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The newly cloned Bacillus thuringiensis cry1-5 gene

showed high activity to both Plutella xylostella and

Spodoptera exigua, while cry1Ac only showed high

activity against P. xylostella but low to S. exigua.

Through the alignment of amino acid sequences

between Cry1Ac and Cry1-5, we found 12 different

residues in domain I (6 residues) and domain II

(6 residues). In this study, the modified cry1Ac gene,

which is constructed according to a crop-preferring

codon usage, was used as a template to construct

mutant B. thuringiensis cry1Ac genes based on cry1-5

gene through multi site-directed mutagenesis. Total 63

various mutant cry genes were obtained at 12 positions

randomly. Among them, ten mutant cry genes, whose

domain I was totally converted and domain II was

randomly, were selected to express in baculovirus

expression system as a polyhedrin fusion form. The

recombinant proteins were 95 kDa in size and were

stably activated as 65 kDa by trypsin. The expressed

mutant Cry proteins were applied to bioassays against

P. xylostella and S. exigua. All mutants showed high

insecticidal activity both to P. xylostella and S. exigua

similar to cry1-5. These results suggest that these

mutant cry genes might be expected of desirable cry

genes for introduction to transgenic crops.
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Introduction

Bacillus thuringiensis is an aerobic, gram-positive, rod-

shaped (1.0~1.2 by 3~5 µm) and spore-forming soil bac-

terium that produce proteinaceous parasporal inclusions

during sporulation. These parasporal inclusions contain

various types of insecticidal crystal protein (ICP), called

δ-endotoxin (Roh et al., 2007). These proteins are toxic to

certain insect order, such as Lepidoptera, Diptera,

Coleoptera and Hymenoptera, but they are harmless to

most of other organisms, including wildlife and beneficial

insects (Herrero et al., 2004) Since the first cry gene was

cloned by Schnepf and Whiteley (1981), over 390 kinds

of cry genes have been reported (Crickmore et al., 2009).

These genes can be classified into 55 groups, 100 sub-

groups, 158 classes, and 390 subclasses according to encoded

amino acid sequence similarity.

Despite this large number of characterized genes, the

conventional use of B. thuringiensis insecticides faced

with some limitations such as a narrow spectrum, a short

shelf life and development of pest insect resistance

(Schnepf et al., 1998). To overcome these problems, many

researchers have tried to modify B. thuringiensis strains

and their insecticidal crystal protein-encoding genes using

genetic manipulation for enhancement of insecticidal

activity, faster effects and delay of resistance development

(Aronson et al., 1995; Kalman et al., 1995). Also, B.

thuringiensis cry genes can be transformed into crops to

produce crystal proteins, which is called transgenic plant

(Gao et al., 2004). The aim of manufacturing transgenic

crops with B. thuringiensis crystal proteins is high dose

expression of the cry gene as well as delay of resistance

development in insect pests. However, cry genes have sig-

nificant drawbacks in the conversion of DNA nucleotide
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sequence to crop-preferring codon usage; one is an AT-

rich sequence, the other is of relatively large size. Usually,

the cry genes insert into crops only the about 1.8 kb trun-

cated active domain (Kim et al., 2008; Romeis et al.,

2006).

In this study, the modified 1.8 kb cry1Ac gene, that was

a synthetic gene for transgenic crops, was used as a tem-

plate to obtain various mutant cry genes and to select the

most suitable cry gene for transgenic plants resistant to

pest insects. For acquiring mutants, multi site-directed

mutagenesis was performed and some of mutants were

expressed in baculovirus expression system. The toxicity

of expressed mutant proteins was verified against Plutella

xylostella and S. exigua larvae.

Materials and Methods

Modified cry1Ac gene and mutagenic primers

Modified cry1Ac gene, which is constructed according to

a crop-preferring codon usage, was kindly provided from

Dr. Beom-Seok Park (National Institute of Agricultural

Biotechnology, RDA, Korea). The vector pOBI-mod-

cry1Ac was constructed as a template to obtain mutant

cry1Ac gene (Kim et al., 2008).

For comparison between the modified cry1Ac and cry1-5,

the alignment of amino acid sequence of Cry1-5 with the

modified Cry1Ac was performed using MegAlign

(DNASTAR Inc., USA). Ten primers for mutagenesis

were designed for changing 12 amino acids, located on

domain I and domain II. The melting temperature (Tm) of

each primer was ≥75oC, which was calculated with

QuikChange® Tm calculator, available online at http://

www.stratagene.com.

 

Multi site-directed mutagenesis

Mutagenesis was performed by the QuickChange® multi

site-directed mutagenesis method (Stratagene, USA). Tem-

plate DNA, pOBI-mod-cry1Ac was purified and one to three

rounds of mutagenesis using 3 to 5 primers was performed

using PfuTurbo® DNA polymerase (Stratagene, USA) as

following cycling parameters; step 1, 95oC, 1 min; step 2,

95oC, 1 min; step 3, 55oC, 1 min; step 4, 68oC, 16 min

(every successive cycle repeats steps 2 to 4, 32 times); step

5, 4oC, unlimited. All DNA amplifications were performed

with the DNA Thermal Cycler (Eppendorf, Germany). The

reaction product was digested methylated or hemimethy-

lated template DNA with DpnI (New England Biolab,

USA). Mutated single stranded-DNA was transformed into

XL-10 Gold Ultracompetent cells (Invitrogen, USA). Each

mutant was confirmed by DNA sequencing using Mod1Ac-

SeqF (5’- TGGGGTATCTTTGGTCC) primer.

Expression of mutant Cry proteins using baculovirus

expressing system

Spodoptera frugiferda cells (Sf9 cells) were maintained on

TC-100 medium (JBI, Korea) supplemented with 10% heat-

inactivated (55oC, 30 min) fetal bovine serum (JRH, Japan)

at 27oC. The cell culture dish (60-mm diameter) seeded with

7×105 Sf9 cells, was incubated at 27oC for 1 h to let the cells

attach to the bottom of culture dish. Five hundred ng of

ApGOZA DNA, 2 µg of transfer vector DNA and 100 µl of

the serum-free TC-100 medium were mixed in a polystyrene.

Twenty microliter of CellfectinTM (Invitrogen, USA) and

100 ml of the serum-free TC-100 medium were mixed in

other polystyrene tube. The two solutions were gently mixed

and the mixture was incubated at room temperature for

45 min. The attached cells were washed with 3 ml serum-

free TC-100 medium for one time. Then two ml of the

serum-free TC-100 medium was added to each dish. After

45 min, the Cellfectin-DNA complexes were added drop-

wise to the medium covering the cells while the dish was

gently swirled. After incubation at 27oC for 5 h, 3 ml of the

TC-100 medium containing 30 µl antibiotics and 10% FBS

were added to each dish. At 7 days post infection (p.i.), the

supernatant was harvested, clarified by centrifugation at

3,000 rpm for 5 min. To produce recombinant virus plenti-

fully, 5×106 Sf9 cells were seeded into 100 mm culture dish

and the supernatant was used as an inoculum. The infected

Sf9 cells were harvested at 7 days p.i.

SDS PAGE

Sf9 cells infected with the recombinant viruses were lysed

with cell-lysis buffer (50 mM Tris-HCl, pH 8.0; 0.4%

SDS; 10 mM EDTA; 5% 2-Mercaptoethanol), sonicated

(Duty cycle, 30; Output Control, 3) for 120 s and cen-

trifuged at 15,000 rpm for 10 min. The resultant pellet

was washed with 0.5% SDS and with 0.1% Tween 20

solution, and then analyzed in 12% SDS-PAGE.

To digest Mut-Cry1Ac proteins as active forms, the

expressed fusion proteins were treated with alkaline lysis

buffer (0.1 M Na2CO3, 0.01 M EDTA, 0.17 M NaCl, pH

10.5) at 37oC for 1 h, and treated with trypsin at 37oC for 2 h.

Bioassay

The toxicity of recombinant polyhedra containing Mut-

Cry1Ac proteins were performed against the larvae of P.

xylostella and S. exigua. The purified recombinant polyhedra

samples were subjected to 12% SDS-PAGE, and the amount

of fusion protein was determined by the 1D-gel analysis

system (Kodak, USA). To determined the median lethal dose

(LD50) against P. xylostella and S. exigua, serial dilutions of

the recombinant polyhedra were treated on Chinese cabbage

leaf pieces (1.5×1.5 cm2) and twenty second to third instar

larvae were introduced to each leaf surface respectively. Each
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dilution had four replications and the bioassay was repeated

three times. The mortality was checked every 24 h interval

for 2 days for P. xylostella and 7 days for S. exigua respec-

tively. LD50 was calculated using SoftTOX version 1.1 (Win-

dowChem, USA).

Results 

Expression of Mut-Cry1Ac crystal proteins

Alignment of amino acid sequences between Mod-

Cry1Ac and Cry1-5 showed that there were 12 different

residues, six residues located on domain I and six residues

located on domain II (Fig. 1). Fig. 2 showed the mutation

sites on Cry1Ac model structure. For mutation of the total

12 different residues, ten primers were designed (Fig. 3).

Finally total 63 mut-cry1Ac genes were obtained by multi

site-directed mutagenesis. Each mutant cry1Ac gene had

different mutagenic residues at 12 residue positions.

Among them, 10 mutant genes, whose domain I was

totally converted into Cry1-5 and domain II was randomly

changed (Fig. 4), were selected for expression of mutant

Cry proteins using baculovirus expressing system.

Analysis of the recombinant crystal proteins showed

recombinant protein showed approximately 95 kDa fusion

protein bands while the wild-type Autographa californica

multiple nucleopolyhedrovirus (AcMNPV) had an appro-

ximately 30 kDa polyhedrin protein (Fig. 5A). In order to

confirm that the recombinant polyhedra would be cleaved

into the active toxin by proteolytic enzyme, fusion pro-

teins were treated with trypsin, one of major proteolytic

enzymes present in the mid-gut of insect. The activated

Mut-Cry1Ac proteins showed approximately 65 kDa as

activated forms (Fig. 5B).

Insecticidal activity of mutant-Cry1Ac crystal proteins

To evaluate insecticidal activity of mutant-Cry1Ac crystal

proteins, bioassays were performed against P. xylostella

and S. exigua (Table 1). Cry1Ac, Cry1C and Cry1-5 were

used as negative or positive control(s). Cry1Ac, Cry1-5

Fig. 1. Comparison of amino acid sequences between Cry1Ac and Cry1-5. There were 12 different residues on domain I (six resi-

dues) and domain II (six residues).

Fig. 2. Mutation sites on Cry1Ac model structure. Colored

shapes on the cartoon structure indicate 12 amino acids regions

to be changed by mutagenic primers. This figure was rendered

using PyMOL Molecular Graphics System (DeLano Scientific,

USA).
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Fig. 3. Nucleotide sequences of primers used in mutagenesis for constructing mutant cry1Ac genes.

Fig. 4. Mutated residues of ten mutant cry1Ac genes. Residues 116, 128, 187, 227, 245 and 254 are located in domain I; 275, 277,

289, 324, 366 and 369 are located in domain II. Ellipse indicates changed amino acid based on Cry1-5 and rectangle indicates

unchanged amino acid. Gray color means the changed amino acid based on a plant codon usage.
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and all mutant Cry proteins showed high insecticidal

activities to P. xylostella except for Cry1C. Among them,

the LD50 of Cry1-5 was the lowest to P. xylostella although

there was no significant difference. In S. exigua bioassay,

the LD50 value of Mut-Cry1Ac was similar with those of

Cry1C and Cry1-5 while Cry1Ac showed very low.

Among the mutant proteins, Cry15-27 and Cry15-28 were

considered to be the more promising cry genes candidates

for transgenic plant to resist for lepidopteran larvae. 

Discussion

Through this study, various mutant cry genes were

obtained by multi site-directed mutagenesis using modi-

fied cry1Ac gene as a template, and each mutant cry1Ac

gene had plant preference codon available for its expres-

sion in transgenic crops. The expression of mutant crystal

proteins was carried out using the ApGOZA system, one

of the baculovirus expression vector system (BEVS)

using bacmid DNA (Je et al., 2001). The most significant

advantage of the BEVS over other expression system is

that it can produce exceptionally large amount of func-

tional foreign proteins (O'Reilly et al., 1992). Further-

more, the ApGOZA system is suitable for fast and

massive expression of foreign protein and the recombi-

nant polyhedra by polyhedrin fusion expresssion is avail-

able for simple quantitative bioassay (Je et al., 2001; Je et

al., 2003). In this experiment, we have confirmed the

mutant cry genes can be expressed well in baculovirus

expression system. All ten mutant Cry1Ac proteins were

activated as stable 65 kDa toxins. This result suggests that

all the mutant crystal proteins can be activated to active

Cry toxin form and their globular structure would be not

different from Cry1-5 protein. Mut-15-65, which had the

most similar structure with Cry1-5, could expect to be

higher insecticidal activity than others, however, its insec-

ticidal activity was similar with other mutant crystal pro-

teins. Before comfirming toxicity of the rest mut-cry1Ac

genes, it would be very hard to judge which site is critical or

not. Conclusively, these multi site-mutagenesis and bacu-

lovirus expression system can provide a tool to generate

novel mutagenic cry genes having high insecticidal activity

and broad insecticidal spectrum for transgenic crops. 
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Fig. 5. SDS-PAGE of polyhedrin fusion form (A) and active

form (B) of Mut-Cry1Ac proteins expressed using recombi-

nant AcMNPVs. Lanes: M, protein molecular weight marker;

1, Ap15-12; 2, Ap15-21; 3, Ap15-22; 4, Ap15-23; 5, Ap15-24;

6, Ap15-26; 7, Ap15-27; 8, Ap15-28; 9, Ap15-29; 10, Ap15-

65; C, Ap1Ac; Wt, wild-type AcMNPV.

Table 1. Insecticidal activity of Ap-Cry proteins against third

instar larvae of P. xylostella and second instar larvae of S. exigua

P. xylostella1) S. exigua2)

LD50

(ng/larva)

95% fiducial 

limits

(ng/larva)

LD50

(ng/larva)

95% fiducial 

limits

(ng/larva)

Ap1Ac 4.4 3.7~5.2 >5003) ND4)

Ap15-12 5.4 4.6~6.4 272.7 233.1~331.0

Ap15-21 4.1 3.6~4.7 290.4 268.9~316.3

Ap15-22 4.3 3.8~4.9 290.5 273.0~310.7

Ap15-23 4.1 3.6~4.8 280.7 261.2~303.9

Ap15-24 4.1 3.6~4.8 245.1 204.7~301.4

Ap15-26 4.6 4.0~5.5 238.5 184.2~315.0

Ap15-27 3.5 3.0~4.1 233.1 196.3~283.0

Ap15-28 3.3 2.7~3.9 228.6 192.9~278.4

Ap15-29 4.1 3.4~4.9 303.5 283.9~326.6

Ap15-65 3.9 3.4~4.5 240.0 206.8~285.0

Ap5 3.0 2.5~3.5 253.3 239.3~269.1

Ap1C >105) ND4) 193.4 163.3~233.9

1)The mortality against P. xylostella was scored for 2 days after

treatment.
2)The mortality was scored for 7 days after treatment.
3)The mortality was 23.4% at 500 ng/larva.
4)not determined.
5)The mortality was 10.3% at 10 ng/larva.
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