminaI 
region of the cryIF gene on pEG640. As shown in Fig. 5B. 
the PVIIII intragenic cryIA(a) probe hybridized strongly to 
the 44-MDa plasmid present within HD-I (lane 1). which 
harbors a cryIA(b) gene (25). Hybridization of the PvuII 
probe to this plasmid was expected. since the nucleotide 
sequence of the probe is highly conserved among all three 
cryIA genes. Similarly. the PVIIII probe also hybridized to 
the large 110-MDa plasmid in strain HD-I containing the· 
crylA(a) and cryIA(c) toxin genes (25). 

The PVI/II probe also hybridized to the 45-MDa plasmid 
encoding the cryIA(b) gene in strain EG6345. Differences in 
the hybridization signal intensity of the PVllII probe in 
detecting the crylA(b) gene in strains HD-I and EG6345 may 
be attributed to inconsistent amounts of DNA loaded onto 
the gel (Fig. 5A). Lack of hybridization by the PvuII probe to 
a 45-MDa plasmid in strain EG6346 (Fig. 5B. lane 3) was 
consistent with the absence of the 45-MDa plasmid in this 
cured derivative of EG6345. The l1S-MDa plasmid present 
within strains EG6345 and EG6346 was weakly detected by 
the PVllII probe (Fig. SB. lanes 2 and 3). 

An autoradiogram showing hybridization of the crylF 
PstI-Sacl probe to plasmid DNAs from strains HD-I (lane 
1), EG634S (lane 2). and EG6346 (lane 3) is shown in Fig. 5C. 
The cryIF probe failed to hybridize to plasmids harboring 
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FIG. 5. Plasmid location of cry/F. (A) Ethidium bromide-stained 
agarose gel resolving plasmid DNA prepared from B. thuringiensis 
HD·1 (lane 1); EG6345 (lane 2). and EG6346 (lane 3). (B) Southern 
blot of the gel in panel A probed with the 32P-labeled 2.2-kb Pvull 
intragenic fragment obtained from the cryIA(a) gene of HD-1 (lanes 
as in panel A). (C) Southern blot of the gel in panel A probed with 
the 32P·labeled O.4-kb PstI-SacI intragenic N-terminal fragment of 
crylF (lanes as in panel A). Numbers at the left indicate approximate 
plasmid mass in megadaltons. L. low-molecular-weight smear. 
Hybridizations were conducted at high stringency as described in . 
Materials and Methods. 

crylA genes in strain HD-I or EG6345 but did hybridize to 
the l1S-MDa plasmid present in strains EG6345 and EG6346. 
indicating that the l1S-MDa plasmid contains the crylF gene ... 
The comparative intensity of the hybridization signal ob- . 
tained is weak. This is particularly evident in comparison 
with the signal that results from hybridization of the PvuII . 
probe to the cryIA gene(s) present in HD-I and EG634S .. 
Several factors may be responsible for this weak hybridiza­
tion signal. First. the PvuII probe hybridizes strongly to all 
crylA genes located on the 110- and 45-MDa toxin plasmids 
of HD-l. In contrast, the crylF-specific PstI-Sacl probe. 
which is derived from an N-terminal region of cryIF. which 
has limited sequence homology to the crylA genes. is spe­
cific for the detection of crylF only. In addition, high­
molecular-weight, closed covalent circular DNA, such as 
that represented by the l1S-MDa plasmid, may be less 
efficiently transferred by the Southern blot procedure than 
are smaller plasmids (such as the 45-MDa plasmid shown in 
Fig. SB). Finally, the relative sizes of the probes used in Fig. 
5B and C (2.2 kb for the Pvull probe in Fig. SB and 0.4 kb for 
the crylF probe in Fig. SC) may also contribute to the 
comparatively weaker signal in Fig. SC. Both the PvuII and 
the PstI-Sacl probes hybridized to a low-molecular-weight 
smear (L in Fig. 5A), which likely represents shearing of the 
larger toxin plasmids. 

As shown in Fig. IC. the O.4-kb PstI-SacI intragenic 
cryIF-specific probe detected a IO.4-kb HindIlI fragment 
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TABLE 2. Sequence homology of crylF and CrylF to other 
ICP genes and proteinsa 

Homology with cryIF 

Gene Amino acid 
DNA 

Total N-terminal regionb 

cryIA(a) 77.6 71.7 51. 0 (1-608) 
cryIA(b) 75.8 70.4 52.0 (1-609) 
cryIA(c) 75.8 69.9 49.0 (1-610) 
crylB 66.6 58.3 40.1 (1-637) 
crylC 75.3 70.0 48.8 (1-617) 
cryJD 75.6 71.5 52.0 (1-593) 
crylE 77.2 69.8 48.1 (1-602) 
crylIA 43.9 24.6 
cryllIA 53.0 35.6 
crylVD 44.5 20.8 

a The cryIF and CryIF sequences were compared with the sequences of 
cryIA(a) (36), cryIA(b) (19), cryIA(c) (2), cryIB (5), cryIC (21), cry/D (4), cryIE 
(4), cryIIA (10), cryIIlA (11), and cryIVD (9). Values denote percent positional 
identity as determined by Queen and Korn (32). 

b Amino acids 1 to 602 of the CryIF protein were compared with the 
N-terminal regions of other CryI proteins as indicated above. 

379 codons (ORF2), was identified at nucleotide position 
4508. ORF2 terminates with the GATC Sau3A cloning site 
delimiting the insert DNA. The sequence described for 
ORF2 may represent an artificially truncated version of the 
native gene present within B. thllringiensis EG6346. Al­
though a ribosome binding site has been identified upstream 
of ORF2, we were unable to identify -10 and -35 promoter 
sequences homologous to those already described for other 
cryI genes within the intervening DNA sequence between 
cryIF and ORF2. 

The sequence analysis program of Queen and Korn (32) 
was used to compare the cry/F and CryIF sequences with 
the published sequences of other B. thllringiensis insecti­
cidal crystal genes and proteins (Table 2). For comparisons 
between genes of widely differing lengths, such as cryIF (3.5 
kb) and crylVD (1.9 kb), alignments tiere performed as 
follows. Alignment of sequences was first determined by 
using full-length sequences for both genes. The sequence of 
the larger of the two genes was then truncated at the last 
nucleotide shared between the two genes, and the two 
sequences' were realigned to determine the percentage of 
matched nucleotides within the general area of homology 
defined by the first alignment. Full-length amino acid se­
quences were similarly compared. 

As deduced from Table 2, the nucleotide sequence of the 
cryIF gene is only about 67 to 78% homologous (positionally 
identical) to those of the cry/A subgroup, cryIB, cry/C, 
crylD, and cryIE genes. Among these crystal protein gene 
sequences, the DNA sequence of crylF was most homolo­
gous to the cryIA(a) nucleotide sequence from B. thllringi­
ensis HD-1, with 77.6% of the nucleotides conserved be­
tween the two genes. Nucleotide sequence comparisons 
between the cry/F and cryll, cryIII, and cryIV genes re­
vealed, as expected, significantly less homology. The se­
quence of the crylIA gene was most divergent, with only 
43.9% of the nucleotides conserved between the two genes. 

Comparisons of the amino acid sequences generally reflect 
results obtained between nucleotide sequence comparisons. 
Again, the CryIF protein sequence was distinct from but 
significantly homologous to the other CryI proteins. with 58 
to 72% of the amino acids conserved. Although the nucleo­
tide sequence of crylIA was least related to that of cry/F, the 
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CryIIA protein was slightly more related to the CryIF 
protein than was CryIVD (24.6% versus 20.8% shared amino 
acids). 

Particular attention was focused on the 5'-terminal region 
of the crylF gene, since this region has been shown to 
encode the active toxin moiety of other CryI ICPs (2, 19, 35). 
Amino acid homologies ranged between 49 and 52% for the 
N-terminal region of the CryIF protein and similar domains 
in the CryIA, CryIC, and CryIE proteins. The Cry IF N-ter­
minal amino acid sequence was less related to CryIB (40%). 

Expression of cryIF in B. thuringiensis. Previous reports 
from this laboratory (11) have indicated that E. coli cells 
harboring B. thllringiensis ICP genes fail to produce signifi­
cant amounts of toxin protein when ICP genes are expressed 
from their native promoters. Returning the cloned B. Ihur­
ingiensis ICP gene to a Bacillus species, and ideally to a B. 
thuringiensis host, maximizes ICP gene expression from its 
native promoter and enables sufficient crystal protein yields 
required for critical evaluations of insecticidal activity. To 
this end. the cloned cryIF gene was introduced into an 
acrystalliferous recipient B. thuringiensis strain, HD73-26, 
as described below. 

The pEG640 plasmid construct was ligated to the modified 
pBC16 vector pEG434 (31) at the unique HindlII site present 
on both pEG640 and pEG434: The resulting recombinant 
plasmid, designated pEG642 (Fig. 2B), possessed both E. 
coli and Bacillus replication origins and a selectable marker 
(tet) that encoded tetracycline resistance in a B. thuringien­
sis host. A previous report documented increased transfor­
mation efficiency of B. thuringiensis strains with DNA 
isolated from GM2163, an E. coli mutant strain defective for 
both adenine and cytosine methylation (31). Therefore, 
pEG642 plasmid DNA was first used to transform E. coli 
GM2I63. Plasmid DNA prepared from this recombinant 
strain (GM2163 containing plasmid pEG642) was used to 
transform the B. thuringiensis Cry- recipient strain HD73-
26 by electroporation. A single tetracycline-resistant B. 
thllringiensis HD73-26 transformant, strain EG1945, con­
tained pEG642, as verified by restriction enzyme and hybrid­
ization analyses (data not shown), and was chosen for 
further study. Microscopic examination of sporulated B. 
thllringiensis EGI945 cultures revealed the presence of 
crystalline inclusions (large, irregularly shaped rods and 
bipyramidals). 

Renografin gradient-purified crystal protein from strain 
EGI945 was used for SDS-PAGE analyses of the crylF gene 
product. The Renografin-purified CrylF protein from the B. 
thuringiensis EG1945 recombinant strain was compared with 
similarly purified proteins obtained from the native B. thllr­
ingiensis isolates, EG6345 and EG6346 harboring the cry/F 
gene. A single large protein of approximately 135 kDa was 
observed in strain EG1945 (Fig. 4, lane 3), consistent with 
expression of cryIF in this background. The size of the 
observed protein correlates well with the predicted molecu­
lar mass of 134 kDa deduced from the amino acid sequence. 
At least three distinct protein species were observed in 
EG6345 (lane I), which confirms the DNA hybridization 
analyses (Fig. 1) and verifies the presence of the cryIA(b), 
cry/C, and cry/F genes in this strain. It is possible, however, 
that other proteins of similar size encoded by additional 
toxin genes are present in EG6345 which are not resolved 
under these electrophoretic conditions. B. tllllringiensis 
EG6346 (lane 2), which was used to construct the library 
from which cry/F was cloned, produces at least two rcps, 
the largest of which appears to comigrate with the 135-kDa 
CryIF protein produced by the recombinant strain EG1945. 
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TABLE 3. Insecticidal activity of CryIF protein against several 
neonate lepidopteran larvae 

Crystal 50% Lethal concn (ng of ICP/mm! of diet surfacer 

protein H. virescens H.zeiz O. nubilalis S. exiglla 

CryIA(b) 0.68 (2) 16.9 (2) 0.27 (2) 38.8 (8) 
(0.57-0.82) (13.~24.3) (0.22-0.35) (34.~.8) 

CryIA(c) 0.04 (4) 1.2 (4) 0.11 [4] >57.0 [1) 
(0.03-0.05) (1.1-1.4) (0.1~.13) 

Cry IF 0.31 [2) >57.0 [2) 0.27 [4] 25.6 [4] 
(0.26-0.38) (0.22-0.33) (20.9-31.9) 

• Numbers of bioassays performed are in brackets; 95% confidence inter­
vals are in parentheses. 

present in strains EG6346 (lane 1) and EG6345 (lane 2) 
but failed to hybridize to HindIII-digested RD-1 DNA (lane 
3). The 10.4-kb HindIlI fragment had also hybridized to 
the PVllII probe at low stringency as described above (Fig. 
1B). 

Insect toxicity of the CryIF protein. The CryIF protein was 
tested for its insecticidal activity in a bioassay against four 
lepidoptera; CryIA(b) and CryIA(c) proteins were included 
for comparison (Table 3). The insecticidal activity profile of 
the CryIF protein was differerit from that of CryIA(b) or 
CryIA(c). The CryIF protein was highly active against O. 
nllbilalis and H. virescens, was moderately active against S. 
exigua, and demonstrated little activity against H. zea at the 
highest dose tested. CryIF crystals were more active than 
CryIA(b) crystals against H. virescens and S. exiglla, equiv­
alent in activity against O. nllbilalis, and significantly less 
active against H. zea. CryIF crystals were significantly more 
active than CryIA(c) crystals against S. exiglla and were 
significantly less active against H. virescens, H. zea, and O. 
nl/bilalis. 

i 
DISCUSSION 

Using the technique oflow-stringency DNA-DNA hybrid­
ization and cry/-specific DNA probes, we have analyzed a 
novel B. tllllringiensis subsp. aizawai strain. EG6345, and 
a cured derivative of strain EG6345, designated EG6346. 
Both strains produce large bipyramidal crystals during 
sporulation. Characteristic HindIJI restriction fragments, 
associated with the presence of previously described, lepi­
dopteran-active cry/ genes which could give rise to the­
observed crystal phenotype, were not detected in EG6346 
by Southern blot hybridization analysis. Rather, low­
stringency hybridization to the intragenic PVI/II probe 
from cry/A(a) detected several atypically sized fragments 
which suggested the presence of one or more novel toxin 
genes within B. thllringiensis EG6346. Subsequent screen­
ing of an EG6346 E. coli genomic library identified one 
recombinant plasmid, pEG640, which contained a 5.7-kb 
insert. 

Sequencing of the entire pEG640 insert, and subsequent 
comparison with the published sequences of other toxin 
genes, resulted in the identification of one intact novel toxin 
gene, which we have designated crylF, and an additional 
novel CryI-related sequence, designated ORF2. Comparison 
of the CryIF amino acid sequence with that of ORF2 
indicates that the N-terminal regions of these two sequences, 
compared over the length delimited by the truncation of 
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ORF2, are quite distinct, with only 35.8% of the amino acids 
positionally aligned. 

Justification for the cry/F designation derives from a 
consideration of DNA and amino acid sequence compari­
sons with other cry/ genes and ICPs, as well as the cry/F 
gene product's potent activity against several lepidopteran 
insects. Amino acid sequence comparisons of CryIF with 
CryIA, CryIB, CryIC, CryID, and CryIE proteins show, at 
best, only a 72% conservation of amino acid sequence. In 
contrast, CryIA subgroup crystal proteins are greater than 
80% homologous. More important is the unique N-terminal 
amino acid sequence of the CryIF protein, which is at most 
52% homologous to that of the other CryI proteins. The 
insecticidal activity spectrum of the CryIF protein was 
likewise distinct from those of the other CryI crystal proteins 
tested. Significant larvicidal activity was observed for a 
number of important lepidopteran pests, including H. 
virescens (tobacco budworm), S. exigI/a (beet armyworm), 
and O. nllbilalis (European corn borer). 

The CryIF amino acid sequence was analyzed for the 
presence of the five conserved domains or homology boxes 
which have been previously identified for the CryI, CryIII, 
and CryIV ICPs (20, 27). Not surprisingly, all five conserved 
domains are present in CryIF. The box 1 and 2 conserved 
domains are highly hydrophobic and have been hypothe­
sized to comprise a toxicity domain capable of membrane 
insertion (16). Interestingly, greater homology was evident 
between CryIF and CryIA(b) at homology boxes 1 and 2 
than was present at homology box 3. At box 3, homologies 
between CryIF and CryIA(b) and between CryIF and CryIC 
were 63 and 76%, respectively. 

Experiments are currently under way to clone and char­
acterize the potential gene suggested by the presence of 
ORF2 from the EG6346 genomic library. Of interest was the 

. close proximity of cry/F to the ORF2 sequence, with an 
intervening sequence of only 500 bp separating the open 
reading frames. Although sequence inspection located a 
potentially functional promoter sequence upstream of the 
crylF open reading frame. a similar sequence was not 
observed for ORF2. Sequence inspection has identified, 
however, a putative termination structure within the 500-bp 
intervening sequence at nucleotide positions 4090 to 4132 
that is nearly identi·cal to the termination structure described 
for the cry/A(a) gene of the HD-1-Dipel strain (41). 

In conclusion, a novel ICP gene, cry/F, has been identified 
thatdirects the synthesis in B. thllringiensis of a 133.6-kDa 
protein, CryIF, with significant insecticidal activity against 
H. virescens, S. exigI/a, and O. nl/hi/aUs larvae. The char­
acterization of novel ICP genes, such as cry/F, furthers 
our understanding of the molecular genetic basis and diver­
sity of B. thuringiensis ICP specificity. This diversity of 
ICPs is of paramount importance in the creation of new 
B. thuringiensis-based bioinsecticides by using both mi­
crobial genetic and recombinant DNA techniques. It will 
be of interest to determine whether the Cry IF active toxin 
moiety binds to a midgut epithelium receptor population 
that is distinct from those identified for other CryI proteins 
(18. 38). Lepidopteran-active ICPs with distinct receptor 
binding characteristics are of particular interest, since re­
cent evidence indicates that laboratory-selected insect resis­
tance to a specific ICP can be correlated with a reduced 
affinity of the membrane receptor for that protein (39). B. 
thl/ringiensis bioinsecticide products composed of multiple 
ICPs that interact with distinct membrane receptors may 
therefore be less likely to lead to resistant insect populations 
(39). 
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