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Abstract To clone novel cryl-type genes from the Bacillus
thuringiensis K1 isolate, about 2.4-kb-long PCR fragments
were amplified with two primer sets of ATG1-F/N400-R and
1BeATG1-F/N400-R. Using PCR-RFLP, three novel cryl-
type genes, cryl-1, cryl-7, and cryl-44, were obtained from
B. thuringiensis K1 and the complete coding sequences of these
novel genes were analyzed. The Cry1-1, Cry1-7, and Cry1-44
proteins showed maximum similarities of about 78.0%, 99.7%,
and 91.0% with the Cry1Hal, Cry1Bel, and CrylAc2 proteins,
respectively. These novel cryl-type genes were expressed using
a baculovirus expression vector system and their insecticidal
activities were investigated. Whereas all three novel genes
were toxic to Plutella xylostella larvae, only Cryl-1 showed
insecticidal activity against Spodoptera exigua larvae.
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Bacillus thuringiensis, a Gram-positive and spore-forming
soil bacterium, is the most well-known and widely used
bioinsecticide for insect pest control. B. thuringiensis
produces parasporal inclusions during sporulation. The
parasporal inclusion is solubilized and cleaved as an active
toxin by proteolysis in the insect midgut, and the active
toxin interacts with the larval midgut epithelium, causing a
disruption in membrane integrity and ultimately leading to
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insect death [8]. The crystal proteins are mainly toxic to
the larvae of lepidopteran, dipteran, and coleopteran insects
[13, 19]. In addition, they are toxic to some hymenoptera,
homoptera, and mallophaga as well as many nematodes,
flatworms, and Sarcomastigophora [9, 32]. Since the first
cloning of an insecticidal crystal protein gene from B.
thuringiensis [27], more than 130 crystal proteins based on
crystal protein gene sequences and amino acid similarities
have been described [1, 5].

However, the conventional use of B. thuringiensis
insecticides is faced with some limitations, such as a narrow
host spectrum, a short shelf life, and development of
pest insect resistance. As a solution to overcome these
problems, many researchers have concentrated on isolating
novel B. thuringiensis strains containing high insecticidal
activity and/or a wide host spectrum [10, 15,29]. The
need for novel crystal proteins has led to the collection
of numerous B. thuringiensis isolates and prompted
the development of molecular approaches to quickly and
easily characterize toxin genes present in B. thuringiensis
isolates.

For the last few years, PCR-based methods that allowed
for both the identification of known cry genes and the
detection of novel cry genes from B. thuringiensis isolates
have been proposed and broadly applied [1, 4, 21]. However,
the PCR-based methods had a major limitation in that they
could not isolate the A-terminal region of cry genes encoding
the toxic fragment. Therefore, in this study, we designed
two primer sets that enable to detect the active region of all
possible cryl-type genes, and identified novel cry/-type genes
from the B. thuringiensis K1 isolate using these primers.
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MATERIALS AND METHODS

Bacterial Strains and Culture Media

B. thuringiensis isolates were obtained from soil samples
collected in Korea using the method of Ohba and Aizawa
[24]. B. thuringiensis subsp. kurstaki HD-1 and aizawai
HD133 strains, which were kindly provided by Dr. Ohba
(Institute of Biological Control, Faculty of Agriculture,
Kyushu University, Japan), were used as reference 5.
thuringiensis strains. SPY medium was used for the
preparation of plasmid DNA [28].

PCR, Cloning, and RFLP Analysis

Plasmid DNAs of B. thuringiensis strains were prepared
using a Qiagen Plasmid Midi Kit (Qiagen Co., Germany)
according to the manufacturer’s protocols. The ATG1-F
(5-ATGCAATGCGTACCTTACAATTGTTTAAGTAAT-3")
and N400-R (5-CATCGATTCGGITCACCGCACCTTCC-
3" primers were designed to isolate and characterize the
cryl-type genes except crylB-type genes. The 1BeATGI1-
F primer (5-ATGACTTCAAATAGGAAAAATGAG-3")
was specially designed for the amplification of crylB-type
genes because they have a shifted open reading frame at
the active region compared with other cryl-type genes.
The PCR reaction was conducted with 50 ng of plasmid
DNA, 20 pM of each primer, and 5 unit of Pyrobest DNA
polymerase (Takara Shuzo Co., Japan) in 100 pl of PCR
reaction mixture for 30 PCR thermal cycles (94°C for
1 min, 47°C for 30's, and 72°C for 4 min). Amplification
was accomplished with the DNA Thermal Cycler (Perkin
Elmer Cetus, U.S.A.). About 2.4kb of PCR-amplified
fragments were purified with a QIAquick PCR Purification
Kit (Qiagen Co., Germany) and cloned into the pGem-T
Easy vector (Promega Co., U.S.A.). For search of novel
cryl-type genes, the cloned cryl-type genes were digested
with EcoRI, EcoRI/HindIll, and EcoRI/EcoRV (Roche
Applied Science, Germany). Restriction endonuclease patterns
were analyzed on a 2% Nusive 3:1 agarose gel (BMA Co.,
U.S.A).

Inverse-PCR and Sequencing

Five ng of plasmid DNA was digested with Ndel or
EcoRV (Roche Co., Germany), and extracted twice with
phenol, once with chloroform, and dissolved in TE (pH
8.0) at a concentration of 100 pg/ml. One ml of restriction
fragments was diluted to a concentration of 0.5 pg/ml with
the ligation buffer (Promega Co., U.S.A.). The ligation
reaction was initiated by the addition of T4 DNA ligase
(Promega Co., U.S.A.) and allowed to proceed for 16 h at
4°C. The ligated samples were then treated with an equal
volume of the phenol:chloroform mixture, the aqueous
phase was harvested, and the DNA was precipitated with
ethanol and collected by centrifugation. These Ndel- or
EcoRV-digested and circularized plasmid DNAs were used

as the template in inverse PCR [16]. These inverse PCR-
amplified fragments were cloned into the pGem-T Easy
vector (Promega Co., U.S.A.). The nucleotide sequences
were determined by Macrogen Co. (Korea).

Expression of Cryl-Type Crystal Proteins

About 2.4 kb of PCR-amplified toxic fragments of the
cryl-type genes were inserted into pOB I vector under the
control of a polyhedrin gene promoter to construct transfer
vectors. One pg of bApGOZA DNA and 4 nug of each
transfer vector DNA were cotransfected into Sf9 cells using
Cellfectin reagent (Invitrogen Co., U.S.A.) as previously
described [17]. The virus-containing supernatant was
harvested at 5 days post-transfection, and recombinant
AcMNPVs were isolated using plaque purification [25].

SDS PAGE

S9 cells infected with the recombinant viruses were lysed
with the cell-lysis buffer (50 mM Tris-HCl, pH 8.0, 0.4%
SDS, 10mM EDTA, 5% pB-mercaptoethanol), washed
twice with the excess phosphate-buffered saline (PBS;
140 mM NaCl, 27 mM KCl, 8 mM Na,HPO,, 1.5 mM
KH,PO,, pH 7.3), and analyzed in 12% SDS-PAGE.

To confirm the activation of Cry1-type proteins, gut juice
from Bombyx mori was treated using a partially modified
method of Pietrantonio and Gill [26]. The polyhedra
produced by recombinant viruses were solubilized in the
sodium carbonate solution (0.1 M Na,CO;, 0.17 M NaCl,
0.01 M EDTA, pH 10.8) at 37°C for 1 h. The insoluble
materials were removed by centrifugation at 10,000 xg for
10 min at 4°C. The supernatant fraction was then incubated
with B. mori gut juice (2:1 v/v) at 37°C for 2 h. Samples
treated with the gut juice were subjected to 10% SDS-
PAGE.

Bioassays

The toxicities of recombinant polyhedra containing the
Cryl-type crystal proteins were determined against the
larvae of Plutella xylostella and Spodoptera exigua. The
purified recombinant polyhedra samples were subjected to
10% SDS-PAGE and the fusion protein content was
determined by the 1D-gel analysis system (Kodak Co.,
U.S.A.). To determine the median lethal concentration (LCs,)
against P xylostella, serial dilutions of the recombinant
polyhedra (corresponding to 500, 125, 12.5, 1.25, 0.12 ng/
ml in terms of crystal protein) were treated on Chinese
cabbage leaf pieces (2x2 cm®) and fifteen 2nd-instar larvae
were introduced to each leaf surface. To determine the
insecticidal activity against S. exigua, serial dilutions of the
recombinant polyhedra (corresponding to 2,000, 1,000,
500, 125, and 31 ng/ml in terms of crystal protein) were
tested on Chinese cabbage leaf pieces onto which fifteen
Ist-instar larvae were introduced. All tests were repeated 3
times. The mortality was checked every 12 h for 2 days for



P, xylostella, and every 12 h for 3 days for S. exigua. LCs,
was calculated using Probit analysis [7].

RESULTS

Identification of Novel cryl-Type Toxin Genes

In order to search novel cryl-type crystal protein genes
toxic to lepidopteran insects from the B. thuringiensis K1
isolate, we carried out PCR amplification of cryl-type
genes using the two primer sets of ATG1-F/N400-R and
1BeATG1-F/N400-R. These primers were designed to
probe the most conserved regions of all known cryl-type
gene sequences so that the amplified PCR fragments
templated from B. thuringiensis strains may contain all
possible active regions of cryl-type genes. Furthermore,
transcription start codon ATG was added to the 5' end of
sense primers, ATG1-F and 1BeATGI-F, for the direct
application of PCR-amplified fragments in the protein
expression study. About 2.4-kb fragments including active
regions of the cryl-type genes were amplified from B.

A

(kb)

30—

2.0~
15—

10—

EcoRI/HindIII
M 12 3 4 5

THE NOVEL CRY/-TYPE CRYSTAL PROTEIN GENES 17

thuringiensis K1 using these primers (Fig. 1A). These
PCR fragments were cloned into the pGem-T Easy vector,
and five cryl-type genes were isolated through RFLP
analysis (Fig. 1B). Nucleotide sequence determination of
these five cryl-type genes revealed that two genes were
identical to cryl Ea (GenBank Accession No. U94323) and
crylAa (GenBank Accession No. D17518) genes, respectively.
However, the other three genes, cryl-1, cryl-7, and cryl-44,
were different from all of the cryl-type genes previously
reported.

For analysis of the complete nucleotide sequences of
these novel genes, full-length coding regions of cryl-7 and
cryl-44 were cloned using inverse PCR. On the other
hand, to clone the cryl-1 full-length gene, about 8.0 kb of
a HindIl1/Xhol-digested restriction fragment was inserted
into the pBluescript II SK vector. The cryl-7 full-length
gene (GenBank Accession No. AY570735) was 3,684 bp
long, encoding 1,228 amino acid residues. The gene showed
a high level of similarities in nucleotide (99.4%) and
deduced amino acid (99.3%) sequences with the crylBe
gene. Furthermore, the full-length sequence of cryl-44

EcoRVEcoRV
M1 2 3 4 5

Fig. 1. PCR amplification with the two primer sets, ATG1-F/N400-R and 1BeATG1-F/N400-R (A), and RFLP pattern of the cryl-type

genes (B) from B. thuringiensis K1.

A. Lanes: M, 1-kb DNA ladder (Fermentas, U.S.A.); 1, PCR amplification with ATG1-F and N400-R primers; 2, PCR amplification with 1BeATG1-F and
N400-R primers. B. About 2.4 kb of PCR-amplified fragments were cloned into pGem-T easy vector and digested with EcoRl, EcoRI/HindIIf, and EcoRI/
EcoRV and electrophoresed on a 3% agarose gel. Lanes: M, 100-bp DNA ladder (Fermentas, USA); 1, cryl-1; 2, crylEa; 3, cryl-7; 4, crylAa; 5, cryl-44.
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(GenBank Accession No. AY570733) was 3,546 bp long,
encoding 1,182 amino acid residues. The gene showed
91.2% of nucleotide sequence similarity and 90.1% of
amino acid sequence similarity with the crylAc gene. The
cryl-1 gene (GenBank Accession No. AY554171) was
3,512 bp long, encoding 1,171 amino acid residues and
showed maximum similarities in nucleotide (77.6%) and
deduced amino acid (73.0%) sequences with the cryHa gene.

Insecticidal Activities of Novel Cry1-Type Crystal Proteins
To evaluate the insecticidal activities of novel cryl-type genes
from B. thuringiensis K1, N-terminal active regions of these
genes as well as CrylAc and CrylC as positive control
were expressed using the recombinant polyhedra technique
as previously described [3]. In this method, each crystal
protein was expressed as a fusion protein with the
polyhedrin of AcNPV, and the fusion protein was occluded
into polyhedra of AcCNPV.

In order to examine the expression of fusion proteins in
the polyhedra produced by each recombinant virus, the
protein profiles of recombinant viruses were analyzed by
SDS-PAGE. Whereas the polyhedra of wtAcMNPV solely
consisted of an about 30-kDa polyhedrin protein, about
120-130 kDa of fusion protein along with the 30 kDa of
polyhedrin were exhibited in recombinant viruses (Fig. 2A).
In addition, recombinant viruses, ApAc and Ap1C, showed
about 100 kDa of fusion protein in addition to the polyhedrin
protein. To verify whether or not fusion proteins occluded
in polyhedra could be cléaved into the active toxin by
proteolytic enzymes present in the gut juice, the purified
recombinant polyhedra were treated with B. mori gut juice.
About 65kDa of the activated Cryl-type protein was
exhibited when the recombinant polyhedra were treated
with B. mori gut juice (Fig. 2B).
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Table 1. Median lethal concentration (LC,,) of Cryl-type proteins
contained in B. thuringiensis K1 against P. xylostella and S.
exigua larvae.

P, xylostella S. exigua
LCs,  95% fiducial LCs, 95% fiducial
(ng/ml) limits (ng/ml) (ng/ml) limits (ng/ml)
CrylAc 208 10.5-394 >2,000 -
CrylC  >500 - 4349 373.1-532.1
CrylAa 267  0.93-29.97 >2,000 -
CrylEa >500 - 667.2 525.8-766.7
Cryl-1 95.1  39.9-293.8 1,105  932.8-1203.0
Cryl-7 199.6 137.0-220.8  >2,000 -
Cryl-44 259 11.29-58.08 >2,000 -

The bioassay against P. xylostella and S. exigua larvae
was performed using recombinant polyhedra containing
Cry1-type crystal proteins to evaluate the insecticidal activities
of the cryl-type genes. In the bioassay against P. xylostella
larvae, the Cry1-44 showed similar LCs, values with that
of the Cry1 Ac (Table 1). The other two proteins, Cry1-1 and
Cry1-7, also showed toxicities against P. xylostella larvae,
although the overall LCs, values of these proteins were
higher than that of Cryl Ac. Against S. exigua larvae, only
Cryl-1 showed toxicity, by a 2.5-fold higher LC,, value
than that of CrylC (Table 1). However, the other proteins
did not show any activity against S. exigua larvae.

DISCUSSION
We have described the biochemical and molecular biological

characteristics of a new B. thuringiensis K1, which was
isolated from a Korean soil sample [22]. In the PCR analysis
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Fig. 2. SDS-polyacrylamide gel electrophoresis (A) and activation (B) analysis of the polyhedrin-crystal toxin fusion proteins

occluded in recombinant polyhedra.

Lanes: M, protein molecular weight marker; 1, wtAcNPV; 2, CrylAc; 3, CrylC; 4, Cryl-1; 5, Cry1Ea; 6, Cry1-7; 7, CrylAa; 8, Cryl-44; 9, gut juice of

B. mori.



with specific primers, this isolate contained five cryl-type
genes: crylAa, crylAb, crylAc, crylE, and cryX [22]. In
this study, the active regions of the five cryl-type genes
were identified. Among the five c¢ryl-type genes, three
genes were revealed to be novel and the other two genes
were identical to be the previously reported crylda and
crylEa genes [19, 30]. One novel gene, cryl-44, showed
91.2% nucleotide sequence similarity with the cryldc
gene; however, the 487-bp specific PCR-amplified product
region was identical to the corresponding region of the
crylAc gene. Another novel gene, cryl-1, contained a 365 bp
PCR product of the cryX gene. However, the cryl-7 gene
was firstly isolated using the 1BeATG1-F/N400-R primer
set. In this study, we could not isolate the crylAb gene that
was identified in a previous study using a crylAb-specific
primer. The cryiAb PCR product identified previously
might be resulted from other crylA-type genes.

The PCR-RFLP is a simple and convenient method to
detect both known and new genes existing in B. thuringiensis
strains [4, 14, 18, 21]. However, the universal primers used
in the previous study had a limitation in that its PCR
products could not be directly used for a functional assay,
since these primers amplify the domain Il and partial C-
terminal region. To date, various novel cry genes have been
expressed in the B. thuringiensis Cry B strain to evaluate
the insecticidal activity of these genes [2, 20, 23, 30, 31].
However, expression of novel cry genes in B. thuringiensis
cells is very tedious and time-consuming, in that this
approach requires to clone the full-length sequence of
about 3.6 kb containing the complete coding region of the
target gene. Recently, we have described the generation of
recombinant baculoviruses in which the N-terminal toxic
region of crystal protein is actually incorporated into the
polyhedra of baculovirus [3, 11, 12]. This approach allows
the crystal protein to be delivered to the gut and killed the
insect larvae. Therefore, in order to isolate and characterize
the active region of all cryl-type genes, universal primer
sets of ATG1-F/N400-R and 1BeATG1-F/N400-R were
newly designed. As a result, about 2.4 kb of cryi-type active
regions were isolated from B. thuringiensis K1 using these
primer sets. It was shown that these primer sets could amplify
all possible cryl-type active regions from B. thuringiensis
strains, enabling direct application to functional assay, gene
modification, or construction of transgenic crops, etc.

The B. thuringiensis K1 belonging to subsp. kurstaki
showed high insecticidal effect against P xylostella and S.
exigua [22]. Up to now, the specific crystal genes working

against P. xylostella have been reported to be crylda, .

crylAb, cryldc, crylB, and crylC [6]. The B. thuringiensis
K1 contains crylA4a and crylEa genes in addition to three
novel insecticidal cryl-type genes. Four Cryl-type toxins,
Cryl-1, Cryl-7, Cry1-44, and CrylAa, from B. thuringiensis
K1 showed a high and low toxicity against P. xylostella.
Among B. thuringiensis crystal protein genes, the cryiC,
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erylD, crylE, and crylF genes showed a high activity
against Spodoptera species [2,23,30]. Among the five
crystal proteins expressed from the B. thuringiensis K1, the
Cryl-1 and CrylEa showed insecticidal activities against .S.
exigua larvae. However, LCs, values of these two crystal
proteins were somewhat lower than that of CryIC. This
result suggested that the high toxicity of B. thuringiensis
K1 against S. exigua might be derived from these two
toxin genes or the synergistic effect of the multiple genes.
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