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Expression of an Antimicrobial Peptide via the
Chloroplast Genome to Control Phytopathogenic
Bacteria and Fungi

Gerald DeGray, Kanniah Rajasekaran, Franzine Smith, John Sanford, and Henry Daniell*
Department of Molecular Biology and Microbiology and Center for Discovery of Drugs and Diagnostics,
12722 Research Parkway, University of Central Florida, Orlando, Florida 32826–3227 (G.D., H.D.); United
States Department of Agriculture, Agricultural Research Service, Southern Regional Research Center, New
Orleans, Louisiana 70124–4305 (K.R.); and Sanford Scientific Inc., 877 Marshall Road, Waterloo, New York
13165 (F.S., J.S.)

The antimicrobial peptide MSI-99, an analog of magainin 2, was expressed via the chloroplast genome to obtain high levels
of expression in transgenic tobacco (Nicotiana tabacum var. Petit Havana) plants. Polymerase chain reaction products and
Southern blots confirmed integration of MSI-99 into the chloroplast genome and achievement of homoplasmy, whereas
northern blots confirmed transcription. Contrary to previous predictions, accumulation of MSI-99 in transgenic chloroplasts
did not affect normal growth and development of the transgenic plants. This may be due to differences in the lipid
composition of plastid membranes compared with the membranes of susceptible target microbes. In vitro assays with
protein extracts from T1 and T2 plants confirmed that MSI-99 was expressed at high levels to provide 88% (T1) and 96% (T2)
inhibition of growth against Pseudomonas syringae pv tabaci, a major plant pathogen. When germinated in the absence of
spectinomycin selection, leaf extracts from T2 generation plants showed 96% inhibition of growth against P. syringae pv
tabaci. In addition, leaf extracts from transgenic plants (T1) inhibited the growth of pregerminated spores of three fungal
species, Aspergillus flavus, Fusarium moniliforme, and Verticillium dahliae, by more than 95% compared with non-transformed
control plant extracts. In planta assays with the bacterial pathogen P. syringae pv tabaci resulted in areas of necrosis around
the point of inoculation in control leaves, whereas transformed leaves showed no signs of necrosis, demonstrating high-dose
release of the peptide at the site of infection by chloroplast lysis. In planta assays with the fungal pathogen, Colletotrichum
destructivum, showed necrotic anthracnose lesions in non-transformed control leaves, whereas transformed leaves showed
no lesions. Genetically engineering crop plants for disease resistance via the chloroplast genome instead of the nuclear
genome is desirable to achieve high levels of expression and to prevent pollen-mediated escape of transgenes.

Antimicrobial peptides (AMPs) with �-helical
structures are ubiquitous and found in many organ-
isms. They are a common component of innate de-
fense mechanisms in the animal kingdom and help to
control normal microbial flora and combat pathogens
(Tossi et al., 2000). AMPs have been isolated from
frogs, insects, and mammalian phagocytic vacuoles
(Biggins and Sansom, 1999; Tossi et al., 2000). The
AMP used in this study (MSI-99) is an analog of
magainin 2, a defense peptide secreted from the skin
of the African clawed frog (Xenopus laevis), first dis-
covered by Zasloff (1987).

Magainins and their analogs have been studied as
a broad-spectrum topical agent, a systemic antibiotic,
a wound-healing stimulant, and an anticancer agent
(Jacob and Zasloff, 1994). However, the possible ag-
ricultural use of magainin-type AMPs has received
limited attention until recently. Li et al. (2001) have
reported disease resistance, to both a fungal and a
bacterial pathogen, conferred by expression of a ma-
gainin analog, Myp30, in transgenic tobacco (Nicoti-

ana tabacum var. Petit Havana). Initial studies of
AMPs including magainin were conducted using cir-
cular dichroism and solid-state NMR. These studies
first reported the mechanism of AMPs on artificial
membranes (Gesell et al., 1997; Shümann et al., 1997;
Matsuzaki, 1998). The mode of action of these pep-
tides has been more clearly defined recently. AMPs
are selective for prokaryotic membranes over eukary-
otic membrane due to the predominantly negatively
charged phospholipids in the outer leaflet of the
prokaryotic membrane (Biggin and Sansom, 1999;
Huang, 2000; Tossi et al., 2000). Such preference is
considered a regulatory function in target selectivity.
Althought the overall charge of the peptide is impor-
tant, it is known that other features play a role in
potency and spectrum of the peptide. The size, se-
quence, structure (percent helical content), overall
hydrophobicity, amphipathicity, and width of the
hydrophobic and hydrophilic regions of the peptide
have a function in the efficiency of the peptide (Tossi
et al., 2000). The peptides initially lay parallel to the
membrane surface in what is called a carpet affect. At
this stage, the peptide has assumed a helical confor-
mation. During this stage, the molar peptide-to-lipid
ratio (P/L) is low. As the peptide concentration in-
creases, the P/L reaches threshold. As the P/L con-

* Corresponding author; e-mail daniell@mail.ucf.edu; fax
407–384 –2062.
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tinues to increase, the peptides become perpendicu-
lar to the membrane, where they begin to aggregate
and disrupt the lipid composition by interacting with
the phospholipids to form pores in the membrane
(Huang, 2000). The membrane becomes depolarized
and there is a loss of essential metabolites and sec-
ondary effects that disrupt respiration and signaling
and triggers enzymes that cause peptidoglycan auto-
lysis (Tossi et al., 2000). Because of the reported
effectiveness of magainin and its analogs against
pathogens (Jacob and Zasloff, 1994), we chose one of
its analogs (MSI-99) to test against phytopathogenic
bacteria and fungi.

Chloroplast transformation was selected because of
several advantages over nuclear transformation
(Daniell, 1999a, 1999b, 2000; Bogorad, 2000; Heifetz,
2000). Gene containment is possible when foreign
genes are engineered via the chloroplast genome.
This prevents pollen transmission of transgene in
crops that maternally inherit the plastid genome.
Although pollen from plants that exhibit maternal
inheritance contain metabolically active plastids, the
plastid DNA is lost during pollen maturation (Heif-
etz, 2000). Gene containment in transgenic plants is a
serious concern when plants are genetically engi-
neered for disease resistance because of the possibil-
ity of creating robust, disease-resistant weeds or
passing on undesired traits to related crops. To pre-
vent these consequences, it is desirable to genetically
engineer crop plants for disease resistance via the
chloroplast genome instead of the nuclear genome.

Because of the concentration dependent action of
AMPs (Matsuzaki, 1998; Biggin and Sansom, 1999),
we hypothesized that expression of MSI-99 via the
chloroplast genome should accomplish high-dose re-
lease at the site of infection and prevent the spread of
infection by microbes. Such compartmentalization of
defense proteins is a natural occurrence in plants
(Neuhas et al., 1991). Due to the high copy number
associated with chloroplast expression, a larger
amount of the AMP may be synthesized, provided the
small peptide is not susceptible to extreme proteolytic
degradation. The AMP should be released at the site of
infection during the hypersensitive response that
leads to cell and organelle lysis. Release of AMP at
high concentrations should result in aggregation and
formation of pores in the outer membrane of microbes
and aid in preventing the spread of infection.

In addition, we hypothesized that chloroplast mem-
branes may not be susceptible to MSI-99 because of
the presence of neutral lipids in contrast to susceptible
microbes. Therefore, transgenic expression of MSI-99
within plastids may not be harmful. It is known that
the chloroplast envelope and thylakoid membranes
consist of primarily glycolipids and galactolipids in-
stead of phospholipids; monogalactosyldiacylglycerol
makes up 50% of membrane lipid and digalactosyl-
diacylglycerol makes up 30% (Siegenthaler, 1998).

To date, chloroplast transformation has enabled
generation of herbicide (Daniell et al., 1998), insect-
resistant crops (McBride et al., 1995; Kota et al., 1999;
DeCosa et al., 2001), and production of biopharma-
ceuticals (Guda et al., 2000; Staub et al., 2000; Daniell
et al., 2001a). This work extends the chloroplast ge-
netic engineering technology to confer pathogen re-
sistance using a synthetic lytic peptide (MSI-99)
against phytopathogenic bacteria and fungi.

RESULTS

Chloroplast Vectors and Plant Transformation

The synthetic peptide used in this study (MS1–99)
is an analog of the naturally occurring 23-amino acid
peptide, magainin 2. MSI-99 is a 22-amino acid se-
quence with an overall charge of �6 (Fig. 1). The
gene cassette used for transformation consisted of the
16S rRNA promoter, the MS1–99 gene with a chloro-
plast preferred (GGAGG) ribosome-binding site, the
aadA gene, which confers resistance to spectinomy-
cin, and the psbA (photosynthetic binding protein)
terminator for stabilizing the transcript. Flanking se-
quences are from the petunia chloroplast genome
(Fig. 1A). Transformation efficiency (i.e. the percent-
age of spectinomycin resistant shoots that contained
the transgene) was much lower (7%) than that rou-
tinely observed using the pLD vector (91%), which
contains tobacco homologous flanking sequences.
Out of 55 spectinomycin resistant shoots screened,
only four contained the MSI-99 gene and the rest
were mutants. Nuclear transgenic plants did not con-
fer resistance to spectinomycin selection at 500 �g
mL�1 (Daniell, 2000; Daniell et al., 2001b) and there-
fore were eliminated. The number of primary shoots
observed per bombarded leaf does not give an accu-
rate efficiency of chloroplast transformation because
of the generation of mutants under spectinomycin
selection. All transformants matured normally with
no apparent morphological effects for T0, T1, and T2

Figure 1. Transformation vector and MSI-99 peptide sequence. A,
Vector contains a selectable marker gene (aadA) that confers resis-
tance to spectinomycin, 16S rrn promoter, psbA terminator, and
petunia chloroplast DNA flanking sequences. B, Amino acid se-
quence of the AMP MSI-99.

Chloroplast Expression of an Antimicrobial Peptide

Plant Physiol. Vol. 127, 2001 853



generations (Fig. 2A). T1 seeds germinated in the
presence of spectinomycin produced green seedlings,
whereas control seedlings were bleached (Fig. 2B).

Foreign Gene Integration, Homoplasmy, and
Copy Number

PCR was performed by landing one primer on the
5� end of the aadA coding sequence, not present in
native chloroplast and the 3� end of the 16S rDNA.
PCR products of T0, T1, and T2 generations yielded
the same size product as the plasmid used for trans-
formation (Fig. 3, A–C), confirming integration of
transgenes. The probe used for the Southern analysis
was a 2.3-kb fragment from the 5� end of the trnI
(BamHI) to the 3� end of the 16SrDNA (NotI). The
plant DNA was digested with BamHI. DNA from
non-transformed plants produced a 3.2-kb fragment
and transformed plant DNA produced a 4.6-kb frag-
ment. Southern analysis confirmed integration of for-
eign genes for T0, T1, and T2 (Fig. 4, A–C). Untrans-
formed DNA showed a 3.2-kb fragment, whereas the
transformed contained a 4.6-kb fragment. Presence of
some wild-type fragments in T0 transgenic samples

indicated some heteroplasmy (Fig. 4A). However,
DNA from T1 and T2 generation produced only the
4.6-kb fragment, confirming homoplasmy (Fig. 4, B
and C). A cell is said to be homoplasmic when all of
the chloroplast genomes are uniformly transformed.
By confirming that the MSI-99-integrated genome is
the only one present in transgenic plants (ho-
moplasmy), one could estimate that the MSI-99 gene
copy number could be as many as 10,000 per cell.

Northern Analysis

Northern analysis was done to detect transcription
of the foreign genes (Fig. 5). Eight to 10 ng of RNA
was loaded in each well. Transcripts of 867 bp are
present in lane 2, whereas transcripts of 867 and 795
bp in lanes 3 and 4 indicate dicistronic transcripts
(lanes 2–4 are transgenic). Lane 5, which is from a
non-transformed plant, did not produce any tran-
scripts. Lane 1 is the 1,055-bp probe containing the
MSI-99 gene, promoter, and the aadA gene. The
monocistronic transcript for MSI-99 is too small (77
bp) to be detected on this gel.

Figure 2. Phenotype of wild-type and transgenic plants. A, Plants 1 through 3 are T0 transgenic plants, whereas plant 4 is
wild type. Plants 5 through 7 are T1 transgenic plants. Plants 8 and 9 are T2 transgenic plants. B, Seedlings germinated on
MSO � 500 �g mL�1 spectinomycin. Three T1 transgenic lines (1–3) and wild type (4) are shown.

DeGray et al.
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In Vitro Antibacterial Activity of Plant Extracts to
Pseudomonas syringae pv tabaci (Pst)

Cell-free extracts of T1 and T2 transgenic plants
inhibited growth of Pst in vitro by 86% and 96%
compared with wild-type plants (Fig. 6). Cell-free
extracts from transgenic plants germinated in the
absence of spectinomycin displayed an equivalent
ability to inhibit growth of P. syringae pv tabaci, in-
dicating that the growth inhibition observed was not
caused by spectinomycin that might be present in the
plant tissue (Fig. 7). The control plant extracts inhib-
ited bacterial growth more than the buffer only. This
is most probably due to natural defense peptides
such as defensins and thionins produced by plants
(Mourgues et al., 1998). Differences in bacterial
growth inhibition observed using plate assays versus
liquid culture assays (e.g. Fig. 7, A versus B) can be
explained by the differences in their environment.
Although the plated bacteria were no longer exposed
to AMP, bacteria in the liquid media were constantly
surrounded by active peptides.

In Vitro Antifungal Activity of Plant Extracts to
Aspergillus flavus, Fusarium moniliforme, and
Verticillium dahliae

Plant extracts from each transformed tobacco plant
significantly reduced (P � 0.001) the number of fun-
gal colonies arising from germinating conidia of A.
flavus, F. moniliforme, and V. dahliae compared with
the extracts from non-transformed controls (Fig. 8,
A–C). Germinating conidia of A. flavus were suscep-
tible to the extracts from transformed plants resulting
in a greater than 95% reduction in the number of
colonies. Extracts from all the transformants signifi-
cantly reduced (P � 0.001) the number of colonies
compared with the control (Fig. 8A). Extracts from T1
transgenic plants 10A and 11A inhibited almost 100%
of germinating conidia of F. moniliforme (Fig. 8B).
Germinating conidia of V. dahliae were also suscep-
tible to extracts from the transformed plants. Extracts
from the transformed plants reduced the number of
germinating conidia of V. dahliae by 99% compared

Figure 4. Southern analysis of T0, T1, and T2 generation plants. A,
Lanes 2 through 6, T0 transgenic lines; lane 1, wild type; lane 7,
plasmid DNA. B, Lanes 2 through 7, T1 transgenic lines; lane 1, wild
type; lane 8, plasmid DNA. C, Lanes 2 through 5, T2 transgenic lines;
lane 1, wild type; lane 6, plasmid DNA.

Figure 3. PCR analysis of plant DNA. DNA extracted from T0 (A), T1

(B), and T2 (C) plants were run on a 0.8% (w/v) agarose gel. A, T0,

lane 1, 1-kb ladder; lanes 2 through 5, transgenic lines; lane 6,
MSI-99 plasmid. B, T1, lane 1, 1-kb ladder; lanes 2 through 4,
transgenic; lane 5, plasmid control; lane 6, wild-type plant DNA. C,
T2, lane 1, 1-kb ladder; lanes 2 through 5, transgenic; lane 6, plasmid
control; lane 7, wild-type plant DNA.

Chloroplast Expression of an Antimicrobial Peptide
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with extracts from non-transformed controls (Fig.
8C).

In Planta Resistance to P. syringae pv tabaci

Inoculation of T0 potted plants (6–7 months old)
with P. syringae pv tabaci using a sandpaper tech-
nique (see “Materials and Methods”) resulted in ar-
eas of necrosis surrounding the point of inoculation
in wild-type control for all cell densities, whereas
transgenic mature leaves showed no areas of necrosis
(Fig. 9). Even inoculation of 8 � 105 cells resulted in
no necrosis in mature transgenic leaves (Fig. 9A),
suggesting the local concentration of the AMP to be
very high. However, non-transformed plants inocu-
lated with 8 � 103 cells displayed necrosis (Fig. 9B).
Similar results were obtained with bacteria inocu-
lated using a syringe (Fig. 9, C and D). Transgenic
mature leaves injected with P. syringae pv tabaci
showed a mild discoloration at the site of inoculation
of 8 � 105 cells (Fig. 9C), whereas the wild-type
plants displayed necrosis even when inoculated with
8 � 103 cells (Fig. 9D).

Inoculation of T1 transgenic plants 10A and 11A
with P. syringae pv tabaci using the syringe method
produced results essentially the same as for the T0
plants; no necrotic lesions formed. To assess whether
this lack of symptoms reflected a reduction in bacte-
rial growth, we quantified the number of bacteria in
the injected region. The starting population of bacte-
ria right after inoculation was determined to be about
400 to 450 CFU per disc. After 4 d, the bacterial
population increased to 13,750 � 750 CFU per disc in
control plants, whereas a lower number of colonies
were counted in T1 transgenic plants (4,650 � 125
CFU for 10A and 5,150 � 350 for 11A).

In Planta Anthracnose Resistance

Leaves inoculated with Colletotrichum destructivum
developed anthracnose lesions within 48 to 72 h after
inoculation on non-transformed controls, whereas T1
progeny plants of MSI-99 transformants (10A and

11A) did not develop lesions even after 1 week of
inoculation (Fig. 10).

DISCUSSION

This study shows that AMPs can be expressed in
tobacco chloroplasts and maintain their biological
activity without harmful effects to the transgenic
plants or chloroplasts. T0, T1, and T2 transgenic plants
were healthy and showed no morphological or de-
velopmental abnormalities. The initial low rate of
transformation in this study was most likely due to
less than 100% homology between the petunia flank-
ing sequences and the tobacco chloroplast genome.
This is not surprising because very low transforma-
tion efficiency was also observed when tobacco chlo-
roplast flanking sequences were used to transform
potato chloroplast genome (Sidorov et al., 1999). In
addition, other projects in our lab that use the pLD
vector (has tobacco flanking sequences) obtained
transformation efficiency of 91% (ratio of transfor-
mants to mutants). Retention of biological activity
was evident in the sharp decrease in cell viability
during in vitro bioassays. When comparing Southern
blots with biological activity, antimicrobial activity
increased as homoplasmy was achieved. Equal lytic
activity was also observed in transgenic plants ger-
minated in the presence or absence of spectinomycin.
Transgenic plants transferred to potting soil for 5 to 6
months after being removed from spectinomycin se-
lection displayed similar antimicrobial properties

Figure 5. Northern analysis of T2 generation. Eight to 10 ng of RNA
was loaded in each well. Lane 1 is positive control consisting of the
MSI-99 and promoter sequences and the aadA gene (1,055 kb). Lanes
2 through 4 are transgenic lines and lane 5 is non-transformed
control plant.

Figure 6. In vitro bioassays for T1 and T2 generations of three trans-
genic lines (10A, 11A, and 13A). Five microliters of bacterial cells
from an overnight culture was diluted to A600 0.1 to 0.3 and incu-
bated for 2 h at 25°C with 100 �g of total plant protein extract. One
milliliter of Luria broth (LB) was added to each sample. Samples were
incubated overnight at temperature appropriate for the specific bac-
teria. A600 was recorded. Negative control was non-transformed
plant extract. Buffer only was added as a control and stock culture
was used as a reference point.

DeGray et al.
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against inoculations of P. syringae pv tabaci. These
observations eliminate the possibility that spectino-
mycin absorbed into the plant tissue during germi-
nation of seeds may be responsible for the growth
inhibition in the in vitro and in situ bioassays. In
addition, the observation that MSI-99 was equally
active in transgenic plants germinated in the pres-
ence or absence of spectinomycin shows the stability
of the introduced trait in the absence of any selection
pressure.

MSI-99 is an analog of a naturally occurring pep-
tide (magainin 2) found in the skin of the African
frog. Changes have been made to the amino acid
sequence to enhance its lytic abilities. It has been
speculated previously that AMPs with a high anti-
bacterial activity might also have a high potential for
toxic activity against the chloroplast (Everett, 1994).
However, as reported in this study, the transgenic
plants grew normally, flowered, and set seeds like
the wild-type control. In contrast to prokaryotic
membranes, the chloroplast envelope and thylakoid
membranes consist of primarily glycolipids and ga-
lactolipids instead of phospholipids. It has been
shown that monogalactosyldiacylglycerol makes up
50% of membrane lipid and digalactosyldiacylglyc-
erol makes up 30% (Siegenthaler, 1998). Both of these
lipids are neutral and this may explain why chloro-
plasts were not affected by MSI-99.

Key features of cationic peptides such as MSI-99
are a net positive charge, an affinity for negatively
charged prokaryotic membrane phospholipids over
neutral-charged eukaryotic membranes, and the abil-
ity to form aggregates that disrupt the bacterial mem-

brane (Houston et al., 1997; Biggin and Sansom,
1999). Given the fact that the outer membrane is an
essential and highly conserved part of all bacterial
cells, it would seem highly unlikely that bacteria
would be able to adapt (as they have against amino-
glycosides or other types of antibiotics) to resist the
lytic activity of these peptides.

Figure 7. In vitro bioassays of plants grown in the absence of spec-
tinomycin. Five microliters of an overnight culture of P. syringae pv
tabaci diluted to A600 0.1 to 0.3 was mixed with 100 �g of total
protein extract from T2 lines 11A and 13A (germinated in the absence
of spectinomycin). After 2 h incubation, 50 �L of each mix was
plated onto LB plates and incubated overnight at 27°C. A, A600 was
recorded the next morning using a spectrophotometer. B, Count of
viable colony forming units (CFUs) were made using the Gell Dock
(Bio-Rad, Hercules, CA).

Figure 8. In vitro antifungal bioassays in T1 transgenic lines. A,
Inhibition of germinated conidia of A. flavus by exposure to leaf
extracts from tobacco plants expressing the antifungal peptide
MSI-99 for 1 h. Asterisk, Denotes a significant reduction (P � 0.001)
in the number of A. flavus colonies compared to extracts of non-
transformed control. B, Inhibition of germinated conidia of F. mo-
niliforme by exposure to leaf extracts from tobacco plants expressing
the antifungal peptide MSI-99 for 1 h. Asterisk, Denotes a significant
reduction (P � 0.001) in the number of F. moniliforme colonies
compared with extracts of non-transformed control. C, Inhibition of
germinated conidia of V. dahliae by exposure to leaf extracts from
tobacco plants expressing the antifungal peptide MSI-99 for 1 h.
Asterisk, Denotes a significant reduction (P � 0.001) in the number
of V. dahliae colonies compared with extracts of non-transformed
control. Error bars indicate SE of means. Mean separation was per-
formed using the method of Tukey.

Chloroplast Expression of an Antimicrobial Peptide

Plant Physiol. Vol. 127, 2001 857



Western blots could not be performed because
there were no antibodies available for this peptide.
Northern analysis confirmed the transcription of
MSI-99 in the transgenic plants but not in the control
plants. A high level of AMP expression can be ex-
pected due to the following reasons. The nature of
plastids to move from a somatically unstable hetero-
plasmic state to a state of homoplasmy itself lends to
high expression (Bock and Hagemann, 2000). The A
� T percent of MSI-99 is 51.39%, which is compatible
with the tobacco chloroplast 61% A � T content
(Shimada and Sugiura, 1991). Also, published reports
from our lab report expression of Cry2A operon (A �
T content of 65%) at levels as high as 46% total
soluble protein (DeCosa et al., 2001). Although these
facts point to high expression, it must be noted that
when protein extracts from the transgenic and con-
trol plants were run on a 16% (w/v) Gly gel, we were
unable to detect any peptides below 14 kD. MSI-99 is

approximately 2.7 kD and was probably lost due to
diffusion.

The minimum inhibitory concentration of MSI-99
was investigated in this study (Table I). Based on
total inhibition of 1,000 P. syringae pv tabaci cells
mL�1, MSI-99 was most effective against Pst, requir-
ing only 1 �g mL�1 of MSI-99. The overall charge of
MSI-99 is more positive than magainin 2. However,
although the overall charge of the peptide is impor-
tant, it is known that other features play a role in
potency and spectrum of the peptide. The size, se-
quence, structure (percent helical content), overall
hydrophobicity, amphipathicity, and width of the
hydrophobic and hydrophilic regions of the peptide
have a function in the efficiency of the peptide (Tossi
et al., 2000). Further study is needed to investigate
other changes that occurred in MSI-99 as a result of
increased positive charge. The results of this investi-
gation provide yet another option in the ongoing
battle against phytopathogens to reduce yield losses
and prevent mycotoxin contamination caused by
some fungi in food and feed crops.

MATERIALS AND METHODS

Plant Materials

With the exception of T0, all wild-type and transgenic
plants were germinated from seeds at the same time. The
only difference in growth media was the presence of spec-
tinomycin for selection. All plants and leaves were of the
same age. Although T0 plants originated from tissue cul-
ture, the T0 controls were germinated on Murashige and
Skoog medium with no hormones (MSO; Murashige and
Skoog, 1962; Daniell, 1997). With this exception, all exper-
imental procedures and plant materials were identical in
both transgenic and control plants.

Plant Transformation

For plant transformation, tobacco (Nicotiana tabacum var.
Petit Havana) seeds were germinated aseptically on MSO
media at 26°C with photoperiods of 16 h light and 8 h dark.
Sterile intact leaves, about 2 to 3 weeks old, were placed
abaxial side up on Whatman (Clifton, NJ) No. 1 filter

Table I. Minimum Inhibitory Concentrationsa (�g mL�1) of ma-
gainin 2 and MSI-99

Phytopathogens MSI-99 Magainin 2

P. syringae 1 32
Erwinia carotovora 1 32
Phytophthora parasitica 64 �256
Fusarium solani 2 4
Fusarium graminearum 4 4
Thielaviopsis basicola 4 8
Botrytis cinerea 8 16

a Minimum Inhibitory Concentrations required to inhibit growth
after 24 h. Based on 1,000 fungal conidiospores or 1,000 bacterial
cells.

Figure 9. In planta bioassays. Five- to 7-mm areas of T0 transfor-
mants and non-transformed tobacco cv Petit Havana leaves were
scraped with fine-grain sandpaper. Ten microliters of 8 � 105, 8 �
104, 8 � 103, and 8 � 102 cells from an overnight culture of P.
syringae pv tabaci were added to each prepared area. Photos were
taken 5 d after inoculation. A, Transgenic leaf; B, wild-type leaf; C,
transgenic; D, wild type were injected with 25 �L of 8 � 103 cells of
Pst. Pictures were taken 5 d after inoculation. Transformed leaf show
only slight discoloration, whereas the wild-type leaf shows necrosis.
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papers laying on regeneration medium of plants (RMOP;
Daniell, 1993) in standard petri plates (100 � 15 mm) for
bombardment. Gold microprojectiles were used for bom-
bardment using the Bio-Rad helium-driven PDS-1000/He
System (Daniell, 1997). After bombardment, the petri
dishes were sealed with Parafilm and incubated in the dark
for 48 h at 26°C. Leaves were then cut into 1-cm2 squares
and placed on a petri dish containing RMOP medium with
500 �g mL�1 spectinomycin with photoperiods of 16 h
light and 8 h dark (first round of selection). Four to 6 weeks
later, green intact shoots were transferred to fresh RMOP
containing spectinomycin (500 �g mL�1; second round of
selection). Green shoots that appeared during the second
selection were transferred to sterile bottles containing MSO
and spectinomycin (500 �g mL�1). Plants were screened
via PCR to verify chloroplast integration of transgenes.
Those that were PCR positive for the presence of the
MSI-99 gene were transferred to pots and grown in cham-
bers at 26°C with photoperiods of 16 h light and 8 h dark.
After flowering, seeds were harvested and sterilized with a
solution of 1 part 15% (v/v) bleach and 2 parts water with
1 drop of Tween 20. Seeds were vortexed for 5 min, washed
six times with 500 �L of distilled water and dried in speed
vac. T1 and T2 seeds were germinated on MSO � 500 �g
mL�1 spectinomycin unless indicated otherwise. Non-
transformed tobacco cv Petit Havana seeds were germi-
nated on the same media as a control to ensure that spec-
tinomycin was active.

PCR Analysis

Plant DNA extraction on T0, T1, and T2 was performed
using the DNeasy Mini Kit (Qiagen, Valencia, CA) on
putative transgenic samples and non-transformed plants.
PCR primers were designed using Primer Premier software
(Premier Biosoft International, Palo Alto, CA) and synthe-
sized by GIBCO BRL (Carlsbad, CA). Primer (8P: 5�-
ATCACCGCTTCCCTCAT-AAATCCCTCCC-3�) anneals
with the 5� end of the aadA and primer (8 m:5�-

CCACCTACAGA CGCTTTACGCCCAATCA-3�) anneals
with the 3� end of 16SrDNA (Fig. 3). PCR was carried out
using the Gene Amp PCR system 2400 (Perkin-Elmer, Santa
Clara, CA). Samples were run for 29 cycles in the following
sequence: 94°C for 1 min, 65°C for 1 min, and 72°C for 3
min The cycles were proceeded by a 94°C denaturation
period and followed by a 72°C final extension period. A
4°C hold followed the cycles. PCR products were separated
on 0.8% (w/v) agarose gels.

Southern Analysis

Integration of foreign genes for T0 and T1 was deter-
mined by Southern-blot analysis. DNA from transformed
and wild-type plants was isolated and digested with
BamHI and run on a 0.7% (w/v) agarose gel. The DNA was
then transferred to a nylon membrane by capillary action.
The probe was digested with BamHI and NotI and was
labeled with 32P using the Probe Quant G-50 Micro Col-
umns and protocol provided with the kit (Amersham, Pis-
cataway, NJ). Labeled probe was hybridized with the nylon
membrane using the Stratagene (La Jolla, CA) QUICK-HYB
hybridization solution and protocol. Membrane was ex-
posed to film and developed.

Northern Analysis

RNA was extracted using the Rneasy Mini Kit (Qiagen)
and protocol. Probes for the aadA and the MSI-99 genes
were digested with XbaI and NotI. Eight to 10 �g RNA was
loaded in each well. Plant RNA was transferred to a nylon
membrane by capillary action. The probe was labeled with
32P using the Probe Quant G-50 Micro Columns and pro-
tocol (Amersham). Labeled probe was hybridized with the
nylon membrane using the Stratagene QUICK-HYB hy-
bridization solution and protocol. Membrane was exposed
to film and developed.

Figure 10. Tobacco leaf cv Petit Havana from
A, a non-transformed control tobacco plant
showing anthracnose symptoms 7 d after inoc-
ulation with the fungal pathogen C. destructi-
vum. B, The leaf from the T1transgenic plant
11A expressing MSI-99 turned slightly chlorotic
at the site of inoculation but did not develop
lesions.
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In Vitro Bioassays

To determine minimum inhibitory concentration of MSI-
99, conidiospores of Fusarium solani, Thielaviopsis basicola,
and Botrytis cinerea were collected from potato dextrose
agar (PDA) plates by flooding a 2-week-old culture with a
solution of 0.01% (v/v) Tween 20 and rubbing the surface.
The spore suspension was filtered through glass wool to
remove mycelial fragments. The spore concentration (per
milliliter) was determined using a hemocytometer. For
Phytophthora parasitica, zoospores grown in liquid culture
were use for the assay. Bacteria were harvested from log
phase-grown cultures and the concentrations were deter-
mined based on optical density readings and plating of
serial dilutions of the cultures.

Known amounts of pathogen (1,000 spores or 1,000 bac-
teria) were added to serial dilutions of chemically synthe-
sized MSI-99 (Cornell University, Ithaca, NY) ranging from
0 to 256 �g mL�1 in individual wells of a 96-well microtiter
plate. An equivalent amount of growth medium (LB for
bacteria and potato dextrose broth [PDB] for fungi) was
added to each well, bringing the total volume to 50 �L per
well. Plates were incubated overnight at 25°C with gentle
shaking. The following day, wells were scored for the
presence or absence of growth. The lowest concentration of
peptide, which inhibited all cell growth, was recorded as
the minimum inhibitory concentration (microgram per mil-
liliter) value.

Pseudomonas syringae pv tabaci (ATCC 17914) (Pst) was
cultured overnight prior to the assay. Plants were grown
on MSO medium in sterile bottles. Fifty milligrams of leaf
tissue (minus mid-rib) from the second or third leaf of
young (2- to 3-week-old) plants in bottles, were ground in
a microcentrifuge containing 150 �L of phosphate buffer
(pH 5.5) with 5 mm phenylmethylsulfonyl fluoride and 5
mm EDTA using a plastic pestle. Samples were centrifuged
for 5 min at 10,000g at 4°C. Supernatant was transferred to
a fresh tube and kept on ice. Protein concentration was
determined by Bradford assay. One hundred micrograms
of total plant protein (volumes ranged from 50–100 �L)
from each plant was mixed with 5 �L of Pst from overnight
culture or buffer alone, in a Falcon tube. Initial absorbance
of the culture ranged from 0.1 to 0.3 (A600). Tubes were
incubated for 2 h at 25°C on a rotary shaker at 125 rpm.
Next, 1 mL of LB was added and the tubes were allowed to
incubate for 18 h at 27°C on a rotary shaker at 125 rpm.
Absorbance (A600) was read for each tube at the end of the
incubation period. The mean and se were determined us-
ing GraphPad Prism software (San Diego).

To rule out spectinomycin as the cause of growth inhi-
bition in the in vitro experiments, the same experiment
with Pst was repeated using T2 plants that were germi-
nated on MSO with no spectinomycin. To confirm the
absorbance readings, a serial dilution was made of samples
after the initial 2-h incubation. Dilutions of 10�3 to 10�5

were plated onto LB plates and incubated overnight at
27°C. The next morning, a count of viable CFUs were made
using the Gel Dock 2000 (Bio-Rad). The optical density
readings were then compared with the CFU counts.

In Vitro Analysis of Antifungal Activity of Plant
Extracts to Aspergillus flavus, Fusarium moniliforme,
and Verticillium dahliae

The inhibitory activity of extracts from tobacco plants
transformed with MSI-99 was assessed in vitro following
the method of Cary et al. (2000). In brief, conidial suspen-
sions were prepared from cultures grown on PDA (Difco,
Detroit, MI) slants for 7 d at 30°C (A. flavus and F. monili-
forme) or 22°C (V. dahliae). Conidial suspensions in 1%
(w/v) PDB (pH 6.0) were adjusted to a density of 105

conidia mL�1 and were germinated in PDB for 8 h at 30°C
(A. flavus, F. moniliforme) or overnight at 22°C (V. dahliae)
prior to assay.

Plant homogenates were prepared by directly grinding
tobacco leaves into a fine powder in liquid nitrogen with
no buffer added. Ground tissues were then centrifuged at
8,200g for 10 min at room temperature and extract collected
from each sample. Conidial suspensions (25 �L) were then
added to 225 �L of plant extract, mixed, and incubated for
1 h at 30°C (A. flavus and F. moniliforme) or 22°C (V. dahliae).
Three 50-�L aliquots from each sample were then spread
onto PDA plates and incubated at 30°C or 22°C for 24 to
48 h and fungal colonies enumerated. One-way ANOVA
was used to determine the significance of the effect of
transgenic plant extracts on germinating conidia. Mean
separations were performed using the method of Tukey
(Sokal and Rohlf, 1981).

In Planta Assay for Anthracnose Resistance

Seven days prior to plant inoculation, Czapek yeast au-
tolysate agar plates were inoculated with mycelium of a
virulent isolate of Colletotrichum destructivum (ATCC 42492)
and incubated at 24°C. A single Czapek yeast autolysate
agar plate was flooded with 9 mL of sterile distilled water
and spores were aseptically removed to yield a final inoc-
ulum density of approximately 1 � 106 spores mL�1. T1

plants expressing MSI-99 (10A and 11A) were inoculated
by placing eight drops of 10 �L each onto the adaxial
surface of three young, expanding tobacco leaves accord-
ing to previously published procedures (Cary et al., 2000).
Two leaves each of three non-transformed tobacco plants
were also inoculated to serve as controls.

In Planta Assay for Resistance to Wildfire Disease
Caused by P. syringae pv tabaci

P. syringae pv tabaci (ATCC 17914) was cultured over-
night prior to the assay. Five- to 7-mm areas of T0 trans-
formants and non-transformed tobacco cv Petit Havana
leaves were scraped with fine-grain sandpaper. Ten micro-
liters of 8 � 105, 8 � 104, 8 � 103, and 8 � 102 cells from an
overnight culture of Pst were added to each prepared area.
Photos were taken 5 d after inoculation. In another assay,
the same serial dilution was made with Pst from an over-
night culture. Twenty-five microliters of each sample was
injected into leaves using a needle, followed by a syringe,
of both transgenic and non-transformed plants. Pictures
were taken 5 d after infection. T0 transgenic plants 10A,
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11A, and 13A were tested. A total of 12 transgenic (four per
plant) and control leaves were tested.

In planta assay on T1 progeny plants to evaluate resis-
tance to Pst was adapted from Huang et al. (1997). Pst
inoculum from a fresh culture was grown in liquid nutrient
broth (Difco) overnight. The culture was centrifuged and
pellet resuspended in 50 mL of phosphate buffer (0.01 m,
pH � 7.0). The suspension was diluted in phosphate buffer
to about 8�103 CFU mL�1. At least three seedlings from
each transgenic line were inoculated by infiltrating Pst
inoculum into the lamina using a syringe through a needle
hole and the water-soaked area was outlined with a
marker. Starting immediately after inoculation and after
4 d, two leaf discs were collected from within a single
inoculated area (i.e. within the outlined area) from each
plant and were quickly ground in 300 �L of 10 mm MgCl2.
The homogenates were transferred to 5 mL PO4 buffer.
Both the undiluted and 1:100 diluted homogenates were
plated on Pseudomonas Agar F (Difco) using a Spiral Plater
(Spiral Systems Inc., Cincinnati). Pst colonies were enumer-
ated after incubation at 28°C for 24 to 48 h.
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