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Abstract

Key message The study of insect-resistant transgenic

tobacco provides a good foundation for the further

application of the cry1Ah gene in other important crops.

Abstract To improve transgene expression levels and

insect resistance, the coding sequence of the novel Bacillus

thuringiensis insecticidal gene cry1Ah (truncated cry1Ah)

was modified according to the codon bias of the plant by

increasing its GC content from the original 37 % to 48, 55,

and 63 % (designated m1-cry1Ah, m2-cry1Ah, and m3-

cry1Ah, respectively). In addition, the m3-cry1Ah gene was

linked with a transit peptide sequence for chloroplast-tar-

geted expression (designated ctp-m3-cry1Ah). Four plant

expression vectors were constructed harboring m1-cry1Ah,

m2-cry1Ah, m3-cry1Ah, or ctp-m3-cry1Ah. A total of 23

transgenic tobacco lines were produced with the four

constructs by Agrobacterium tumefaciens-mediated trans-

formation. PCR, Southern hybridization, quantitative RT-

PCR and ELISA indicated that the cry1Ah gene was not

only integrated into the tobacco genome, but was also

successfully expressed at the mRNA and protein levels.

The Cry1Ah protein level in ctp-m3-cry1Ah plants reached

4.42 lg/g fresh weight, which was a 2- to 10-fold increase

over the levels observed in m1-cry1Ah, m2-cry1Ah, and

m3-cry1Ah plants and resulted in the highest resistance to

Helicoverpa armigera based on bioassays. Our results

demonstrated that combining the codon optimization of

cry1Ah gene with the targeting of Cry1Ah protein to the

chloroplasts conferred a high level of protection against

insects. The results of our experiments in tobacco, an

important model system, provide a good foundation for

enhancing the insecticidal efficacy of staple crops.

Keywords Truncated cry1Ah gene � Codon optimization �
Chloroplast targeting � Transgenic tobacco � Insect

resistance

Introduction

Insect pests cause huge crop losses and necessitate the

extensive use of insecticides; thus, the development of

insect-resistant transgenic crops is necessary. Until

recently, only members of the Bacillus sp., particularly

Bacillus thuringiensis (Bt), have been commonly used

(Kumar et al. 2008). The Bt proteins cause insect death by

disrupting midgut cells (Bravo et al. 2007); however, these

proteins are not toxic to non-target insects, birds, or

mammals (including humans) because of their high speci-

ficity for certain species of insects (Kim et al. 2009). Bt

crops have increased yields and reduced the use of insec-

ticides, thus, providing a variety of benefits for human

health and the environment (Schwember 2008). The use of
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Bt genes in insect-resistant genetically modified crops has

been a major biotechnological breakthrough in the pro-

tection of economically important crops from infestation

(Gatehouse 2008).

The cry1Ah gene is a novel insecticidal gene that was

cloned from B. thuringiensis isolate BT8 (Xue et al. 2008).

The Cry1Ah protein is highly toxic to lepidopteran insects:

this protein is more toxic than Cry1Ac to Helicoverpa

armigera, Ostrinia furnacalis, and Chilo suppressalis, and

it is more toxic than Cry1Ab to O. furnacalis. The trun-

cated active Cry1Ah toxin with a molecular weight of

65 kDa has a toxicity that is similar to that of the full-

length Cry1Ah toxin.

One of the key factors that affect exogenous gene

expression is the GC content or codon usage pattern. The

GC content of bacterial endotoxin genes is low, whereas

that of plant genes tends to be high (Campbell and Gowri

1990; Murray et al. 1989). Vaeck et al. (1987) showed an

expression of the cry1Ab gene in plant cells for the first

time and found that exogenous protein expression

accounted for only 0.0002–0.02 % of the total soluble

protein. A low level of Cry1Ab protein accumulated in

transgenic sugarcane plants (Arencibia et al. 1997).

Increasing the GC content of the cry1Ac gene and trans-

forming it into sugarcane plants led to increased protein

expression (Weng et al. 2006). Thus, codon preference is a

major barrier to the expression of bacterial genes in plants.

Different species have different preferences for synony-

mous codons of a given amino acid. Genes from bacteria

should be optimized for their codon usage before they are

transformed into plants. Targeting foreign proteins to

specific subcellular locations, such as the chloroplasts or

endoplasmic reticulum, is another strategy to enhance the

expression of the transgene. Use of the rice rbcS-tp

sequence to target the foreign gene products effectively

increased foreign protein production in transgenic rice

plants (Jang et al. 2002).

In this study, we constructed three alleles of the trun-

cated cry1Ah gene with optimized coding sequences (des-

ignated m1-cry1Ah, m2-cry1Ah, and m3-cry1Ah). In

addition, the m3-cry1Ah allele was linked with a chloro-

plast transit peptide sequence (designated ctp-m3-cry1Ah)

for chloroplast-targeted expression. Next, we generated

transgenic tobacco lines with the m1-cry1Ah, m2-cry1Ah,

m3-cry1Ah, and ctp-m3-cry1Ah alleles. Analysis of the

transgenic tobacco plants showed that the ctp-m3-cry1Ah

plants had the highest Cry1Ah protein expression levels

and exhibited a higher level of resistance to H. armigera

compared with the other transgenic tobacco plants. Our

results indicated that combining codon optimization with

the use of a transit peptide sequence improved the

expression levels of the transgene and conferred a high

level of resistance to the insect pests.

Materials and methods

Plant materials

Tobacco seeds (wild-type NC89) were sown on Murashige

and Skoog (MS) medium (Gamborg et al. 1976) and stored in

the dark at 28 �C for 5 days. The plants were then transferred

to light conditions with 16-h light/8-h dark photoperiods at

28 �C under illumination of 300 lmol m-2 s-1.

Modification of the cry1Ah gene and construction

of transformation vectors

We constructed three alleles of the truncated cry1Ah

insecticidal gene with varying GC content and codon usage

pattern. These alleles were designated m1-cry1Ah, m2-

cry1Ah, and m3-cry1Ah. The GC content and variations in

codon usage in the modified cry1Ah genes are shown in

Table 1. The modified cry1Ah genes were synthesized by

the GenScript Corporation (Nanjing, China). In addition,

the m3-cry1Ah allele was linked with a chloroplast transit

peptide sequence from the maize RuBP carboxylase, and

this gene was designated ctp-m3-cry1Ah. Four expression

vectors (pMhGM, pMAhb, pMhNK, and pMhCTP) con-

taining the maize ubiquitin promoter to drive expression of

m1-cry1Ah, m2-cry1Ah, m3-cry1Ah, and ctp-m3-cry1Ah

were utilized in this study. These vectors also contain the

bar gene driven by the cauliflower mosaic virus 35S

(CaMV35S) promoter for herbicide-based selection. In

addition, both sides of the gene expression cassette in

pMhGM are linked with the sequences encoding maize

alcohol dehydrogenase matrix attachment regions (mad-

Mars) (Fig. 1).

Tobacco transformation

The plant expression vectors were transformed into tobacco

using Agrobacterium tumefaciens strain EHA105 (Horsch

et al. 1985). A total of 320 tobacco leaf explants were

infected, and the infected leaves were then selected on MS

regeneration medium (Murashige and Skoog 1962) con-

taining 2 mg/L bialaphos, 3 mg/L 6-benzyl amino purine,

0.2 mg/L naphthalene acetic acid, 400 mg/L carbenicillin,

3 % (w/v) sucrose and 0.3 % (w/v) gelrite and grown on MS

regeneration medium containing 400 mg/L carbenicillin,

3 % (w/v) sucrose and 0.3 % (w/v) gelrite. The plant tissue

culture reagents were obtained from PhytoTechnology

Laboratories (Shawnee Mission, KS, USA).

Polymerase chain reaction (PCR) analysis

The presence of the foreign gene in the tobacco genome

was verified using PCR analysis. Genomic DNA was
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isolated from the leaves of regenerated tobacco plants by

using the plant genomic mini preparation kit (Newprobe,

Beijing, China). Specific primers were designed to amplify

the different cry1Ah alleles (Table 2): primer pairs F1/R1,

F2/R2, and F3/R3 were used to amplify m1-cry1Ah, m2-

cry1Ah, and m3-cry1Ah, respectively. Each PCR reaction

was performed in a volume of 25 ll containing 100 ng of

DNA template, dNTPs (0.2 mM each), forward and reverse

primers (0.1 lM each), 2.5 ll of 109 PCR buffer and

2.5 U of Taq DNA polymerase (TaKaRa, Dalian, China).

All PCR reactions included an initial denaturation for

5 min at 94 �C followed by 33 cycles of denaturation (50 s

at 94 �C), annealing and extension steps. For m1-cry1Ah,

m2-cry1Ah, and m3-cry1Ah, the annealing steps were 40 s

at 58 �C, 50 s at 57 �C and 50 s at 60 �C, respectively. The

extension temperature was always 72 �C, and the extension

times were 50 s, 1 min 30 s, and 1 min 20 s for m1-

cry1Ah, m2-cry1Ah, and m3-cry1Ah, respectively. A final

extension step (10 min at 72 �C) was added to all reactions.

The PCR products were resolved by electrophoresis using

1 % (w/v) agarose gels, and the expected fragment lengths

are shown in Table 2.

Southern blot analysis

Genomic DNA was extracted from transgenic tobacco

plants using the CTAB method (Porebski et al. 1997).

More than 40 lg of genomic DNA isolated from each

transgenic plant was digested with HindIII. The digested

samples were electrophoresed on a 0.7 % (w/v) agarose gel

and blotted on HybondTM-XL nylon membranes (GE

Healthcare, UK). To detect the integration of the exoge-

nous genes in the tobacco genome, a 603-bp fragment of

the bar gene was PCR amplified from pMhNK using the

primers F4/R4 (Table 2) and used as probe in Southern blot

analysis. The probe DNA was labeled with a-[32P]-dCTP

using the Prime-a-Gene Labeling System (Promega, Mad-

ison, WI, USA) and hybridized for 20 h at 65 �C with

agitation in a hybridization oven. After hybridization and

Table 1 GC content and codon

usage variations in the modified

cry1Ah alleles

GenBank accession

number

Original cry1Ah gene m1-cry1Ah allele m2-cry1Ah allele m3-cry1Ah allele

AF281866 (%) KC204726 (%) KC204727 (%) KC204728 (%)

GC content 37 48 55 63

F(TTC) 11 63 100 100

L(CTC) 4 20 29 53

I(ATC) 9 48 59 98

V(GTG) 22 28 37 98

A(GCC) 5 27 32 90

S(TCC) 13 26 24 75

H(CAC) 20 60 50 100

N(AAC) 19 68 60 100

K(AAG) 33 83 100 100

D(GAC) 24 56 60 100

E(GAG) 19 58 100 100

C(TGC) 50 100 100 100

R(AGG) 9 21 35 93

G(GGC) 11 19 85 100

T(ACC) 19 45 30 98

Y(TAC) 14 75 100 100

Q(CAG) 33 50 60 100

Fig. 1 Maps of the expression vectors. RB right border, Mar maize

alcohol dehydrogenase matrix attachment regions, Ubi ubiquitin

promoter, ctp transit peptide sequence for chloroplast-targeted

expression, m1-cry1Ah, m2-cry1Ah, m3-cry1Ah modified cry1Ah

alleles, nos nopaline synthase gene terminator, 35S cauliflower

mosaic virus 35S promoter, bar phosphinothricin acetyltransferase

gene, polyA polyA terminator, LB left border, a 603-bp fragment of

the bar gene was used as probe for Southern blotting
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washing, the blotted membranes were subjected to auto-

radiography for 48 h at -80 �C.

Quantitative RT-PCR analysis

The leaves of 1-month-old transgenic tobacco plants grown

in the greenhouse were used for quantitative RT-PCR

analysis. Total RNA was isolated from 100 mg of trans-

genic tobacco leaves using Trizol reagents (Tiangen, Bei-

jing, China). Approximately 1 lg of total RNA was used as

a template for reverse transcription using RevertAidTM

First Strand cDNA Synthesis Kit (MBI Fermentas, EU)

according to the manufacturer’s instructions. Quantitative

RT-PCR was performed using an ABI PRISM 7500

instrument (Applied Biosystems). The actin gene was used

as a reference gene. All reactions were run as duplicates in

96-well plates. The 25-ll reaction mixtures contained

12.5 ll of SYBR Green Real-time PCR Master Mix

(TransGen, Beijing, China), 0.2 lM of each primer and

1 ll of cDNA template. The reaction conditions were as

follows: an initiation step for 30 s at 95 �C followed by 45

cycles of 15 s at 95 �C and 15 s at 55 �C. The primers were

designed with Primer 5.0 software. Primer pairs F5/R5, F6/

R6, and F7/R7 (Table 2) were used to detect m1-cry1Ah,

m2-cry1Ah, and m3-cry1Ah transcript, respectively, and

primers F8/R8 (Table 2) were used to detect the actin

transcript.

Enzyme-linked immunosorbent assay (ELISA)

and immunoblot analysis

The leaves of 1-month-old transgenic tobacco plants grown

in the greenhouse were used for ELISA analysis. Total

soluble proteins were extracted from the leaf tissues of

transgenic plants. Approximately, 100 mg of tobacco

leaves were homogenized in 0.5 ml of PBST extraction

buffer (0.55 % Tween) provided by the manufacturer

(EnviroLogix, Portland, ME, USA) and centrifuged at

10,0009g for 20 min at 4 �C. The amount of total soluble

protein was determined by the Bradford assay (Bradford

1976) using the Bio-Rad protein dye concentrate and a

standard curve derived from bovine serum albumin (BSA).

The amount of Cry1Ah protein in transgenic plants leaves

was determined using the QualiPlate Kit for Cry1Ab/Ac

(EnviroLogix). Immunoassays were carried out in 96-well

ELISA microplates according to the protocols provided by

the manufacturers.

For immunoblot experiments, total soluble proteins were

extracted following the method described above. Chloro-

plasts were isolated from tobacco leaves following the

protocol described by Fan et al. (2009) and chloroplast

proteins were extracted from the chloroplasts according to

the protocol described by Phee et al. (2004). Protein

extracts were separated on 10 % SDS–polyacrylamide gels

and blotted onto a polyvinylidene difluoride (PVDF)

membrane (Millipore Corporation, Billerica, MA, USA)

using a semi-dry transfer apparatus (Bio-Rad). The primary

antibody anti-Cry1Ah was used at a 1:10,000 dilution. The

membrane was then washed three times prior to incubation

with alkaline phosphatase-labeled IgG secondary antibody

(Sigma, St. Louis, MO, USA) at a 1:10,000 dilution. The

bound antibodies were detected using the NPT/BCIP kit

(CWBIO, Beijing, China) as described by the

manufacturer.

Insect bioassays

The transgenic tobacco plants were tested for resistance to

H. armigera. The first instar neonatal larvae of H. armigera

were used in the bioassay. Approximately 1,000 mg of

fresh leaves were placed onto moist filter paper in plastic

petri dishes (90 9 14.5 mm). The dishes were sealed with

Table 2 Primers used for PCR and quantitative RT-PCR

Primers Target gene Forward primer (50–30) Reverse primer (50–30) Product size (bp)

Primers for PCR

F1/R1 m1-cry1Ah GCCCAAGCTGCCAACCTCCA

CTTGTCTTTGC

GGTGCTCTTATGATGCTGA

CACTGCTACTAGAGCC

865

F2/R2 m2-cry1Ah ATACCGCCATCCAAGAGC CGTGAAGGCATTCGCAGA 1,456

F3/R3 m3-cry1Ah ACCAGAACCAGTGCGTGCCTTAC TTGAACTCGGCGGACCTGTGAAT 1,369

F4/R4 bar fragment CACAATCCCACTATCCTTCG ACCCACGTCATGCCAGTT 603

Primers for quantitative RT-PCR

F5/R5 m1-cry1Ah GGATCGCAGAAGCTGTCAGG TTGCGGTGAATTGGGTACGA 150

F6/R6 m2-cry1Ah TCCAAGAGCTGGAGGGCATG GATCTTCAGCACCGAAATCCT 161

F7/R7 m3-cry1Ah ATCTCCGGCAGGATCTCCGTG GGTGGTGGAGAAGCCCCACCT 141

F8/R8 actin GGCATCATACATTTTACAACGAA ATGGCGACATACATAGCAGGAGT 151

1302 Plant Cell Rep (2013) 32:1299–1308

123



parafilm to prevent desiccation and kept in the insect

rearing room at 25–28 �C. Each sample was infested with

12 neonate insect larvae, and the numbers of both the living

and dead larvae were recorded twice a day with 3-day

interval between measurements. We performed three bio-

logical replicates with each treatment, and an identical

bioassay was also carried out with control plants. Mortality

rates were presented as the proportion of dead larvae to

total larvae applied (%). Leaf damage was estimated

through visual inspection after 3 days of infestation, and

damage was classified using a severity scale of 1–4

according to the Technical Specification for Evaluating

Resistance of Cotton to Disease and Insect Pests (Part 1:

Cotton Bollworm; GB/T 22101.1-2008).

The rating levels were as follows:

Level 1: no visible leaf feeding or individual shot-hole

injuries on leaves.

Level 2: leaves with a small amount of shot-hole injuries

but no large lesions.

Level 3: leaves with a large amount of shot-hole injuries

but no large lesions.

Level 4: large lesions occupying a large amount of leaf

area.

Results

Identification of the transgenic tobacco plants

A total of 84 regenerated tobacco plants were obtained

(Table 3), and we performed PCR analysis of these plants

using sets of primers designed to amplify m1-cry1Ah, m2-

cry1Ah, and m3-cry1Ah. The results showed amplification

of the expected products (865, 1456, and 1369 bp), which

were similar to the products obtained from positive control

DNA (Fig. 2a–d). In total, 23 PCR-positive lines were

obtained (Table 3). No products were amplified from non-

transformed tobacco plants using identical PCR conditions.

Genomic DNA from plants expressing m1-cry1Ah, m2-

cry1Ah, m3-cry1Ah, and ctp-m3-cry1Ah was digested with

HindIII. Both the cry1Ah and bar genes were present in the

T-DNA regions of the four binary vectors. To conveniently

detect the integration of exogenous genes in the tobacco

genome, a 603-bp fragment of the bar gene was used as a

probe in Southern blot analysis. The results of Southern

blot analysis indicated that a single copy (Fig. 2e, A3, A17,

B1 and C18) or multiple copies (Fig. 2e, B12, C9, D11 and

D12) of the transgene were present at different sites in the

genome of the transgenic tobacco plants. No hybridization

signal was detected in the untransformed tobacco plants

(Fig. 2e, lane 4). These results confirmed that the exoge-

nous genes were successfully integrated into the tobacco

genome.

Analysis of cry1Ah transcript levels

The differences in cry1Ah transcript levels were confirmed

by quantitative RT-PCR. We used the 2-DDCT method

according to ABI PRISM� 7700 Sequence Detection

System User Bulletin #2. The above-mentioned 23 PCR-

positive transgenic lines were detected individually. The

actin gene was used as a reference gene. For each treatment

sample, three technical replicates were set up in 96-well

plates. The mean values of DCT of the different transgenic

plants transformed with the same vector were obtained,

respectively, and the mean value of DCT of the seven m1-

cry1Ah plants was used as a calibrator. The quantitative

RT-PCR results demonstrated that the ctp-m3-cry1Ah

plants showed the highest cry1Ah transcript level of the

four different transgenic constructs, approximately 12.5-

fold compared with the level in m1-cry1Ah plants. The m3-

cry1Ah plants had higher cry1Ah transcript level than m2-

cry1Ah plants, approximately 9.5- and 4-fold, respectively,

compared with the level in m1-cry1Ah plants (Fig. 3).

Analysis of Cry1Ah protein levels

A quantitative assessment of Cry1Ah endotoxin in trans-

genic tobacco plants was achieved by ELISA. The above-

mentioned 23 PCR-positive transgenic lines were analyzed.

For each treatment sample, three technical replicates were

set up in 96-well plates. Quantitative analysis revealed that

the protein expression levels in the modified cry1Ah lines

were highest in plants expressing ctp-m3-cry1Ah followed

by those expressing m3-cry1Ah, m2-cry1Ah, and m1-

cry1Ah (in descending order) (Fig. 4). The quantity of

Cry1Ah endotoxin in transgenic plants developed with the

different constructs varied from 0.46 to 4.42 lg/g fresh

weight. The protein levels in plants expressing m2-cry1Ah,

m3-cry1Ah, and ctp-m3-cry1Ah were higher than the level

in m1-cry1Ah plants by approximately four-, six-, and

tenfold, respectively (Table 4d).

Based on the results of statistical analysis, the Cry1Ah

expression levels in m1-cry1Ah, m2-cry1Ah, m3-cry1Ah,

Table 3 Genetic transformation of tobacco with different binary

vectors

Construct No. of

explants

No. of regenerated

plants

No. of PCR-positive

lines

pMhGM 80 21 7

pMAhb 80 28 5

pMhNK 80 20 6

pMhCTP 80 15 5

Total 320 84 23
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and ctp-m3-cry1Ah plants were significantly different

(Table 5). The ELISA results showed that codon optimi-

zation and chloroplast-targeted expression of the cry1Ah

gene significantly increased its protein expression levels.

To investigate whether the Cry1Ah protein expressed in

ctp-m3-cry1Ah plants was targeted to the chloroplasts, we

compared Cry1Ah levels in chloroplast proteins isolated

from transgenic tobacco leaves with Cry1Ah levels in total

soluble proteins by immunoblot analysis, which was per-

formed with 15 lg of protein. In the ctp-m3-cry1Ah plants,

Cry1Ah was more abundant in the chloroplast protein

fraction than in the total soluble proteins. These results

demonstrated that the Cry1Ah protein was targeted to the

chloroplasts, and the Cry1Ah protein was most abundant in

ctp-m3-cry1Ah plants followed by m3-cry1Ah, m2-cry1Ah,

and m1-cry1Ah plants, respectively (Fig. 5). These obser-

vations strongly suggested that ctp-m3-cry1Ah plants had

the highest protein expression levels, and the Cry1Ah

protein was successfully targeted to the chloroplasts.

Analysis of the insect resistance of the transformed

tobacco plants

All the confirmed transgenic plants were subjected to

feeding first instar neonatal larvae of H. armigera. A total

of 23 transgenic tobacco lines were assessed along with

Fig. 2 PCR analysis of the

modified cry1Ah alleles and

Southern blot analysis of the bar

gene in the transgenic tobacco

plants. a PCR analysis of the

cry1Ah gene in m1-cry1Ah

plants, b PCR analysis of the

cry1Ah gene in m2-cry1Ah

plants, c PCR analysis of the

cry1Ah in m3-cry1Ah plants,

d PCR analysis of the cry1Ah in

ctp-m3-cry1Ah plants. All the

PCR products were amplified

using genomic DNA as a

template. M DNA marker,

P positive control, N wild-type

tobacco plants and e Southern

blot analysis of eight transgenic

and wild-type tobacco plants.

P positive control, N non-

transgenic plants, all other lanes

represent eight transgenic

tobacco plants

Fig. 3 Quantitative RT-PCR analysis of quantitative changes in

cry1Ah transcript levels. a The mean quantity of cry1Ah transcript in

seven m1-cry1Ah plants (used as a calibrator). b The mean quantity of

cry1Ah transcript in five m2-cry1Ah plants. c The mean quantity of

cry1Ah transcript in six m3-cry1Ah plants. d The mean quantity of

cry1Ah transcript in five ctp-m3-cry1Ah plants. The error bars

represent the standard deviations of biological replicates from

different transgenic lines transformed with the same vector

Fig. 4 Enzyme-linked immunosorbent assay of Cry1Ah expression

in different transgenic tobacco plants. A1, A3, A12, A14, A15, A17,

and A20 represent m1-cry1Ah plants; B1, B3, B7, B12, and B17

represent m2-cry1Ah plants; C3, C6, C9, C12, C18, and C20 represent

m3-cry1Ah plants; D4, D6, D8, D11, and D12 represent ctp-m3-

cry1Ah plants; WT represents wild-type tobacco plants. The error

bars represent the standard deviations of three technical replicates

from each transgenic line
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two wild-type plants for comparison. Photographs of leaf

damage were taken after 3 days of infestation. Transgenic

plants showed significant resistance to H. armigera infes-

tation compared to wild-type plants. Variable degrees of

leaf injury were observed, which might be due to the dif-

ferences in the expression level of the cry1Ah gene. Three

days after infestation with the neonatal larvae, wild-type

leaves were badly damaged (Fig. 6, WT1 and WT2).

However, the leaves of all transgenic plants showed resis-

tance to H. armigera larvae (Fig. 6). The m1-cry1Ah plants

(Fig. 6, A3 and A17) showed a higher injury rate after larval

feeding than the m2-cry1Ah plants (Fig. 6, B1 and B12),

which exhibited a small amount of leaf damage. No leaf

damage was visible on m3-cry1Ah or ctp-m3-cry1Ah plants

(Fig. 6, C12, C20, D8 and D12). These results clearly

indicated that the expression of the cry1Ah gene effectively

controlled H. armigera larvae. The mortality of the H. ar-

migera larvae was recorded after 3 days of feeding to assess

the effect of the Cry1Ah protein on the larvae. When

feeding on control tobacco, no larval mortality was noted

after 3 days of infestation (Table 4, WT1 and WT2).

However, the mortality rates of larvae feeding on m1-

cry1Ah, m2-cry1Ah, m3-cry1Ah, and ctp-m3-cry1Ah plants

were 63, 82, 93, and 100 %, respectively (Table 4b), and

the resistance rating levels were 2.57, 1.8, 1.33, and 1,

respectively (Table 4c). The statistical analysis indicated

that the mortality rates of larvae feeding on m1-cry1Ah, m2-

cry1Ah, and m3-cry1Ah plants were significantly different.

Table 4 The mortality rates of H. armigera after 3 days of feeding

on the leaves of tobacco plants transformed with modified cry1Ah

alleles

Transgenic
linesa

Insect
mortality
ratesb (%)

Insect
resistance
levelc

Cry1Ah
expressiond

(lg g-1)

A1 50 ± 8.3 3 0.439

A3 72 ± 9.6 2 0.806

A12 61 ± 4.8 3 0.109

A14 72 ± 4.8 2 0.448

A15 67 ± 0.0 3 0.443

A17 50 ± 8.3 3 0.263

A20 67 ± 0.0 2 0.680

Mean of the A lines 63 ± 9.4 2.57 ± 0.53 0.46 ± 0.23

B1 75 ± 8.3 2 0.990

B3 83 ± 8.4 2 1.757

B7 70 ± 4.8 2 1.245

B12 92 ± 0.0 1 2.307

B17 89 ± 4.9 2 1.871

Mean of the B lines 82 ± 9.3 1.80 ± 0.45 1.63 ± 0.52

C3 92 ± 8.4 1 2.590

C6 92 ± 4.9 1 2.602

C9 95 ± 4.9 1 2.711

C12 95 ± 4.8 1 2.917

C18 92 ± 4.9 2 2.201

C20 92 ± 0.0 2 2.534

Mean of the C lines 93 ± 1.6 1.33 ± 0.52 2.59 ± 0.24

D4 100 ± 0.0 1 3.220

D6 100 ± 0.0 1 3.091

D8 100 ± 0.0 1 4.335

D11 100 ± 0.0 1 5.530

D12 100 ± 0.0 1 5.930

Mean of the D lines 100 ± 0.0 1 ± 0.00 4.42 ± 1.21

WT1 0 4 0.075

WT2 0 4 0.045

Insect resistance levels and Cry1Ah expression levels are also indicated
a A, B, C. and D represent m1-cry1Ah, m2-cry1Ah, m3-cry1Ah. and
ctp-m3-cry1Ah plants, respectively. WT1 and WT2 represent wild-
type tobacco plants
b The proportion of dead larvae to total larvae applied (%) after
3 days of feeding on the leaves of tobacco transformed with modified
cry1Ah alleles. Mean ± standard deviation values of three biological
replicates from each line are shown
c A score of 1–4 was used to classify different levels of damage to the
transgenic tobacco leaves
d Cry1Ah protein expression levels of transgenic tobacco plants

Table 5 Statistical analysis of the insect mortality rates and Cry1Ah

expression levels in the transgenic tobacco lines

Transgenic

lines

Insect mortality

ratesa (%)

Cry1Ah expressiona

(lg g-1)

A 63 ± 9.4 a 0.46 ± 0.23 a

B 82 ± 9.3 b 1.63 ± 0.52 b

C 93 ± 1.6 c 2.59 ± 0.24 c

D 100 ± 0.0 c 4.42 ± 1.21 d

a The means within a column followed by different lowercase letters

were significantly different (a = 0.05) according to the One-way

ANOVA (least significant difference, LSD) using the SAS System

(Version 8.1; SAS Institute Inc, Cary, North Carolina, USA) (Insect

mortality rates: F = 36.39, d.f. = 3.19, P \ 0.0001; Cry1Ah

expression: F = 35.09, d.f. = 3.19, P \ 0.0001)

Fig. 5 Cry1Ah protein levels in transgenic plants. Total (T) soluble

proteins and chloroplast proteins (Chl) were isolated from transgenic

tobacco leaves. 15 lg of protein were used for immunoblotting with

anti-Cry1Ah antibody. The arrow on the right side of the panel

indicates the position of the Cry1Ah protein (65 kDa). M prestained

protein marker, P purified Cry1Ah protein (positive control), N wild-

type tobacco plants; A3, B12, C9, and D11 represent m1-cry1Ah, m2-

cry1Ah, m3-cry1Ah, and ctp-m3-cry1Ah plants, respectively
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However, the mortality rates of larvae feeding on m3-

cry1Ah and ctp-m3-cry1Ah plants were not significantly

different (Table 5). The results of the insect bioassays

showed that these transgenic tobacco plants were toxic to H.

armigera, and the insect resistance efficiency was highest in

ctp-m3-cry1Ah plants followed by m3-cry1Ah, m2-cry1Ah,

and m1-cry1Ah plants, respectively. The ctp-m3-cry1Ah

plants exhibited the highest resistance to H. armigera.

Discussion

Most insect-resistant transgenic plants have been devel-

oped using Bt d-endotoxin genes. Cry1Ab, cry1Ac and

cry1Ab/cry1Ac hybrid genes are now widely used in

commercial GMO crops. The toxic fragment of Cry1Ah

has 72 and 82 % similarity to Cry1Ab and Cry1Ac,

respectively. The results of bioassays indicated that

Cry1Ah was highly toxic to four important agricultural

pests, including O. furnacalis, H. armigera, C. suppres-

salis, and Plutella xylostella. This gene’s high level of

toxicity to lepidopteran larvae makes it potentially useful

for insect biocontrol (Xue et al. 2008). However, codon

preference is a major barrier to the expression of bacterial

genes in plants. Optimizing the codon usage patterns of

exogenous genes improves the transgene expression in

tobacco and tomato (Perlak et al. 1991), as well as potato

(Perlak et al. 1993). Modifications in the cry1Ab gene

allowed for efficient expression in plant protoplasts, and

expression levels increased from four- to sixfold (Jabeen

et al. 2010). Weng et al. (2011) optimized the cry1Ac gene

for efficient, high level expression in sugarcane plants.

To improve transgene expression levels in plants, we

modified the coding sequence of the truncated cry1Ah gene

and created three alleles with increasing GC content to

study the effect of GC content on transgene expression

levels. We generated transgenic tobacco lines harboring the

m1-cry1Ah, m2-cry1Ah, and m3-cry1Ah alleles via

Fig. 6 The appearance of

control (WT1 and WT2) and

transgenic tobacco leaves after a

larval feeding assay with H.

armigera. Leaves A3 and A17

were from m1-cry1Ah plants,

leaves B1 and B12 were from

m2-cry1Ah plants, leaves C12

and C20 were from m3-cry1Ah

plants, leaves D8 and D12 were

from ctp-m3-cry1Ah plants.

Photographs were taken after

3 days of infestation
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Agrobacterium-mediated transformation. Quantitative

analyses of the transgenic tobacco plants demonstrated that

the expression levels of m2-cry1Ah and m3-cry1Ah were

higher than that of m1-cry1Ah by approximately 4- and 9.5-

fold in transcript levels and 4- and 6-fold in protein levels.

In addition, m3-cry1Ah conferred a higher level of insect

resistance compared with m2-cry1Ah and m1-cry1Ah. Vi-

nogradov (2003) suggested that GC-rich regions were more

transcriptionally active in plants and animals. Kudla et al.

(2006) suggested that both RNA synthesis and degradation

could potentially be affected by GC content, and the

increased mRNA levels of GC-rich genes could be the

results of two mechanisms: increased mRNA synthesis or

decreased mRNA degradation. It, thus, appeared that the

enhanced transcript levels of cry1Ah alleles with increased

GC content might result from the efficient production of

polyadenylated mRNA either through increased transcrip-

tion or RNA processing efficiency.

Based on the results of statistical analysis, the expres-

sion levels of Cry1Ah and the mortality rates of larvae

feeding on m1-cry1Ah, m2-cry1Ah, and m3-cry1Ah plants

were significantly different, indicating that codon optimi-

zation of the cry1Ah gene caused an increase in protein

expression levels and insect resistance efficiency. Previ-

ously, we observed that protein expression of the m1-

cry1Ah gene was increased two- to fourfold with madMars

on both sides of the gene expression cassette compared to

the same gene without madMars in transgenic maize plants

(unpublished work). The findings of our current study

confirmed that codon optimization of the truncated cry1Ah

gene could enhance its expression levels further. Codon

optimization is a promising way to improve transgene

expression levels in crops.

To date, a number of studies have suggested that chloro-

plasts are ideal hosts for the expression of transgenes (Jang

et al. 1999; Kim et al. 2009; Verma and Daniell 2007; Wong

et al. 1992). The transit peptides that act as chloroplast tar-

geting sequences also facilitate interaction with envelope

lipids, chloroplast receptors and the stromal processing pep-

tidase (Bruce 2000). These transit peptides are cleaved from

the mature protein during or after translocation into chloro-

plasts (Schmidt et al. 1981). In the present study, we linked a

chloroplast transit peptide sequence to the N-terminus of the

m3-Cry1Ah protein. Next, we generated H. armigera-resis-

tant transgenic tobacco lines with the ctp-m3-cry1Ah gene.

The ctp-m3-cry1Ah plants showed the highest Cry1Ah protein

levels and a 100 % mortality rate of larvae feeding. It implied

that the Cry1Ah protein might be more stable in chloroplasts

than in cytosolic compartments. Based on the results of sta-

tistical analysis, Cry1Ah expression levels in m3-cry1Ah and

ctp-m3-cry1Ah plants were significantly different, and the

mortality rates of larvae feeding on m3-cry1Ah and ctp-m3-

cry1Ah plants were 93 and 100 %, respectively. There was no

significant difference on the mortality rates of larvae between

them, because both m3-cry1Ah and ctp-m3-cry1Ah plants

showed high mortality rates of larvae. Cry1Ah is very effec-

tive on larva mortality even at moderate levels of expression;

to detect a significant difference with the mortality rates of

larvae would require a moderately toxic Cry protein. Quan-

titative analysis showed that the transcript level of ctp-m3-

cry1Ah was higher than those of m3-cry1Ah, and the differ-

ence of the two constructs is simply the presence or absence of

the transit peptide. It is unlikely that the transit peptide has a

significant effect on increasing transcription. Wong et al.

(1992) and Kim et al. (2009) both suggested that the presence

of the transit peptide led to higher transcript levels, which may

be due to increased mRNA stability.

Several researchers have reported that single copy

transgenes exhibited higher expression levels than multiple

T-DNA insertions (Hobbs et al. 1990; Jones et al. 1987).

However, we noted little difference in transgene expression

in m3-cry1Ah plants, even though there were multiple

copies in line C9. It was somewhat interesting that the transgene

expression levels in the multiple copy lines B12, D11, and D12

were higher than the expression levels in other transgenic lines

in relevant groups. The co-suppression is an interaction of

homologous sequence that occurs in trans over great genetics

distance (Napoli et al. 1990). In the current study, the multicopy

lines may be luckily integrated in the same or close sites, and

co-suppression of homologous genes was avoided.

Overall, the combined effects of exogenous gene mod-

ification and the use of a transit peptide sequence on

transgene expression were shown to be significant. Further

applications of this method and use of the cry1Ah gene in

other important crops will be valuable in the future.
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