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The cationic lytic peptide cecropin B (CB), isolated from the giant silk moth (Hyalophora cecropia), has been
shown to effectively eliminate Gram-negative and some Gram-positive bacteria. In this study, the effects of
chemically synthesized CB on plant pathogens were investigated. The S50s (the peptide concentrations causing
50% survival of a pathogenic bacterium) of CB against two major pathogens of the tomato, Ralstonia solanacea-
rum and Xanthomonas campestris pv. vesicatoria, were 529.6 �g/ml and 0.29 �g/ml, respectively. The CB gene
was then fused to the secretory signal peptide (sp) sequence from the barley �-amylase gene, and the new
construct, pBI121-spCB, was used for the transformation of tomato plants. Integration of the CB gene into the
tomato genome was confirmed by PCR, and its expression was confirmed by Western blot analyses. In vivo
studies of the transgenic tomato plant demonstrated significant resistance to bacterial wilt and bacterial spot.
The levels of CB expressed in transgenic tomato plants (�0.05 �g in 50 mg of leaves) were far lower than the
S50 determined in vitro. CB transgenic tomatoes could therefore be a new mode of bioprotection against these
two plant diseases with significant agricultural applications.

Bacterial plant diseases are a source of great losses in the
annual yields of most crops (5). The agrochemical methods
and conventional breeding commonly used to control these
bacterially induced diseases have many drawbacks. Indiscrim-
inate use of agrochemicals has a negative impact on human, as
well as animal, health and contributes to environmental pollu-
tion. Conventional plant-breeding strategies have limited
scope due to the paucity of genes with these traits in the usable
gene pools and their time-consuming nature. Consequently,
genetic engineering and transformation technology offer better
tools to test the efficacies of genes for crop improvement and
to provide a better understanding of their mechanisms. One
advance is the possibility of creating transgenic plants that
overexpress recombinant DNA or novel genes with resistance
to pathogens (36). In particular, strengthening the biological
defenses of a crop by the production of antibacterial proteins
with other origins (not from plants) offers a novel strategy to
increase the resistance of crops to diseases (35, 39, 41). These
antimicrobial peptides (AMPs) include such peptides as
cecropins (2, 15, 20, 23–24, 27, 31, 42, 50), magainins (1, 9, 14,
29, 47), sarcotoxin IA (35, 40), and tachyplesin I (3). The genes
encoding these small AMPs in plants have been used in prac-
tice to enhance their resistance to bacterial and fungal patho-
gens (8, 22, 40). The expression of AMPs in vivo (mostly
cecropins and a synthetic analog of cecropin and magainin)
with either specific or broad-spectrum disease resistance in
tobacco (14, 24, 27), potato (17, 42), rice (46), banana (9), and
hybrid poplar (32) have been reported. The transgenic plants
showed considerably greater resistance to certain pathogens
than the wild types (4, 13, 24, 27, 42, 46, 50). However, detailed

studies of transgenic tomatoes expressing natural cecropin
have not yet been reported.

The tomato (Solanum lycopersicum) is one of the most com-
monly consumed vegetables worldwide. The annual yield of
tomatoes, however, is severely affected by two common bacte-
rial diseases, bacterial wilt and bacterial spot, which are caused
by infection with the Gram-negative bacteria Ralstonia so-
lanacearum and Xanthomonas campestris pv. vesicatoria, re-
spectively. Currently available pesticides are ineffective against
R. solanacearum, and thus bacterial wilt is a serious problem.

Cecropins, one of the natural lytic peptides found in the
giant silk moth, Hyalophora cecropia (25), are synthesized in
lipid bodies as proteins consisting of 31 to 39 amino acid
residues. They adopt an �-helical structure on interaction with
bacterial membranes, resulting in the formation of ion chan-
nels (12). At low concentrations (0.1 �M to 5 �M), cecropins
exhibit lytic antibacterial activity against a number of Gram-
negative and some Gram-positive bacteria, but not against
eukaryotic cells (11, 26, 33), thus making them potentially
powerful tools for engineering bacterial resistance in crops.
Moreover, cecropin B (CB) shows the strongest activity against
Gram-negative bacteria within the cecropin family and there-
fore has been considered an excellent candidate for transfor-
mation into plants to improve their resistance against bacterial
diseases.

The introduction of genes encoding cecropins and their an-
alogs into tobacco has been reported to have contradictory
results regarding resistance against pathogens (20). However,
subsequent investigations of these tobacco plants showed that
the expression of CB in the plants did not result in accumula-
tion of detectable levels of CB, presumably due to degradation
of the peptide by host peptidases (20, 34). Therefore, protec-
tion of CB from cellular degradation is considered to be vital
for the exploitation of its antibacterial activity in transgenic
plants. The secretory sequences of several genes are helpful,
because they cooperate with the desired genes to enhance
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extracellular secretion (24, 40, 46). In the present study, a
natural CB gene was successfully transferred into tomatoes.
The transgenic plants showed significant resistance to the to-
mato diseases bacterial wilt and bacterial spot, as well as with
a chemically synthesized CB peptide.

MATERIALS AND METHODS

Bacterial strains. Plasmid cloning and amplification of the CB gene were
performed in Escherichia coli strain DH5�. Plant pathogens, such as R.
solanacearum PPS4, X. campestris pv. vesicatoria XVT28 (both provided by C. P.
Cheng, Academia Sinica, Taiwan), and Erwinia carotovora subsp. carotovora
(ATCC 13137; from the Bioresource Collection and Research Center [BCRC],
Hsinchu, Taiwan), were cultured and maintained in 523 medium (0.3 g
MgSO4 � 7H2O, 2.0 g K2HPO4, 4.0 g yeast extract, 8.0 g casein hydrolysate, 10.0 g
sucrose, 15.0 g agar per liter) at 28°C. For plant transformation, Agrobacterium
tumefaciens strain LBA4404 (provided by the Transgenic Plant Laboratory, Aca-
demia Sinica, Taiwan) was maintained in YEP medium (1% [wt/vol] yeast ex-
tract, 0.5% [wt/vol] NaCl, 1% [wt/vol] peptone). Antibiotics were used for plant
tissue culture at the following concentrations: carbenicillin at 500 mg/liter and
kanamycin at 50 mg/liter (Sigma, St. Louis, MO). Other pathogens used to test
antibacterial activity in vitro were E. coli (ATCC 25922) and Salmonella enteritidis
(BCRC 10744) (both from the BCRC). These bacteria were maintained in
Luria-Bertani broth or nutrient broth (NB) medium.

Synthesis and construction of the CB gene. Based on the amino acid sequence
of CB (Fig. 1A), the DNA sequence containing the coding region of the CB gene
(Fig. 1B) was chemically synthesized (GenScript Corp., Piscataway, NJ). For
improved plant expression, the codon choice was made according to the codon
usage in the tomato. The primers 5�-GCTGGATCCAAGTGGAAGGTTTTC-3�
(the BamHI site is underlined) and 5�-GAGAGCTCACTATTACAAAGCCTT
AG-3� (the SacI site is underlined) were used to obtain BamHI and SacI restric-
tion sites for subcloning. The CB gene was amplified by PCR and inserted into
a pUC18 vector at the 3� end of the secretory sequence (synthesized by Gen-
Script Corp.) from the barley �-amylase gene in a pUC18 vector. A 199-bp
fragment consisting of secretory signal peptide (sp) and CB sequences (Fig. 1C)
was subcloned into the binary plant expression vector pBI121 under the control
of a constitutive promoter, Cauliflower mosaic virus 35S (CaMV35S) and a
terminator, NOS (nopaline synthase gene). This new construct was named
pBI121-spCB (Fig. 1D). The sequence including the signal peptide and CB was
confirmed by DNA sequencing.

Transformation of the plasmid into A. tumefaciens. The pBI121-spCB plasmid
was introduced into A. tumefaciens LBA4404 by the freeze-thaw method (Her-
mann Schmidt, DNA-Cloning Service, Hamburg, Germany [http://www.DNA
-Cloning-Service.de]) for plant transformation.

Plant transformation (tomato). Tomato seeds (S. lycopersicum cv. Microtom;
seeds provided by Kin-Ying To, Academia Sinica, Taiwan) were treated with a 2%
(wt/vol) NaOCl, 0.1% (wt/vol) Tween solution for 30 min and rinsed five times with
sterile deionized water in order to prevent any growth of microorganisms while in
culture. The sterilized seeds were germinated and grown on Murashige and Skoogs
(MS) medium and maintained in a growth chamber under a 16-h/8-h (light/dark)
photoperiod at 26°C with a relative humidity of 55%. Cotyledon leaves from 7-day-
old seedlings were excised. To stimulate the initial growth, the explants were pre-
conditioned overnight with preculture medium (MS salt, 2% [wt/vol] sucrose, Gam-
borg B5 basal salt mixture with vitamins [16], 2 mg/liter benzylaminopurine, pH 5.7,
0.3% [wt/vol] phytagel, 0.25 mg/liter indole-3-acetic acid) at 26°C. The explants were
then cocultivated with the overnight culture of A. tumefaciens LBA4404 containing
the pBI121-spCB plasmid for 48 h at 26°C in the dark. After being washed 3 times
with sterile deionized water containing 500 mg/liter carbenicillin, the explants were
incubated in regeneration medium (MS salt, Nitsch vitamin [37], 3% [wt/vol] su-
crose, pH 5.7, 2 mg/liter zeatin, 2 mg/liter kinetin, 0.3% [wt/vol] phytagel, 500
mg/liter carbenicillin) under a 16-h/8-h (light/dark) photoperiod at 26°C and 55%
humidity for the purpose of shoot induction.

Regeneration and selection of transgenic plants (tomato). To select transfor-
mants, the explants were subcultured once a week in regeneration medium
supplemented with 50 mg/liter of kanamycin for a period of several weeks. The
initial callus was observed at the site of wounding on the explants. When shoots
appeared from the calli, they were separated and transferred into shoot forma-
tion medium (MS salt, Nitsch vitamin, 3% [wt/vol] sucrose, pH 5.7, 0.3% [wt/vol]
phytagel, 500 mg/liter carbenicillin, supplemented with 50 mg/liter kanamycin).
The regenerated shoots were then transferred and grown in Megenta boxes for
root induction (1/2 MS salt, LS vitamin [30], 3% [wt/vol] sucrose, 0.7 g/liter
2-n-morpholino-ethanesulfonic acid, pH 5.7, 0.3% [wt/vol] phytagel, 500 mg/liter
carbenicillin, supplemented with 50 mg/liter kanamycin). The rooted plants were
then transplanted into boxes containing soil. The tomato plants were grown in a
growth cabinet (16 h at 28°C and 8 h in the dark at 23°C) in a mixture of
peat-vermiculite-perlite (10:1:2 [vol/vol/vol]).

DNA isolation and PCR analysis. Genomic DNA was isolated from leaf tissue
of tomato plants by using a plant genomic DNA purification kit (Genemark,
Taiwan). Integration of the CB gene into the plant genome was confirmed by
PCR amplification of the CB transgene using the forward primer 5�-GCTGGA
TCCAAGTGGAAGGTTTTC-3� and the reverse primer 5�-GAGAGCTCACT

FIG. 1. Sequence and expression construct of CB. (A) Amino acid sequence of CB. (B) CB’s nucleotide sequence containing the coding region
and stop codon TAA (underlined). For improved plant expression, codon choice was made according to the codon usage in the tomato. (C) Gene
construct of CB with the secretory signal peptide (sp). (D) Schematic diagram of the expression construct pBI121-spCB used for the current tomato
expression. Expression of the CB gene was driven by the Cauliflower mosaic virus (CaMV) 35S promoter and the Nos (nopaline synthase gene)
terminator. The NPTII gene encoding neomycin phosphotransferase II served as a selectable marker for plant transformation. RB and LB are the
right and left border regions of the Agrobacterium tumefaciens Ti plasmid, respectively.
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ATTACAAAGCCTTAG-3�. PCR products were analyzed on 1% (wt/vol) aga-
rose gels, stained with ethidium bromide, and visualized under UV light.

Western blot analysis. Fresh leaves of wild-type or transgenic tomato plants
were ground in liquid nitrogen and then homogenized in sterile deionized water.
After incubation at 70°C for 60 min, the debris was removed by centrifugation at
10,000 � g for 5 min. For Western blot analysis, the supernatant containing
soluble proteins was precipitated with 5% (wt/vol) trichloroacetic acid (TCA) at
4°C for 10 min. The protein precipitates were washed three times in cold acetone
and resuspended in 0.1 N NaOH. Protein samples were separated by 10%
(wt/vol) SDS-PAGE and electrotransferred onto a polyvinylidene difluoride
(PVDF) nylon membrane (Millipore Corp., Burlington, MA). Immunodetection
was performed using polyclonal rabbit anti-CB serum (Cashmere Biotech, Tai-
pei, Taiwan) as the primary antibody at 1:3,000 dilution and a goat anti-rabbit
alkaline phosphatase-conjugated secondary antibody (Chemicon International,
Inc., Temecula, CA) at a dilution of 1:8,000. Antigen-antibody complexes were
detected using Chemiluminescence Reagent Plus (Perkin Elmer, Shelton, CT),
and the images were recorded on X-ray film.

In vitro bioassays of antibacterial activity: liquid growth inhibition assay. (i)
Antibacterial efficacy of synthetic CB peptide. Liquid cultures of test bacteria
were grown overnight prior to the assay and adjusted to 1 � 106 CFU/ml with 2
ml MH medium (Mueller-Hinton broth: 2.0 g of beef extract, 17.5 g acid digest
of casein, and 1.5 g of soluble starch per liter). CB peptide was dissolved in sterile
deionized water to a concentration of 128 �g/ml (33.4 �M) as a stock solution.
The stock solution was then serially diluted to the different concentrations used
for the experiments. A known amount of CB (SynPep Corp., Dublin, CA) was
added to a bacterial suspension and incubated in a rotary shaker at 125 rpm at
28°C. After incubation for 17 h, the optical density at 600 nm (OD600) was
recorded. The antibacterial activity was determined by measuring the percentage
survival of bacteria. The survival rate (percent) of bacteria was calculated by
changes in optical density: the test OD600 (bacterial growth in the presence of
peptide) divided by the reference OD600 (bacterial growth in the absence of
peptide). The peptide concentration causing 50% survival of each pathogen
derived from dose-response curves (constructed by using 11 different concentra-
tions of synthetic CB) for growth inhibition was designated the S50. The antibi-
otics ampicillin and kanamycin were used as controls.

(ii) Antibacterial activities of CB transgenic-plant extracts. The tested bacte-
ria were grown overnight and adjusted to 1 � 104 CFU with 800 �l NB medium.
Protein extracts (700 �l) isolated from 300 mg of leaves of transgenic and
wild-type tomato plants were added to the bacterial suspension and incubated in
a rotary shaker at 125 rpm and at a temperature appropriate for the specific
bacteria. After incubation for 17 h, the OD600 was recorded. Three independent
experiments with separate preparation and three replicates for each experiment
were performed.

In vivo plant bioassay for resistance to bacterial wilt. R. solanacearum PPS4
was grown for 72 h at 30°C on NB medium. The bacterial suspension for
inoculation was prepared and adjusted until the OD600 � 0.3 (108 CFU/ml).
Thirty milliliters of the bacterial suspension was poured onto each 6-week-old
tomato plant (wild-type and transgenic [second generation, or T2] plants) grown
in a greenhouse, and they were kept in a growth chamber at 30°C. Disease
development and the symptoms of the plants were then recorded on the 14th day
after infection. Disease readings were made according to the following numerical
grades: 0, no symptoms; 1, one leaf partially wilted; 2, two or three leaves wilted;
3, all except the top 2 or 3 leaves wilted; 4, all leaves wilted; 5, death (49). The
experiment was repeated twice.

In vivo plant bioassay for resistance to bacterial spot. X. campestris pv. vesi-
catoria XVT28 was grown for 72 h at 30°C on NB agar medium. The bacterial
suspension for inoculation was prepared in distilled water containing 0.1% (wt/
vol) carboxymethyl cellulose (CMC) and adjusted until the OD600 � 0.3 (108

CFU/ml). More than eight fully expanded leaves of 6-week-old greenhouse-
grown tomato plants (wild-type and transgenic [T2] plants) were soaked in the
bacterial suspension for 30 s. The inoculated plants were then incubated in a
growth chamber at 30°C. Disease development and symptoms were recorded on
the 14th day after infection. The numbers of spots on the 5th and 6th leaves were
calculated. For the quantification of X. campestris pv. vesicatoria in the infected
regions, mutant strains of X. campestris pv. vesicatoria resistant to rifampin were
selected on NB agar medium supplemented with 100 �g/ml rifampin and used
for inoculation. After 14 days of infection, the extracts from the leaves were
dispersed on NB agar medium supplemented with 100 �g/ml rifampin. After
incubation for 48 to 72 h, bacterial growth was monitored by counting viable
CFU. The experiment was repeated twice.

RESULTS

Effectiveness of chemically synthesized cecropin B against
three plant pathogens. CB has long been reported to possess
lytic activity against several Gram-negative bacteria, such as E.
coli, Salmonella enteritidis, Klebsiella pneumoniae, and Pseudo-
monas aeruginosa (10, 11). To confirm that CB would provide
protection against major bacterial diseases of the tomato, the
effectiveness of a synthetic CB peptide against two common
tomato pathogens, R. solanacearum and X. campestris pv. vesi-
catoria, and the plant pathogen E. carotovora were investigated
by liquid growth inhibition assay (Table 1). The S50 of CB for
the plant pathogen E. carotovora (1.32 �g/ml) was lower than
those of control samples, like ampicillin and kanamycin. Fur-
thermore, CB was extremely potent against the pathogen X.
campestris pv. vesicatoria XVT28, with an S50 of only 0.29
�g/ml. The S50 of CB (529.6 �g/ml) against R. solanacearum
PPS4 was higher than the S50s of antibiotic controls.

Selection of transgenic tomato plants and their progeny
(PCR analysis). Transgenic tomato plants carrying a pBI121-
spCB construct were generated and grown on medium containing
50 mg/liter kanamycin, and five independent kanamycin-resistant
T0 (original) transgenic lines were selected for further analysis.
Integration of the CB gene into the tomato genome was con-
firmed by PCR. The following control experiments were carried
out: PCR amplification in the absence of a template (Fig. 2A and
B, lanes 1) as a negative control, genomic DNA isolated from
wild-type tomatoes as a template (Fig. 2A, lane 3, and B, lane 15),
and plasmid pBI121-spCB DNA as a template (Fig. 2A and B,
lanes 2, as positive controls). Three individual kanamycin-resis-
tant T0 transgenic lines were selected for the analysis of total
genomic DNA, as shown in Fig. 2A. Among them, lines 1 and 3
gave positive PCR results (Fig. 2A, lanes 4 and 6). The T0 trans-
genic line 1 was therefore selected for further testing for the
presence of the CB gene in the next generation (T1, or first
generation). As shown in Fig. 2B, among 11 T1 transgenic plants
(lanes 4 to 14), only three plants (lanes 9, 10, and 13) gave
negative PCR results. The outcome of segregation (the ratio of
positive to negative responses was 8:3) was close to the theoretical
value of 3:1, which indicated that the T0 transgenic plant probably
included a single copy of CB.

Expression of CB in transgenic tomato plants (Western blot
analysis). Transgenic tomato plants, including T0 and T1 gen-

TABLE 1. S50s of synthetic CB and the antibiotics ampicillin and
kanamycin for the tomato bacterial pathogens Ralstonia
solanacearum, Xanthomonas campestris pv. vesicatoria,

and the Gram-negative bacterium
Erwinia carotovora (18, 28)a

Pathogen
S50 ��g/ml (�M)�

Ampicillin Kanamycin CB

R. solanacearum 1.03 (2.8) 0.44 (0.76) 529.6 (138)
X. campestris pv.

vesicatoria
6.56 (17.7) 0.46 (0.78) 0.29 (0.08)

Erwinia carotovora 3.73 (10.0) 1.96 (3.36) 1.32 (0.34)

a Liquid cultures of test bacteria were grown overnight prior to the assay and
adjusted to 1 � 106 CFU/ml. A known amount of CB was added to a bacterial
suspension and incubated in a rotary shaker at 125 rpm at 28°C. After incubation
for 17 h, the OD600 was recorded. The S50s of pathogens were represented by
single measurements.
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erations, carrying the CB gene were analyzed for peptide ex-
pression in plants by Western hybridization assay (Fig. 2C). An
antibody-reactive signal at 4.0 kDa comigrated with �50 ng
synthetic CB (Fig. 2C, lane 8). The positive signals were de-
tected in the transgenic T0 (Fig. 2C, lane 2) and T1 (Fig. 2C,
lanes 4 to 7) tomatoes, but not in nontransgenic plants (Fig.
2C, lanes 1 and 3).

Plant pathogen resistance of CB-expressing tomato. To
evaluate the resistance of transgenic plants to plant pathogens,
control (wild-type) and transgenic T2 tomato plants were chal-
lenged with R. solanacearum and X. campestris pv. vesicatoria.
At an inoculum concentration of 108 CFU/ml of R. solanacea-
rum, the symptoms of the disease bacterial wilt were observed
in wild-type plants from the 10th day after infection (Fig. 3A).
By the 14th day after infection, all leaves of wild-type plants
had wilted (Fig. 3B), leading to plant death. T2 transgenic
tomato plants expressing CB were healthy and showed no
symptoms of bacterial wilt on the 10th day (Fig. 3C) and the
14th day (Fig. 3D). The rating scale of disease (49) for the wild
type can be set at 2 (two or three leaves wilted after 10th day
of infection), 3 (all except the top 2 or 3 leaves wilted after the
12th day of infection), 4 (all leaves wilted after the 14th day of
infection), or 5 (death after the 21st day of infection). How-
ever, the rating scale of disease for transgenic (T2) tomatoes
was zero (no symptoms even after the 21st day of infection).

The symptoms of bacterial spot, caused by X. campestris pv.
vesicatoria, were observed clearly in wild-type plants on the
14th day after infection. The numbers of spots on the 5th and
6th leaves for wild-type and transgenic plants were 42.7 and 11,

respectively. Although spots appeared on the leaves of CB
transgenic plants, the number of spots was 74% less than for
the wild type. After 14 days of infection, the infected leaves
were ground with distilled water in order to calculate the quan-
tity of pathogens. The bacterial population in the spotted re-
gions of transgenic plants (the number of pathogens on the 5th
and 6th leaves was 189,800/g of leaves) was 49% less than those
on the wild-type plants (the number of pathogens on the 5th
and 6th leaves was 97,100/g of leaves). These results imply a
strong correlation between disease symptoms (the number of
spots) and pathogen quantity (the number of X. campestris pv.
vesicatoria cells in the spotted region).

In vitro antibacterial activities of transgenic tomato plant
extracts. The ability of protein extracts isolated from the leaves
of transgenic tomato plants to inhibit the growth of bacteria
was determined by liquid growth inhibition assay. The growth
of three different indicator bacteria, namely, E. coli, S. enteri-
tidis, and E. carotovora, was examined. Incubation with total
protein extracts isolated from 300 mg of leaves of transgenic
tomatoes (Fig. 4, T1) showed an inhibition range from 16.8%
to 34.5% on the growth of bacteria (E. coli, S. enteritidis, and E.
carotovora). Protein extracts from wild-type tomato plants (Fig.
4) did not display any antimicrobial activity.

DISCUSSION

For the application of peptide antibiotics in agriculture, one
of the effective methods is through the transgenic expression of
these simple peptides by standard molecular-cloning tech-

FIG. 2. Analysis of the CB gene and peptide in the transgenic tomato. (A and B) PCR analysis of the CB gene in wild-type and transgenic
tomatoes. Genomic DNA isolated from 10 mg of fresh leaves from transgenic tomatoes (T0 plants, panel A, lanes 4 to 6; T1 plants, panel B, lanes
4 to 14) and nontransgenic control plants (A, lane 3, and B, lane 15) were used as templates for PCRs. The PCR products were analyzed on 1%
(wt/vol) agarose gels. (A and B) Lanes 1, no template (negative control); lanes 2, PCR product amplified from plasmid pBI121-spCB (positive
control); lane 3 in panel B is the PCR product amplified from plasmid pBI121 without the CB gene (negative control). (C) Analysis of peptide
CB expressed in transgenic tomatoes. The levels of CB peptide in transgenic tomato plants were determined by Western hybridization analysis.
Soluble protein extracts from 50 mg of fresh leaves of transgenic tomatoes (T0 plant, lane 2; T1 plants, lanes 4 through 7) and nontransgenic control
plants (wild type [WT], lanes 1 and 3) were Western hybridized using a polyclonal antibody raised against CB. Lane 8 is a positive control with
0.05 �g of synthetic CB peptide.
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niques. Although a number of peptide antibiotics have exten-
sive modifications (e.g., lantibiotics) (45), most of these pep-
tides have functions based on their primary sequences. Thus,
these simple peptides have become popular targets for engi-
neering plant resistance to microbial pathogens, and recently,
there has been a growing interest in developing antimicrobial
peptides for disease resistance in plants (7, 19, 48). The char-
acteristic features of the cationic lytic peptides cecropins are
their net positive charge, an affinity for negatively charged
prokaryotic membrane phospholipids over neutrally charged
eukaryotic membranes, and the ability to form aggregates that
disrupt the bacterial membrane (6, 21). It is difficult for the
pathogen to develop resistance against the cecropin-like pep-
tides in planta. Several previous studies have indicated that

CB-derived peptides possess in vitro activity against several
bacterial and cancer cells (10, 11). Furthermore, the antibac-
terial activities of synthetic CB against some well-known
Gram-negative bacteria, such as E. coli, S. enteritidis, K. pneu-
moniae, and P. aeruginosa, were investigated in the current
experiments. The results showed that CB has an S50 between
1.29 �g/ml and 1.51 �g/ml (data not shown). Moreover, CB
was very effective at killing the tomato pathogen X. campestris
pv. vesicatoria, with an S50 as low as 0.29 �g/ml (�0.08 �M)
(Table 1). The CB gene is therefore an ideal candidate for
genetic improvement to engineer resistance to pathogens in
transgenic tomato plants.

In this study, transgenic tomato plants constitutively ex-
pressing the CB gene from H. cecropia were generated by
Agrobacterium-mediated transformation. In vitro, extracts of
the CB peptide expressed in tomatoes showed broad-spec-
trum antimicrobial activity. The CB produced by the trans-
genic tomato plants was biologically active and inhibited the
growth of bacteria (E. coli, S. enteritidis, and E. carotovora)
(Fig. 4). In in vivo challenge studies, transgenic tomatoes
showed improved resistance to disease caused by bacterial
pathogens, viz., R. solanacearum (Fig. 3) and X. campestris,
thus showing the potential of CB as a promising tool for the
development of multiple-disease resistance in plants.

Transgenic tomatoes expressing the CB gene can very effec-
tively resist infection by the pathogen X. campestris pv. vesicatoria.
This result confirmed the in vitro outcome of a low S50 (as low as
0.29 �g/ml) (Table 1) of CB against the pathogen. A higher
concentration of CB was needed to effectively inhibit the growth
of the pathogen R. solanacearum in vitro (S50, 529.6 �g/ml) (Table
1). The levels of CB expressed in transgenic plants (�0.05 �g in
50 mg of leaf material) are far smaller than the S50 determined in
vitro; therefore, even a low-level constitutive expression of CB
may help the plant’s innate immune defenses to generate the
increased resistance seen in vivo (Fig. 3). More detailed resistance
studies remain to be conducted in the future.

Owens (43) reported that transgenic proteins could be

FIG. 3. Enhanced resistance to the disease bacterial wilt in CB
transgenic tomatoes. Six-week-old tomato plants, including wild-type
(WT) and transgenic (T2) plants, were challenged with 30-ml suspen-
sions of the pathogen Ralstonia solanacearum (108 CFU/ml). Disease
development and symptoms in wild-type (A and B) and transgenic (C
and D) tomatoes were recorded on different days. The photographs
were taken on the 10th (A and C) and 14th (B and D) days after
infection and are representative of duplicate analyses.

FIG. 4. In vitro antimicrobial assay of the effects of tomato leaf ex-
tracts on bacteria. Total protein extracts prepared from 300 mg of tomato
leaves were used to investigate growth inhibition in the bacteria E. coli,
Salmonella, and Erwinia. After incubation for 17 h, the bacterial growth in
the presence of protein extracts from transgenic tomatoes (T1) was re-
corded by the OD600 and normalized to the OD600 of bacteria grown in
the presence of protein extracts from wild-type (WT) tomatoes. The data
are the means and the standard deviations of three replicates.
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degraded by plant endogenous peptidase, and expressed
peptides were therefore assumed to be ruined in plants (44).
Many previous reports supported this argument and re-
ported that cecropin expression was not detected in trans-
genic plants, blaming the failure of cecropin to increase its
abundance in transgenic plants on cellular degradation by
plant peptidase, thus limiting the quantity of peptide avail-
able to kill the pathogen (2, 15, 20). However, other reports
showed an alternative method in which making certain mod-
ifications to peptides (such as in their sequences or combin-
ing them with other peptides as chimeras) has made it pos-
sible to avoid such degradation and to allow sufficient levels
of peptides to accumulate to resist pathogens in plants (24,
27, 42, 44). Another alternative way to prevent peptide
degradation in plants is to secrete the peptide from the cell.
Signal peptides of several genes, such as the PR1a gene in
tobacco, the �-amylase gene in barley, and the chitinase
gene in rice, can cooperate with the desired genes to allow
extracellular secretion (24, 40, 46). A CB modified by the
simple addition of the secretory signal peptide of the �-amy-
lase gene to the N terminus of the CB sequence was used in
this experiment. The CB peptide proved to have excellent
antimicrobial activity.

Western hybridization analysis of total protein extracts from
CB expression lines provided strong evidence that CB accu-
mulated in tomato plants. The level of accumulation of CB
peptide detected in total protein extracts prepared from leaves
of transgenic lines was moderate, estimated at about 1 �g (�
261 pmol) per gram of fresh leaves (Fig. 2C) (the estimation
was made by comparing the signal density of a transgenic plant
expressing CB with the signal density of a known weight of
synthetic CB). This result is comparable with the expression
(250 pmol/g) of the antibacterial peptide sarcotoxin IA in
transgenic tobacco plants (40). Furthermore, one of the most
serious concerns regarding the use of lytic peptides in enhanc-
ing plant defense against invading pathogens is the possible
toxicity to the plant. The present investigation showed that the
CB gene expressed in tomato plants had no deleterious effects
on the transgenic plants. Plant morphology, plant growth, and
yields of fruits and seeds (data not shown) were normal. In
most cases, the minimum lethal concentration of cecropin de-
rivatives required for toxicity to plant protoplast, intact cells,
and tissues is much higher than that required to kill the bac-
terial cells (34, 38). For example, the lethal concentration of a
modified cecropin SB37 on the protoplast of tomatoes (S.
lycopersicum cv. “Red Cherry” [38]) was reported to be about
4.5 �M, which is far beyond the amount of CB expressed in the
transgenic tomato (	1 ng/mg of leaf material) (Fig. 2C) or
much higher than those of CB analogs transferred into other
transgenic plants (24, 27, 42, 46). The expression of CB in
tomato by the method described here therefore is considered
safe for the plant.

In summary, the expression of CB in tomato may effectively
protect the plant against two common bacterial diseases: bac-
terial wilt and bacterial spot. The process by which the CB-
containing transgenic tomato plant was developed in the
present study, therefore, may be extended to other transgenic
crop plants exhibiting resistance to plant pathogens.
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