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ABSTRACT

The cationic antimicrobial peptides, indolicidins and polyphemusins, have shown activity
against animal pathogenic viruses. The aim of this work was to evaluate the efficacy of
these peptides for engineering plants with a broad-spectrum disease resistance, including
viral diseases. TTC, Evan’s blue and phytotoxicity assays showed low cytotoxicity of
indolicidin and polyphemusin variants (10R, 11R and PV5) on tobacco leaf discs,
protoplasts and plantlets. /n vitro assays using these variants showed a broad-spectrum
activity against plant pathogenic bacteria, fungi and viruses. An assessment of in planta
activity was performed by expressing these cationic peptides in transgenic tobacco
(Nicotiana tabacum var Xanthi). The disease assays using detached leaves from
transgenic tobacco plants showed a broad-spectrum disease resistance against bacteria,
fungi and TMV. Further work is needed on optimization of expression of these peptides
and their combinations for successful application of this approach under greenhouse and

field conditions.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

Genetic engineering is an effective strategy for developing disease resistant germplasm
that increases yield, reduces losses and eliminates or reduces the use of pesticides. This
technique has proved effective in controlling diseases in plants. Cationic peptides are
important components of innate immunity and have been isolated from a wide variety of
organisms. These widespread natural products vary greatly in their properties and
spectrum of biological activities. Different peptides and their synthetic derivatives have
found applications as antibacterial, antifungal and therapeutic agents. Their expression
has resulted in the generation of disease-resistant transgenic plants. A major focus of
research in the past was on the antibacterial and antifungal aspects of these cationic
peptides on plant pathogens. Polyphemusin and indolicidin are two important cationic
peptides, which have demonstrated in vitro antibacterial, antifungal and antiviral
activities against animal pathogens. In addition to the assessment of antibacterial and
antifungal activity, the following research examines the antiviral activity of these
peptides against plant pathogens. This research is significant in that it not only evaluates
the cytotoxicity and in vitro antimicrobial activity, but also shows in planta disease

resistance conferred due to expression of these cationic peptides.

1.1. Literature Review

1.1.1. Disease management in plants

Plant diseases are responsible for enormous losses ($30-$50 billion annually) worldwide

in cultivated and stored crops, and thus, are a major impediment to effective food



production and distribution (Baker et al., 1997). Worldwide, phytopathogens reduce crop
productivity by 12% (Food and Agriculture organization (FAO), 1993), making effective
and sustained control one of the most important issues of agriculture today. Broadly,
approaches used to produce disease resistant plants can be divided into two main

categories: conventional and non-conventional strategies.

1.1.1.1. Conventional strategies

In the past, containment of plant pathogens has relied on chemical pesticides. Millions of
tons of pesticides costing $26 billion dollars annually are applied to manage losses due to
pest. Heavy reliance on chemical pesticides has far reaching implications not only on the
environment but also on human health through residual toxicity (Barker, 1996). In
addition, pesticides are becoming less effective because of increasing insecticide
resistance in aphid populations. Long-term climatic changes leading to changes in vector
populations, concern about the environmental effects of pesticides, as well as consumer
concern about pesticide residues in food, have led to increased interest in finding
alternative means of controlling phytopathogens.

Traditionally, plant-breeding strategies have been successfully used to produce a large
number of resistant varieties. However, the increasing intensity of crop management has
been accompanied by a growing number of diseases and a large number of infecting
strains that have outpaced the development of new resistant plant varieties using
conventional plant breeding strategies (Solomon-Blackburn and Barker, 2001). Unwanted

effects like reduction in yield and fertility are often observed in the transfer of the



dominant resistance genes. Transfer of resistance genes into high-yielding crops is a

time-consuming process.

1.1.1.2. Non-conventional strategies

The incorporation of specific disease resistant traits in plants through genetic engineering
offers a means to prevent disease-associated losses without damaging the environment
(Gadani et al., 1990). Non-conventional strategies for the production of disease-resistant
crop plants have exploited gene transfer technology for molecular resistance breeding
(Marcos et al., 1995; Punja, 2001). Such strategies have included expression of genes of
plant defense response pathway components (Cao et al., 1998); expression of genes
encoding plant, fungal or bacterial hydrolytic enzymes (Lorito et al., 1998; Mourgues et
al., 1998); and expression of genes encoding elicitors of defense response (Keller et al.,
1999) and small peptides (Cary et al., 2000; Li et al., 2001). Expression of foreign genes
in plants, derived not only from plant sources but also from insects and mammals, is a
promising strategy that can be exploited to promote disease resistance in plants (Chong
and Langridge, 2000).

The main focus of this work was to provide broad-spectrum viral disease resistance in
plants. Resistance to plant viruses can be conferred either by expressing part of the viral
genome or virally associated sequences, popularly known as pathogen-derived resistance
(PDR). Strategies for PDR are divided into those that require the production of protein
and those that only require the accumulation of the viral nucleic acid sequences.
According to (Beachy, 1997), the former confer resistance to a broad range of viral

strains and viruses, whereas the latter provides high levels of specific virus resistance.



The concept of PDR states that certain key pathogen gene products present in the plant in
a dysfunctional form, in excess, or at an inappropriate stage during viral replication cycle,
could disrupt infection by the invading pathogen. An increasing number of reports on the
use of viral genes for PDR has revealed a lack of correlation between the expression level
of the transgenic protein and the level of resistance (Golemboski et al., 1990). The capsid
protein, antisense RNA and truncated replicase protein have been used for the generation
of transgenic plants for resistance to viruses (Golemboski et al., 1990; Noris et al., 1996;
Bendahmane and Gronenborn, 1997). Many of these attempts were successful and some
have led to the development of virus-resistant plants for commercial application (Lawson
et al., 1990). Use of RNA-based resistance such as antisense RNA, satellite RNA and
defective-interfering RNA are promising methods that have been used previously (Powell
et al., 1989; Wang and Metzlaff, 2005). Transgenic expression of dysfunctional viral
Movement Proteins (MP) is also an effective strategy for developing resistance against
viruses in plants (Malyshenko et al., 1993; Cooper et al., 1995). Expression of a
functional MP had either no effect on virus infection or caused increased susceptibility
(Ziegler-Graff et al., 1991). Antiviral proteins for expression in plants may be derived
from different sources, including naturally occurring peptides or synthetically modified

derivatives of these peptides

1.1.2. Cationic antimicrobial peptides
Cationic antimicrobial peptides have been found in a variety of sources, from prokaryotes
to higher eukaryotes (Hancock et al., 1995; Vizioli and Salzet, 2002). In the past 25

years, more than 800 cationic, gene-encoded antimicrobial peptides have been described.



The majority of peptides (96%) have a net positive charge but some have a net negative
charge. In recent years, it has become clear that these endogenous peptide antibiotics
constitute part of the first line of host defense (Boman, 1991). Cationic peptides, already
present in first line of defense of all living organisms, can be induced and synthesized
much more rapidly than immunoglobulin upon infection, before the adaptive immune
system is activated, and can function without the high specificity and memory of
immunoglobulin or immune cells (Boman, 1995; Nissen-Meyer and Nes, 1997). In
mammals, antimicrobial peptides are present at high concentrations in phagocytes (e.g.
macrophages, neutrophils, NK cells) and mucosal epithelial cells (e.g. Paneth cells). In
lower life forms, such as invertebrates, which have no adaptive immunity, cationic
peptides are the major defensive system against infection (Boman, 1995). Insects produce
cationic peptides in their fat bodies and hemolymph, where they are induced upon
bacterial challenge (Hoffmann and Hetru, 1992; Boman, 1995). Cationic peptides also
function to keep the natural microflora at a steady state in a variety of different niches
such as the skin, mouth, and intestine (Boman, 1995). They are active, not only against
bacteria but also against fungi, viruses and even parasites (Vizioli and Salzet, 2002). The
natural cationic peptides of animals and plants are synthesized as precursor peptides, then
processed into their mature forms by cleavage of a signal peptide and a pro-sequence
(Hancock, 1997).

The earliest peptide antibiotics used extensively in human medicine were the gramicidins
and polymyxins. The lantibiotic, nisin is currently used as a food preservative (Delves-
Broughton et al., 1996). MSI-78, a 22 residue magainin analogue has completed human

Phase III clinical trials, showing equivalent efficacy to oral ofloxacin on polymicrobic



infections of individuals with diabetic foot ulcers (Hancock, 1997). IB-367 is a synthetic
protegrin-like cationic peptide that has shown efficacy in early clinical trials against oral
mucositis and the sterilization of central venous catheters. It is currently proceeding
through Phase III clinical trials. In addition, the cationic protein rBPI 21 has recently
completed Phase III clinical trials for meningococcemia (Hancock, 2000). Another
promising prospect for cationic peptides is plant and fish biotechnology where cationic
peptides can be engineered into host organisms to permit enhanced disease resistance
(Hancock and Lehrer, 1998). The ability of cationic peptides to bind to
lipopolysaccharides, their anti-endotoxin properties (Gough et al., 1996), and their ability
to act synergistically with conventional antibiotics as enhancers, are few of the features
that make them attractive and potentially novel antibiotics. Furthermore, cationic peptides
are gene-coded, and synthesized as precursors that undergo posttranslational
modifications to become active, their production by gene engineering becomes possible
and resistance against these antimicrobial peptides does not develop easily.

The discovery and characterization of novel anti-bacterial, anti-viral, anti-parasitic and
anti-fungal peptides from natural sources as well as their synthetic and more potent
variants, is a promising strategy to develop new pharmaceuticals against these

microorganisms.

1.1.2.1. Structural features and categories
Cationic peptides show significant diversity in size, sequence and structure. They range
from 12 to 46 amino acids long with diverse amino acid compositions (Hancock, 1997).

Despite their diversity, cationic antimicrobial peptides have a net charge of at least +2 at



neutral pH, usually because of the presence of arginine or lysine residues in their amino
acid sequence (Hancock, 1997). Their secondary structures often contain a hydrophobic
domain and a hydrophilic domain. The basicity and amphipathicity of cationic peptides
are essential for their antimicrobial activities (Hancock, 1997). The hydrophilic
(positively charged) surface facilitates the interaction of the peptides with the negatively
charged bacterial surface, e.g. lipopolysaccharide on the outer membrane of Gram-
negative bacteria, teichoic acid on the Gram-positive bacteria, or negatively charged head
groups of the phospholipids in the lipid bilayer (Kagan and Sokolov, 1994; Piers et al.,
1994).

Nuclear magnetic resonance (NMR) has emerged as a useful technique for studying
structural details of most of the known antimicrobial peptides. Analysis of the three-
dimensional structure of these peptides has resulted in a better understanding of their
function. Because a majority of these peptides are small in length, their three-dimensional
structures can be obtained by NMR methods (Wuthrich, 1986). Based on the NMR
structures of known peptides along with sequence analysis, antimicrobial peptides are
broadly classified into five groups: helical, cysteine rich, sheet, antimicrobial peptides

rich in regular amino acids and antimicrobial peptides with rare amino acids.

1.1.2.1.1. Helical antimicrobial peptides

Peptides in this category are highly amphipathic helices with hydrophobic and charged
cationic surfaces. A well-identified and characterized helical cationic peptide is cecropin-
A from the moth, Hyalophora cecropia. Magainins, another group of well characterized

helical peptides, isolated from the skin of the African clawed frog, Xenopus laevis are



composed of 23 residues (Matsuzaki, 1999). NMR studies showed that both cecropins

and magainins form amphipathic helical structures (Marion et al., 1986).

1.1.2.1.2. Cysteine-rich antimicrobial peptides

This group consists of peptides that are rich in cysteine residues and are present in a wide
variety of organisms. The human neutrophil peptides HNP-1, -2 and -3 were the first
cysteine-rich peptides isolated from human neutrophil granules (Ganz et al., 1985). Most
of these molecules harbor a consensus motif of six cysteine residues forming three intra-
molecular disulfide bonds. Drosomycin, isolated from drosophila, contains four disulfide
bonds and three antiparallel strands with a helix between the first two strands (Landon et

al., 1997) and represents another example of a cysteine-rich peptide.

1.1.2.1.3. Sheet antimicrobial peptides

A few of the known antimicrobial peptides of this class are approximately 20 residues
long and contain one or two disulfide linkages that form a single hairpin structure.
Horseshoe crab peptides, tachyplesins and polyphemusin, share a hairpin motif stabilized
by two disulfide bonds (Kawano et al., 1990; Tamamura et al., 1993). These molecules
form antiparallel B-sheets connected to a turn and contain two disulfide bridges
(Tamamura et al., 1993). NMR studies with thanatin, a 21-residue defense peptide
isolated from the hemipteran insect P. maculiventris, showed results similar to that of
tachyplesin. NMR studies have shown that lactoferricin B, a 25 amino acid proteolytic
derivative of lactoferrin adopts a sheet structure stabilized by a single disulfide bond

when in solution (Hwang et al., 1998).



1.1.2.1.4. Antimicrobial peptides rich in regular amino acids

Some antimicrobial peptides are composed of a high proportion of regular amino acids.
The structural conformation of such peptides differs from the regular helical or sheet
peptides. Histatin, a peptide isolated from human saliva is rich in histidine residues and is
active against C. albicans (Xu et al., 1991). Cathelicidins are proline rich peptides, while
indolicidins (Selsted et al., 1992) and tritripticin (Lawyer et al., 1996) are tryptophan rich.
Bactenecins-Bac-5 and Bac-7, like cathelicidins, are proline-rich (Gennaro et al., 1989).

In contrast, peptide PR-39, is rich in arginine residues (Agerberth et al., 1991).

1.1.2.1.5. Antimicrobial peptides with rare modified amino acids

Several peptides are unusual in being composed of rare modified amino acids. Examples
of such peptides are those produced by lactic acid bacteria. Nisin, a lantibiotic, is
produced by Lactococcus lactis and is composed of rare amino acids like lanthionine, 3-
methyllanthionine, dehydroalanine and dehydrobutyrine (De Vos et al., 1993). Another
peptide, leucocin A, a 37-residue antimicrobial peptide isolated from Leuconostoc

gelidum, has been shown to form an amphiphilic conformation (Gibbs et al., 1998).

1.1.2.2. Mechanism of peptide action
The mode of action of cationic peptides is not completely known, however specificity
with regards to the pathogen as well as with the peptide has been demonstrated. The

action of these peptides on bacteria, fungi and viruses is discussed in detail below.
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1.1.2.2.1. Antibacterial action

Cationic peptides function by disrupting the cytoplasmic membrane of bacteria (Hancock
and Lehrer, 1998). This action is proposed to involve three steps: (1) binding to the cell
surface; (2) permeabilization of the outer membrane (in gram negative bacteria) and then
the cytoplasmic membrane and (3) loss of cell viability as a result of cell lysis and DNA
damage (Lichtenstein et al., 1988). Cell lysis is supposed to be initiated by the
electrostatic interaction of cationic peptides with the negatively charged cell surface. For
Gram-negative bacteria, the positively charged domain of the cationic peptides binds to
the divalent cation binding sites of lipopolysaccharide (Sawyer et al., 1988: Piers et al.,
1994). The displacement of the native cations Ca** and Mg disrupts the structures of the
outer membrane, due to the bulky size of the cationic peptides. This disruption
subsequently results in the self-promoted uptake of cationic peptides (Hancock et al.,
1995). For Gram-positive bacteria, the cell wall contains covalently bound, negatively
charged teichuronic acid and carboxyl groups in the peptidoglycan, and these are
probably the initial binding sites for the cationic peptides. The interaction between the
peptides and the cytoplasmic membrane is thought to be determined by factors such as
the anionic lipid composition of the bacterial membrane, and the presence of an
electrochemical potential across the membrane. After positively charged cationic peptides
bind to the negatively charged lipid head groups under the influence of a trans-membrane
potential (oriented internal negative), the peptides insert into the membrane and undergo
conformational changes. They then aggregate to form multimers, which allow them to
form channels or pores with their hydrophobic faces positioned toward the membrane and

their hydrophilic faces oriented towards the interior of these channels or pores. This
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results in leakage of protons causing dissipation of the membrane potential and leakage
of other small compounds causing cell death. After membrane permeability is altered, the
simultaneous loss of the proton motive force, cessation of biosynthesis of
macromolecules like DNA, RNA and protein, and leakage of intracellular contents, are

responsible for eventual cell death (Fidai et al., 1997: Hancock, 1997).

Membrane selectivity

The same factors that are responsible for cell death also seem to regulate the selectivity of
cationic peptides for bacterial membranes over eukaryotic cell membranes. The
composition of the eukaryotic membrane is quite different from that of bacterial
membranes that predominantly contain negatively charged lipids such as
phosphatidylglycerol and cardiolipin, whereas the eukaryotic cell membrane is largely
composed of zwitterionic lipids such as phosphatidylcholine and sphingomyelin.
Eukaryotic cell membranes are rich in cholesterol, which may inhibit membrane
insertion. Bacterial cells have large, trans-membrane potentials of around -140 mV,
whereas eukaryotic plasma membranes have membrane potentials of only -20 mV
(Yeaman and Yount, 2003). All of these factors contribute to the membrane selectivity of

cationic peptides between prokaryotic and eukaryotic cells.

1.1.2.2.2. Antifungal action
The modes of action of antifungal peptides have been studied extensively (De Lucca and
Walsh, 1999; Matsuzaki, 1999). Peptides that interact specifically with the lipid

components of cell membranes often causing formation of pores or ion channels that
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result in leakage of essential cellular minerals or metabolites or dissipate ion gradients in
cell membranes. Other peptides have been shown to inhibit chitin synthase or B-D-glucan
synthase. The synthetic peptide D4E1 complexes with ergosterol, a sterol present in the
germinating conidia of a several fungal species, suggests a lytic mode of action (De
Lucca and Walsh, 1999). Research is in progress to elucidate the antifungal action of

cationic peptides at the molecular level.

1.1.2.2.3. Antiviral action

Not much is known about the mechanisms involved in the antiviral activity of
antimicrobial peptides; however, based on the available literature, the antiviral
mechanism can be broadly divided into four mechanisms: direct inactivation, virus-host
cell interaction, suppression of viral gene expression and enhancement of the host’s

immunomodulatory properties.

Direct inactivation

Direct inactivation of the herpes virus by magainins (Egal et al., 1999), o-defensins
(Lehrer et al., 1985; Daher et al., 1986), modelin I (Aboudy et al., 1994) and melittin
(Baghian et al., 1997), HIV virus by tachyplesin (Murakami et al., 1991) and indolicidin
(Robinson et al., 1998), stomatitis virus by tachyplesin (Murakami et al., 1991) and
channel catfish virus (CCV) by esculentin (Chinchar et al., 2001) have been reported. The
net cationic charge and ability to form amphipathic structures may enable these peptides
to interact with the membranes of the enveloped viruses, which are composed of anionic

phospholipids, and disrupt membrane structure. Here the disruption of membrane
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integrity occurs because of the interaction between antimicrobial peptides and the virion
(Lehrer et al., 1985; Daher et al., 1986). Recently, it was shown that dermaseptin S4
(DS4), which displays a broad-spectrum of activity against bacteria, yeast, filamentous
fungi and herpes simplex virus I, also inhibits HIV-1 by disrupting virion integrity (Lorin
et al., 2005). Antimicrobial peptides like esculentin not only lyse the viral envelope, but
also affect the stability of the nucleocapsid (Chinchar et al., 2001). This can also be an

effective mechanism in inactivating non-enveloped plant viruses.

Virus-host cell interaction

Interference with virus and host cell surface interactions is another mode of action
adopted by antiviral peptides. Antiviral activity of dermaseptins against Herpes Simplex
Virus (Belaid et al., 2002) is an example of this mechanism. Dermaseptin S4 showed an
inhibitory effect only when applied to the virus before or during virus adsorption to the
target cells, suggesting that the activity of this dermaseptin was exerted at a very early
stage of virus proliferation, most likely at the virus cell interface (Belaid et al., 2002). In
enveloped viruses, inhibition of viral-cellular membrane fusion has been observed.
Examples include human immunodeficiency virus (HIV) by tachyplesin (Morimoto et al.,
1991), and polyphemusin (Nakashima et al., 1992; Otaka et al., 1994) and herpes simplex
virus (HSV) by apolipoprotein (Srinivas et al., 1990). T2, a tachyplesin synthetic
derivative, interferes with the process after HIV binding but before transcription of the
HIV genome (Nakashima et al., 1992). In these cases, the antimicrobial peptides exerted
a more profound effect on the cell fusion process than on virus penetration as seen by the

inhibition of complete cell fusion by peptide treatment in vitro (Srinivas et al., 1990).
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Antiviral activity shown by a number of a-helical synthetic cationic peptides was due to
inhibition of virus entry in the cells (Jenssen et al., 2004). Defensins protect cells from

infection by HSV by inhibiting viral adhesion and entry (Yasin et al., 2004).

Suppression of viral gene expression

Inhibition of viral gene expression is an effective mode of action of antimicrobial
peptides against both non-enveloped and enveloped viruses. Melittin adopts this
mechanism against both the plant virus TMV (Marcos et al., 1995) and enveloped HIV
virus (Wachinger et al., 1998). Inhibition of HIV by melittin is mediated by the
amphipathic a-helical part of the peptide and is a result of intracellular impairment of
HIV protein production rather than a membrane effect (Wachinger et al., 1998). With
TMV, melittin analogs require elicitation of the peptide along with the virus and binding
causes a conformational change in the structure of the RNA (Marcos et al., 1995). Thus

these antimicrobial peptides have effects at the level of gene expression.

Enhancement of inmuno-modulatory properties

There is an enhancement of immuno-modulatory properties in response to some peptides
(Hancock and Diamond, 2000; Chernysh et al., 2002). Antimicrobial peptides have been
reported to be involved in many aspects of innate host defenses. They are associated with
acute inflammation by acting as chemotoxins for monocytes, recruitment of T-cells
through chemotaxis, enhancement of chemokine production and the proliferative
response of T-helper cells (Hancock and Diamond, 2000). Synthetic alloferon has been

shown to stimulate the natural cytotoxicity of human peripheral blood lymphocytes,
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induce interferon synthesis in mouse and human models and enhance antiviral and anti-
tumor resistance in mice (Chernysh et al., 2002). Corticostatin (Lehrer et al., 1985) acts
by competing with the basic amino acid residues of adrenocorticotropic hormone for its
binding site (Zhu and Solomon, 1992). Despite the number of successful examples, the

molecular basis of protein-mediated virus resistance in most cases is not understood.

1.1.2.3. In vitro activity of cationic peptides

Cationic peptides exhibit potent in vifro activities against a broad spectrum of
microorganisms including bacteria, fungi, enveloped viruses, and tumor cells. For
example, defensins are active against Gram-positive and Gram-negative bacteria
(including spirochetes and mycobacteria), fungi and enveloped viruses (Lehrer et al.,
1993). Magainins also exhibit anti-fungal and antiviral activities in addition to their anti-
bacterial activities (Bevins and Zasloff, 1990). Defensins (Lichtenstein et al., 1988)
(Barker, 1996) and maganin have also been shown to be active against tumor cells. Most
interestingly, cationic peptides (e.g. tachyplesin) inhibit not only the growth of normally
susceptible bacteria but also inhibit clinically important antibiotic-resistant strains, for

example, methicillin-resistant S. aureus (Ohta et al., 1992).

1.1.2.4. Synthetic antimicrobial peptides

Most of the antimicrobial peptides are cationic and form an amphipathic secondary
structure upon interaction with the surface of the cell membrane, resulting in the
formation of ion channels and subsequently in cell lysis and death of the pathogen. These

two properties have led to the design and synthesis of novel peptides with antimicrobial
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activity. It was shown that antimicrobial activity could be separated from hemolytic
activity through certain nucleotide sequence deletions or substitutions (Blondelle and
Houghten, 1991). It has been found that some of the synthetic smaller peptides, in the
absence of an amphipathic helical structure, have high levels of antimicrobial activity.
Putative cationic amphipathic structures of naturally found proteins have been identified
and engineered to display a broad-spectrum pathogen activities (Zhong et al., 1994). The
modification of cationic antimicrobial peptides to determine structure-function
relationships and/or to produce less toxic molecules with increased activity has been
performed primarily on a-helical and p-structured peptides (Andreu et al., 1985; Bessalle
et al., 1992). The important factors in the activity of synthetic antimicrobial cationic
peptides are the position and nature of positively charged residues, the formation of
specific secondary structures, and the creation of a hydrophobic face on the molecule.

These factors are being exploited to design novel and effective drugs.

1.1.2.5. Cationic antimicrobial peptides from plants

A number of small peptides that display the ability to inhibit the growth of fungi, viruses
and bacteria have been isolated-from plants (Broakaert et al). Thionins were the first
antimicrobial peptides to be isolated from plants (Broekaert et al., 1992). They act on
both gram-positive and gram-negative bacteria, fungi, yeast, and various mammalian cell
types. Other antimicrobial peptides were found to be structurally related to insect and
mammalian defensins and were named "plant defensins". Whereas most antimicrobial
peptides from animals and bacteria have high antibacterial activity, plant defensins have a

high antifungal activity (Broekaert et al., 1992; Terras et al., 1992), reflecting the relative
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importance of fungal pathogens in the plant world. These peptides are 50 to 100 amino
acids in length and have broad-spectrum antimicrobial property (Boman, 1991; Cammue
et al., 1992; Bessalle et al.; 1993). These plant-expressed antimicrobial peptides are a
promising source of natural and safe alternatives to antibiotics, thus there is intense

interest in these plant-derived peptides.

1.1.2.6. Cationic peptides and disease resistance in plants

In the past few years it has become apparent that plants expressing cationic peptides
exhibit broad-spectrum disease resistance including the ability to kill bacteria, fungi,
protozoa, and, to some extent, viruses (Florack et al., 1994; Florack et al., 1995; Allefs et
al., 1996; Hancock and Diamond, 2000; Ponti et al., 2003). The antibacterial, antifungal
and antiviral activity shown by transgenic plants expressing cationic peptides is discussed

below.

1.1.2.6.1. Antimicrobial peptide/ protein expression and bacterial resistance in plants

Many different genetic strategies have been proposed to engineer plant resistance to
bacterial diseases, including inhibiting bacterial pathogenicity or virulence factors,
enhancing natural plant defenses, artificially inducing programmed cell death at the site
of infection and producing antibacterial proteins of non-plant origin (Mourgues et al.,
1998). Genes encoding antibacterial proteins have been cloned and expressed in plants in
an attempt to confer resistance to bacterial diseases. Antimicrobial amphipathic peptides,
like cecropins and their synthetic analogs Shiva-1 and SB-37, have been expressed in

transgenic potato and tobacco plants (Destefano-Beltran et al., 1991). Transgenic tobacco
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plants expressing the Shiva-1 gene showed delayed symptoms and reduced mortality
following inoculation with Ralstonia solanacearum and Pseudomonas syringae (Jaynes
et al., 1993). However, as a result of the degradation of cecropins by plant proteases
(Florack et al., 1995), no resistance to R. solanacearum or P.syringae pv. tabaci was
found in transgenic plants. A stable cecropin analog (MB39) has been expressed in
transgenic tobacco and plants showed no necrosis after leaf infiltration with P. syringae
(Huang et al., 1997; Evans and Greenland, 1998; Jaynes et al., 1993). The expression of
native cecropin in tobacco did not confer resistance to P. syringae or P. solanacearum,
presumably due to degradation of the peptides by host proteases (Hightower et al., 1994).
Expression of tachyplesin along with a signal sequence in plants has been shown to
confer resistance against Erwinia soft rot (Allefs et al., 1996). The attacins, isolated from
the giant silk moth, introduced into apple plants, have also shown a reduced susceptibility
to Erwinia amylovora (Norelli et al., 1994: Norelli et al., 1998). Three different lysozyme
genes (egg-white, T4-bacteriophage and human lysozyme) have been expressed in plants.
Extracellular extracts from transgenic tobacco plants producing hen-egg-lysozyme
inhibited the growth of several species of bacteria, but the susceptibility of the transgenic
lines to bacterial diseases has not yet been reported (Trudel. J., 1995). Greenhouse and in
vitro experiments indicated a partial resistance to Erwinia carotovora in transgenic potato
plants producing the T4-bacteriophage lysozyme (During, 1996) and a slight decrease in
the symptoms caused by P. syringae pv. tabaci in tobacco plants producing a human
lysozyme (Nakajima H., 1997). The expression of a human lactoferrin gene in tobacco
delayed the onset of symptoms caused by R. solanacearum (Zhang et al., 1998).

Esculentin, from frog skin conferred resistance against Pseudomans aeruginosa when
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expressed in tobacco (Ponti et al., 2003). The efficiency of these strategies has been
improved by the modifications of the peptide genes and construction of synthetic
molecules with enhanced expression and stability in plant tissues (Gao et al., 2000;
Osusky et al., 2000; Osusky et al., 2004). Synthetic peptide D4E1 (Cary et al., 2000) and
a plant defensin, alfAFP from Medicago sativa (Gao et al., 2000) have been successfully
expressed in tobacco and potato for bacterial and fungal resistance. Similarly, a synthetic
cecropin—melittin chimeric peptide and modified temporin provided resistance against F.
carotovora in potato (Osusky et al., 2000; Osusky et al., 2004). Combined expression of
several peptide genes, allowing synergistic effects, is a promising strategy to provide

broad-spectrum disease resistance in plants.

1.1.2.6.2. Antimicrobial peptide/ protein expression and fungal resistance in plants

Genes encoding hydrolytic enzymes such as chitinase and glucanase, which can degrade
fungal cell-wall components, are attractive candidates for the antifungal genetic
engineering approach, and are preferentially used for the production of fungal disease-
resistant plants (Broglie et al., 1991; Jach et al., 1995). Cecropin A-derived peptides have
been shown to be potent inhibitors of fungal plant pathogens (Cavallarin et al., 1998).
The over-expression of defensins and thionins in transgenic plants reduced development
of several fungal pathogens like Alternaria sp., Fusarium sp., and Plasmodiophora sp.
and provided resistance to Verticillium sp. under field conditions (Gao et al., 2000).
Expression of barley seed ribosome-inactivating proteins reduced development of
Rhizoctonia solani in transgenic tobacco (Logemann et al., 1992). Combined expression

of chitinase and ribosome-inactivating proteins in transgenic tobacco had an inhibitory
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effect on Rhizoctonia solani development (Jach et al., 1995). Human lysozyme
expression in transgenic carrot and tobacco, enhanced resistance to several pathogens,
including Erysiphe and Alternaria sp. (Nakajima H., 1997; Takaichi and Oeda, 2000).
Pokeweed (Pytolacca americana) antiviral protein expression in transgenic tobacco
reduced Rhizoctonia solani infection (Wang et al., 1998). MSI-99, and a magainin
analogue, imparted enhanced disease resistance in transgenic tobacco and banana against
F. oxysporum and Mycosphaerella musicola (Chakrabarti et al., 2003). The same
magainin analogue expressed via the chloroplast genome to obtain high levels of
expression in transgenic tobacco showed inhibition of growth against spores of three
fungal species: Aspergillus flavus, Fusarium moniliforme, and Verticillium dahliae
(DeGray et al., 2001). Heliomicin and drosomycin expressed in transgenic tobacco
conferred a minor but statistically significant enhanced resistance to the fungi
Cercospora nicotianae (Banzet et al., 2002). Cecropin A-melittin hybrid and Cecropin A-
derived peptides, were synthesized and tested for their ability to inhibit growth of
Phytophthora infestans and other pathogens in vitro (Cavallarin et al., 1998). These and
other synthetic cationic peptides (e.g. cecropin, melittin, temporin and their modified
variants) with in vitro broad-spectrum antimicrobial activity expression in transgenic
potato and tobacco, have provided enhanced resistance against a number of plant fungal
pathogens, including Colletotrichum, Fusarium, Verticillium sp. and Phytophthora sp.

(Cavallarin et al., 1998; Osusky et al., 2000; Osusky et al., 2004).

1.1.2.6.3. Antimicrobial peptide/ protein expression and viral resistance in plants
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A relatively small number of antiviral peptides have been described in antimicrobial
peptide database (Wang and Wang, 2004). Virus resistance in plants has been obtained
by expressing specific proteins. Examples of protein-mediated virus resistance mainly
include the expression of viral coat proteins (Lomonossoff, 1995), but cases of protein-
dependent pathogen-derived resistance due to the expression of viral movement proteins
or replicases are also known (Beck et al., 1994; Tacke et al., 1996). In some instances,
resistance is based on the expression of intact, functional proteins; in others the
expression of the intact protein leads only to weak resistance or even to enhanced
susceptibility. In contrast, expression of a dysfunctional protein may lead to strong
resistance (Cooper et al., 1995; Tacke et al., 1996). A new strategy for engineering virus-
resistant plants by transgenic expression of a dominant interfering peptide was shown by
Rudolph et al. (2003). Transgenic Nicotiana benthamiana lines expressing the peptide
fused to a carrier protein showed strong resistance against tomato spotted wilt virus,
tomato chlorotic spot virus, groundnut ring spot virus, and chrysanthemum stem necrosis
virus. This presents a promising strategy for expressing small peptides in plants. The
advantage of using short sequences to engineer resistance is to minimize unpredictable or
even deleterious effects observed in several cases after the expression of functional viral
proteins (Prins et al., 1997). Expression of only a short peptide or artificial peptides not
only minimizes the potential deleterious effect on the plant cell, but also prevents other
undesirable consequences. One such concern is the evolution of new viruses by
recombination with the transgene or by transcapsidation, which can virtually be excluded

when an interfering but non-homologous and nonfunctional molecule is expressed in the



22

plant. Thus expressing cationic peptides with in vitro antiviral activities is a promising

strategy to provide broad-spectrum disease resistance in plants.

1.1.2.6.4. Drawbacks of peptide expression in plants

Despite benefits gained from genetic engineering for disease resistance, this technology
has some drawback and research for solutions is in progress. In addition to transgene
integration, disease resistance depends on the peptide expression level in plants, which
can, in some cases, be affected by homology-dependent gene silencing (Meyer, 1996).
This is a serious threat for strategies using homologous sequences. Furthermore, in the
case of proteins/peptides, these must be synthesized, exported from the cell, and
transported to their desired location without undergoing major modification during the
process, and remain stable at their destination, avoiding degradation by plant proteases
(Hancock and Lehrer, 1998). In vitro testing pf the leaf extracts from the plants
expressing cationic peptides shows that expressed peptides are unstable or degraded by
proteases (Cavallarin et al., 1998; Hancock and Lehrer, 1998; Cary et al., 2000; Li et al.,

2001).

1.1.2.7. Cationic peptides and modulation of the innate defense components in
transgenic plants.

Mounting evidence suggests that the innate immune system of plants shares many
parallels with that of vertebrates and insects (Cohn et al., 2001), and relies on similar
downstream signaling components. In both plants and animals, innate immune responses

include the ability to recognize a pathogen and activate an effective defense, often



followed by ion fluxes, the production of reactive oxygen species, nitric oxide, and
increased expression of defense-associated genes, including those encoding cationic
peptides. An enhancement of immune responses by some cationic peptides has been
noticed in animals (Hancock and Diamond, 2000; Chernysh et al., 2002). The cationic
peptides are reported to be involved in many aspects of innate host defenses; acute
inflammation, recruitment of T-cells, stimulation of chemokine production and the
proliferative response of T-helper cells (Falla et al., 1996). For example, synthetic
alloferon stimulated natural cytotoxicity of human peripheral blood lymphocytes and
induction of interferon synthesis in mouse and human models (Chernysh et al., 2002).
LL-37 and several other defensins, isolated from neutrophils, show chemokine-like
activities and recruitment of immune cells (Yang et al., 1999; Bowdish et al., 2004).
Indolicidin and other cationic peptides obtained from neutrophils and other sources may
also play a similar role in innate immune responses in animals.

The exact mechanism or pathway for the resistance in plants expressing cationic peptides
remains unknown. Recent studies have shown that MAP kinases are a critical component
of defense signaling in plants (Asai et al., 2002). Based on the observations that LL-37
induces activation of extracellular signal-regulated kinase pathways in monocytes (Salzet,
2002), similar effects of cationic peptides on defense signaling pathways and other
components of innate immunity in transgenic plants cannot be ruled out.

The structural and functional properties of the potential antiviral cationic peptides,

polyphemusin and indolicidin, used in this work are discussed below.



1.1.2.8. Antiviral cationic peptide ‘Polyphemusin’

Polyphemusins I and II, and their isopeptides (tachyplesins I to III), are cationic peptides
found in the hemolymph of the Japanese horseshoe crab species Limulus polyphemus and
Tachypleus tridentatus respectively. They form antiparallel B-sheets, stabilized by
disulphide bridges (Miyata et al., 1989), and have displayed activity against both fungi
and viruses, including vesicular stomatitis virus, Influenza A virus, and Human
Immunodeficiency Virus (HIV)-1 (Miyata et al., 1989: Murakami et al., 1991;
Nakashima et al., 1992; Allefs et al., 1996; Murakami et al., 1999). Therefore, these
arthropod peptides are of special pharmaceutical interest as potential therapeutic agents.
The amino acid sequence of polyphemusin is RRYCYRKCYKGYCYRKCR. Among the
arthropod peptides, only the secondary structure of tachyplesin I has been determined by
NMR spectroscopy (Kawano et al., 1990). It was found to have a fairly rigid planar
conformation consisting of an antiparallel, B-sheet structure, constrained by two disulfide
bridges and connected by a type II, B-turn. In this planar conformation, five bulky
hydrophobic side chains are located on one side of the plane, and six cationic side groups
are distributed at the “tail” of the molecule. Although the NMR structure was not
determined for polyphemusins, they have been proposed to form a similar structure to
tachyplesin I with a similar distribution of positively charged residues due to their
extensive sequence identity (Kawano et al., 1990). Like naturally occurring antimicrobial
peptides, polyphemusins and tachyplesins are polycationic and amphipathic with an
amidated C-terminus. These properties have been implicated in the mode of action and
toxicity of tachyplesin I (Park et al., 1992).

Numerous studies of the antiviral action of this group of peptides against HIV-1 have



been carried out (Katsu et al., 1993; Tamamura et al., 1993; Tamamura et al., 1998;
Arakaki et al., 1999). However, few studies have focused on the antimicrobial
mechanism. Limited data have indicated that, at high concentrations (>100-fold the
inhibitory concentratiqn), these peptides cause morphological and permeability changes
of bacterial cells and human erythrocytes and increase the K* permeability of bacterial
cells, thereby reducing cell viability (Ohta et al., 1992; Katsu et al., 1993).

Development and characterization of polyphemusin analogs on the basis of rational
design and their mechanism of action have been described (Zhong et al., 1994; Zhang et
al., 2000). Three structural variants (PV5, PV7, and PV8) of polyphemusin I were
designed with improved amphipathic profiles (Zhang et al., 2000). Circular dichroism
analysis indicated that polyphemusin I and variants displayed the spectrum of a type II,
B-turn-rich structure, but, like polyphemusin 1, all three variants adopted a typical , 3 sheet
structure in an anionic lipid environment. Both polyphemusin I and variants are potent
broad-spectrum antimicrobials and are bactericidal at their minimal inhibitory
concentrations. All the variants show similar abilities to bind to bacterial
lipopolysaccharide (LPS) and permeabilize bacterial outer membranes, while the
hemolytic activity of the variants is 2-to 4-fold less than the parent molecule. The
increase of amphipathicity of polyphemusin I generally resulted in variants with
decreased activity on membranes and improved activity against bacteria (Zhang et al.,

2000).

1.1.2.9. Antiviral cationic peptide ¢ Indolicidin’

Indolicidin, a 13-amino acid long cationic peptide rich in tryptophan and proline, (Schibli
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et al,, 2002) is present in the cytoplasmic granules of bovine neutrophils (Selsted et al.,
1992). As a naturally occurring peptide, indolicidin, has a unique composition consisting
of 39% tryptophan and 23% proline, with a generalized amino sequence of
ILPWKWPWWPWRR, and is naturally amidated at the carboxy terminus. Indolicidin is
the smallest of the known naturally occurring linear antimicrobial peptides, contains the
highest percentage tryptophan of any known protein, contains a high percentage of
hydrophobic residues, and consists of only six different amino acids. Due to the
distribution of proline and tryptophan residues throughout the indolicidin sequence, it
may assume a structure distinct from the well-described helical peptides. It has a
secondary structure of a poly-L-proline II-like (extended) helix when inserted into
membranes. Indolicidin has shown in vitro inhibitory activity against Gram-negative and
Gram-positive bacteria (Selsted et al., 1992: Falla et al., 1996; Friedrich et al., 2001),
protozoa (Aley et al., 1994), fungi (Ahmad et al., 1995) and viruses (Hancock, REW,
personal communication; Robinson et al., 1998; Yasin et al., 2000). In addition, the
peptide is cytotoxic to rat and human T-lymphocytes (Schluesener et al., 1993) and lyses
erythrocytes (Ahmad et al., 1995).

The mechanism of action of indolicidin against Gram-negative bacteria has been
established (Falla et al., 1996). The peptide binds to surface lipopolysaccharide (LPS)
with a high affinity, resulting in self-promoted uptake across the outer membrane and
subsequent channel formation in the cytoplasmic membrane, causing cell death. Due to
its relatively small size and broad spectrum of antimicrobial activity, indolicidin has been
suggested as a candidate for therapeutic use and has been used successfully in a mouse

antifungal infection model (Ahmad et al., 1995).
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Modification of indolicidin to increase the factors involved in its mechanism of action,
led to the development of molecules with increased antimicrobial activity. The
development and characterization of indolicidin analogues developed on the basis of
rational design, mechanism of action and reduced toxicity were performed (Falla and
Hancock, 1997). Modifications to increase the overall charge and amphipathic character
of indolicidin resulted in a molecule, CP-11, which exhibited reduced toxicity to
erythrocytes and broad-spectrum antimicrobial activity with increased activity against
gram-negative bacteria (Subbalakshmi and Sitaram, 1998; Friedrich et al., 2001). 10R
and 11R, two indolicidin variants used in this study were also developed earlier with

increased antimicrobial activity (R.E.W Hancock, personal communication).

1.1.3. Cationic antimicrobial peptide and cytotoxicity

Plant genetic engineering raises the questions of environmental impact of transgenic
plants and their potential toxicity or allergenic risks to humans and animals when
consumed. For strategies involving the expression of peptides not normally belonging to
the human or animal diet or not derived from plants, a thorough evaluation of toxicity is
necessary (Franck-Oberaspach S. L., 1997). The main question concerning environmental
impact is the potential effect on the natural micro-flora (e.g. the endophytic and epiphytic
bacterial populations, and rhizosphere micro-flora and plants themselves), which may be
affected by the expression of the transgene. This is particularly relevant for strategies
with a wide spectrum of activities against different pathogens, such as those using
antimicrobial peptides. Cytotoxicity of known and characterized cationic peptides has

been tested against animal cells but new methods need to be developed to test their



cytotoxicity in plants. Also, before antimicrobial peptides can be introduced and
expressed in plants, it is necessary to first evaluate their biosafety and cytotoxic effects, if
any, on individual plant cells, tissues and even on whole plants. Also their in vitro
activity spectrum against plant pathogens should be known. To measure the cytotoxicity
of compounds against living cells during host-pathogen interaction or stress conditions,
cell viability or cell death is an important variable to monitor, as mentioned above.
Available methods can be modified to assess the effects of peptides against plants and

plant pathogens.

1.1.3.1. Cytotoxicity assessment of peptides against plants and pathogens

Colorimetric assays have been designed for plants to identify cell viability under stress
and in response to treatment with different compounds (Steponkus and Lanphear, 1967;
Towill and Mazur, 1974; Mosmann, 1983; Borenfreund and Puerner, 1985; Baker and
Mock, 1994; Able et al., 1998; Capasso et al., 2003). Cell viability assays are based either
on the physical properties of cells (such as cytoplasmic streaming and membrane
integrity), or on biochemical characteristics (such as DNA, RNA or protein synthesis)
(Duncan and Widholm, 1990). Membrane integrity assays rely on the active uptake of
dyes, such as neutral red or fluorescein by viable cells, or the passive staining of the
contents of dead cells by dyes such as Evans blue (Baker and Mock, 1994) and tryptan
blue (Konopka et al., 1996) that leak through ruptured cells. Assays depending on the
activity of the electron transport chain, in which a compound accepts an electron from the
chain and in the process becomes reduced, are commonly used in animal systems.

Colorless, tetrazolium salts, such as 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
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tetrazolium bromide (MTT), and 2,3,5-triphenyltetrazolium chloride (TTC), are widely
used to assess viability of mammalian and plant cells (Lakon, 1949; Parker, 1953;
Steponkus and Lanphear, 1967; Towill and Mazur, 1974; Duncan and Widholm, 1990;
Caldwell, 1993; Badini et al., 1994; Khatun and Flowers, 1995; Voytik-Harbin et al.,
1998; Duncan and Widholm, 2004). Reduction of TTC measures the overall oxidative
metabolic processes of the cell. Evans blue has been used to determine cell death in
microscopic studies (Taylor, 1980; Smith et al., 1982) as well as in leaf discs (Baker and
Mock, 1994). Neutral red is a intracellular pH indicator useful for testing the overall
viability of plant protoplasts (Fernandez et al., 2000).

The high sensitivity of fluorometric methods has resulted in the use of fluorogenic
substrates, such as 4-methylumbelliferiyl heptanoate (MUH), to estimate proliferation
and cytotoxicity in animal cells (Nociari et al., 1998). However, MUH has drawbacks
including background fluorescence and insolubility. AlamarBlue™ is a tetrazolium-based
dye, incorporating resazurin and resorufin as oxidation— reduction indicators that yield
colorimetric changes and a fluorescent signal in response to metabolic activity; that
occurs intracellularly involving reductases and the mitochondrial electron transport (Page
et al., 1993). The blue non-fluorescent oxidized form becomes pink and fluorescent upon
reduction (De Baun and De Stevens, 1951; Page et al., 1993). In the past, the
AlamarBlue™ assay has found application in the analysis of viability and/or proliferation
of bacteria (Baker and Mock, 1994), fungi (Pfaller et al., 1994; Tiballi et al., 1995; Farnia
et al., 2004) and several normal and cancerous cell lines (Aley et al., 1994; Ahmad et al.,
1995; Nakayama et al., 1997), including, corneal endothelial cells (Larson et al., 1997),

neuronal cells (White et al., 1996) and oligodendrocytes (Back et al., 1999).
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AlamarBlue™ has been used for specialized purposes such as the screening of anti-
bacterial drugs (Alley et al., 1988; Collins and Franzblau, 1997) and cell-mediated
cytotoxicity (Nociari et al., 1998). These colorimetric and flurometric assays can be
modified and can be used to determine the cytotoxicity of the cationic peptides on plant

pathogens and plant cells.

1. 2. Rationale and objectives

Expression of different cationic peptides in plants has resulted in the generation of
disease-resistant transgenic plants. Polyphemusin and indolicidin are two important
cationic peptides. These peptides and their structural variants have demonstrated in vitro
antibacterial and antiviral activities against animal pathogens. These peptide(s) and their
variants were selected as the model peptides in this study. The long-term goal is to tap
into and exploit the potential of these cationic peptides to incorporate broad-spectrum
pathogen resistance in plants. The intent of this project is to: |

(1) Test in vitro antimicrobial activities of polyphemusin and indolicidin
variants against plant pathogens.

(11) Evaluate any cytotoxic effect of these peptides variants on plants.

(111) To express these peptides, in tobacco for resistance against microbes,
including viruses and in Arabidopsis to study the role of cationic peptides
in disease resistance in transgenic plants.

This investigation will help in developing effective environmentally friendly strategies to

combat the growing threat of plant pathogens.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Peptides

The peptides used in this study were the synthetic indolicidin derivatives, 10R
(MRRPWKWPWWPWRR) and 11R (MRWKKWPWWPWRRK), and modified
synthetic derivative of polyphemusin, PV5 (MRRYCYRKCYKGYCYRKCR). Peptides
10R and 11R were synthesized using a model 430A peptide synthesizer (Applied
Biosystems Inc, Foster City, CA) with the 0.25 mmol scale FastMoc chemistry software
at the University of Victoria Genome BC Proteomics centre. PV5 was a gift from Dr.
R.E.W Hancock, University of British Columbia, Vancouver, Canada. Lyophilized
peptide powders (> 90% purity) were reconstituted in sterile, deionized water to a stock
concentration of 1 mg/ml, filtered though a 0.2 um Millipore filter and stored at —20 °C

until further use.

2.2. Plant material

Tobacco (Nicotiana tabacum var. Xanthi) seeds were surface sterilized in 50% industrial
bleach (6% hypochlorite) for 20 minutes at room temperature, followed by 3 rinses in
sterile dH,O. Seeds were placed on MS medium at an 18 h, 28°C day and 6 h, 22°C night
cycle with 150 uE/m?/s of light. Seedlings were transferred to magenta boxes (Sigma: V-
8505) with MS medium without any hormones. Leaves of non-transgenic plants were
used for transformation. Non-transgenic and transgenic plants were transferred to the
greenhouse, where they were planted in pots with moistened Sunshine mix # 2 soil (Sun

Gro Horticulture, Bellevue, Washington, USA).
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Arabidopsis thaliana (L.) Heynh seeds of ecotype Columbia were placed on a moistened
Sunshine mix # 3 soil (Sun Gro Horticulture, Bellevue, Washington, USA) on 10 ¢m
diameter pots, covered with nylon screen and then with Saran wrap secured with an
elastic band. Pots were placed at 4°C for 2 days to promote uniform germination and then
transferred to a growth chamber with an 18 h 24°C day and 6 hour 22°C night cycle with
150 uE/m?%s of light. Saran wrap was removed when plants began to push against its
surface.

T, Seeds were collected from both non-transgenic and transgenic plants (tobacco and
Arabidopsis), surface sterilized as described above and selected on MS medium

containing kanamycin (50 pg/ml).

2.3. Pathogen cultures

Bacterial strains used in this study were the laboratory isolate of Erwinia carotovora
and clinical isolates of Proteus vulgaris, Bacillus subtilis, Staphylococcus epidermidis,
Pseudomonas aeruginosa (ATCC 10145) and Escherichia coli (W 3110) obtained from
the microbiology student laboratory, University of Victoria. Fungal pathogens used
were Phytopthora infestans (isolate US 11 A1), Botrytis cinerea, Fusarium oxysporum
obtained from Simon Fraser University, Vancouver and Fusarium graminearum
(isolates: M12-04-1), obtained from the Canadian Grain Commission, Winnipeg. The
plant viruses used were Tobacco mosaic virus (TMV) (ATCC 135 PV) obtained from
American Type Culture Collection, Atlanta, United States, and TMV, PVX and PVY
used for green house studies were common isolafes used at AAFC, New Brunswick,

Canada.
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2.4. Protoplast isolation

Tobacco protoplasts were isolated from the mesophyll tissues of the non-transgenic
tobacco plant leaves grown in magenta boxes as described by Medgyesy et al. (1980).
Leaves were detached, excised with a sterile surgical blade and resuspended in
maceration solution of 0.2% (w/v) Cellulase (Sigma, USA), 0.1% (w/v) Driselase
(Sigma, USA) in solution I (0.4 M sucrose, 0.1 M glycine, 10 mM CaCl2, and 10 mM
MES (pH 5.6)). After incubation at 24°C for 12 h when over 90% of the cells became
round-shaped, the protoplasts were filtered through a 40 um nylon mesh, washed twice
and resuspended in solution I to a density of 2x10° protoplasts/ml. After 3 days of
cultivation at 24°C in low light (5 uE/m?s), viable protoplasts were quantified using a
hemocytometer and adjusted to 5 x 10°/ml with the cultivation medium. Protoplasts were
incubated with different concentrations of cationic peptides in a 24 well plate and were

maintained at 25°C in dark.

2.5. In vitro antimicrobial activity of the peptides

2.5.1. In vitro antibacterial activity of the peptides

Optimal growth times (when all the bacterial strains were in log phase or stationary
phase) were determined for each bacterial strain by incubating 80 ul of bacterial culture
(1:25 diluted in LB) with 20 ul of LB in 96 well microtitre plates and measuring Az
(Beckman DU 60) for different intervals (0-24 h). To determine antibacterial activity of
peptides, reconstituted peptides (40 pug/ml) in a final volume of 20 ul were mixed with a
bacterial suspension (80 ul) (grown overnight in Luria-Bertani (LB) broth and diluted 1:

25 times) in microtitre plates. Plates were incubated at RT with shaking for 8h. The



34

inhibitory effect was measured as the change in Agy (Beckman DU 60), and the

inhibitory effect of peptides was calculated as a function of decrease in absorbance.

2.5.1.1. Minimum bacterial inhibitory concentration of peptides

The minimum inhibitory concentration of peptide derivatives against the plant pathogenic
bacteria, Erwinia carotovora, was determined by inoculating 2x10° bacteria/ml with
different peptide concentrations. After 4 h, this mixture of peptide and bacterial culture
was plated on LB agar plates and was incubated overnight at 28°C. Bacterial survival was

assayed by colony counts for different concentrations of peptide.

2.5.2. In vitro antifungal activity of peptides

2.5.2.1. Fungal growth zone inhibition assay

For assessing in vitro antifungal activity, a fungal growth zone inhibition assay was
performed. For each culture, an agar plug (11mm) containing fungus was cut from the
fungal culture plate and placed in the centre of a Petri dish with potato dextrose agar
medium (PDA). Sterile paper discs were placed around the plug and different amounts of
peptides were applied. Plates were incubated for 36 h at RT and inhibition was
determined by measuring the zone of inhibition of each amount. Distilled H,0O was used

as a control.

2.5.2.2. AlamarBlue™ reduction assay
The inhibitory concentration of the peptides against different fungi was determined using

an AlamarBlue™ reduction assay and measuring cell proliferation. The fungal cells under
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study were grown on PDA (potato dextrose agar) medium at RT until the surface of the
agar was covered with the fungus. A sporangia suspension was then prepared by flooding
the Petri dish with 5 ml Potato Dextrose Broth (PDB). The sporangia were collected
using a sterile pipette and the concentration was adjusted to 1x10* spores/ml. To test the
susceptibility of fungal pathogens to antimicrobial peptides, 80 ul of spore cultures were
added to different concentrations of peptides to make a final volume of 100 ul in
microtitre plates. Spores were incubated for 24-48 h at RT. To the mixture of the culture
and peptide, 25 pl of AlamarBlue™ (Biosource International, Camarillo, CA, USA) was
added and reduction of the dye was assessed by measuring the fluorescence by exciting at
530-560 nm and measuring emission at 590 nm and data was expressed as fluorescence
emission intensity units as a function of time of incubation and finally as percentage
viability. Controls included were cultures to which no peptide was added, and wells with

only saline and AlamarBlue™ and no culture.

2.6. Viral studies

2.6.1. Purification of Tobacco Mosaic Virus

The TMV culture obtained from ATCC was homogenized in 0.5 M phosphate buffer.
Leaves of the 1-month-old non-transgenic tobacco plants, grown in the greenhouse were
dusted with carborundum powder (600 grit) and the homogenate aliquot applied to the
surface of the leaf. Symptoms of TMV infection (lesion and mosaic pattern) were
observed within 10 days of inoculation. Leaves were collected from the infected plants 3
weeks post-inoculation and stored at 4°C. Tobacco mosaic virus (TMV) was purified

from collected infected tobacco leaves. Twenty grams of leaf tissue was homogenized in
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a mortar and pestle with a few grains of acid washed sand. Sixty ml of virion extraction
buffer (0.5 M Phosphate buffer (Na,HP0,) and 1% (v/v) 2-mercaptoethanol) was added
and mixed. The homogenate was filtered through a double layer of cheesecloth, and 0.8
ml of butanol (per 10 ml of filtrate) was added slowly. This was incubated for 15 min at
RT and the supernatant was then clarified by low speed centrifugation at 10,000 x g for
30 min. Lightly pigmented aqueous phase was collected and transferred to a fresh tube.
PEG 8000 (20%) was added and the tubes were mixed by inversion. The tubes were
incubated on ice for 15 min. Virus was pelleted at 10,000 x g for 15 min at 4°C. Six ml of
phosphate buffer was added to re-dissolve the pellet. Centrifugation was again performed
at 10,000 x g for 15 min and supernatant was transferred to a new tube. PEG (20%) and
NaCl were added to the supernatant at a final concentration of 4% (w/v) and stirred well
until completely dissolved, and incubated on ice for 15 min. The virus pellet was
collected by centrifugation at 10,000 x g for 15 min and resuspended in 3 ml of 10 mM
phosphate buffer. The virus was then diluted and optical density readings were taken at

260 nm and 280 nm to determine virus purity and concentration.

2.6.2. Lesion assay for TMV

For assessing the in vitro antiviral activity of cationic peptides, the leaves of 4 week-old,
non-transgenic tobacco plants grown in the green house, were detached. Half-leaves were
randomly selected in each assay trial. Different amount of cationic peptides were mixed
with 5 ng TMV and control (only virus and 0.05 M phosphate buffer, pH=8). Samples
and control were applied to each half of the detached leaves. Leaves were rinsed with

water and placed on dH,O soaked filter paper in 6" Petri dishes. The samples were then
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moved to a growth chamber (photoperiod of 12 h, 25°C) where they were monitored
daily for appearance of symptoms. Lesions of 1-2 mm in diameter were counted after 3
days and compared with the control. Infected leaf halves and non-infected halves (control
for each sample) were collected after 4 days of inoculation and each half (sample and
control) leaf was homogenized to extract leaf sap (as described in next section) and stored
at —20°C for ELISA and dot blot assays.

For comparing the antiviral activity of the transgenic tobacco plants with non-transgenic
plants, leaves were detached from the green house grown tobacco plants and the lesion
assay was performed as described above. The number of lesions was counted on
transgenic plants and compared with the lesions on non-transgenic plants (control). Each

half leaf was homogenized to extract leaf sap and stored at — 20°C as above.

2.6.3. TMV RNA Isolation

The purified TMV preparation was diluted to 10 mg/ml with 10 mM phosphate buffer.
Two hundred ml of 5X RNA extraction buffer (0.5M sodium chloride, 5 mM EDTA, 5%
(w/v) SDS, 0.1M Tris -HCI) (pH to 8.0) was added to 0.8 ml of diluted virus preparation.
One ml of phenol: chloroform (1:1) was added, vortexed briefly until an emulsion formed
and then centrifuged at 13,000 x g for 5 min at RT. The upper aqueous phase was
collected and transferred to a new tube. This extraction with phenol: chloroform was
repeated twice. An equal amount of chloroform was added to the collected aqueous
phase, the samples were vortexed, and again the aqueous phase was transferred to a new
tube. To each tube, 0.1 volume of 3M sodium acetate and 2.5 volumes of ethanol were

added. Samples were incubated at —20°C for 15 min. RNA was pelleted by
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microcentrifugation at 13,000 x g for 15 min at 4°C. The pellet was dried and dissolved
in 0.2 ml of DEPC-water. The yield was measured by measuring absorbance at A,g, and

Azeo.

2.6.4. TMV Movement protein cDNA synthesis and cloning

Movement protein specific cDNA was synthesized from TMV RNA using a 26-
nucleotide primer, designated TMV-RT (5-CTGACCGATCATTACTACTATTTTTC-3)
that is complementary to nucleotide residues 5596-5571 in TMV genome. Reverse
transcription was performed using superscript II RNase H™ Reverse Transcriptase from
Gibco (Burlington, Ontario, Canada). PCR amplification of the cDNA was performed
using a pair of PCR primers to amplify the movement protein gene of TMV. Primers
amplifying nucleotide residues 4635-5445 in the TMV genome [(CATCACG
ACAGAGGATGC (+ sense) and CACGTTTGTAATCTTCTC (- sense)] were used. The
expected product size was 811 bp. The amplified band was excised and extracted from an
agarose gel using a commercial gel purification kit (QIAquick®gel extraction kit, Qiagen,
Mississauga, ON, Canada). The purified fragment was cloned using the Topo TA
Cloning® Kit with pCR® Vector (Invitrogen, CA, USA). Positive clones were selected
and sequenced at the sequencing facility, University of Victoria. Sequence data was
matched with known sequence using the NCBI BLASTn search tool, which showed

100% identity with the TMV movement protein gene sequence.
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2.6.5. Preparation of tissue extracts for dot blots and ELISA

Leaf extracts from systemically infected, collected and stored (-20°C) tobacco leaf halves
(control and infected) from the lesion experiments were obtained by grinding leaf halves
in liquid nitrogen. The powder was incubated on ice for 10 min and leaf sap collected by
microcentrifugation at 13,000 x g for 25 min. Supernatants were collected in a fresh tube

and frozen at —80°C until further use.

2.6.6. Double antibody sandwiched ELISA for TMV

Viral infection quantitation between control and infected samples was performed by
double antibody sandwich ELISA with a commercial TMV detection kit (Agdia Inc.,
Indiana, USA). Sap was diluted 10 times and 100 ul of this diluted sap was used for
ELISA. Tests were performed according to the manufacturer’s instructions. A4os was
determined with the aid of an automated microplate ELISA reader (Bio-Tek, Burlington,
VT). A reaction was considered positive if the absorbance was high in the positive

control provided by the manufacturer.

2.6.7. Dot Blot hybridization for TMV quantitation

A piece of Biodyne B nylon membrane (Pall) was cut and marked into 1 x 1 cm squares
with a pencil. Five ul of the leaf extracts from samples and control were spotted onto the
marked squares. Membranes were then baked at 80°C under vacuum for 1.5 h. Movement
protein cDNA, cloned earlier was used as a probe. The DNA was labeled with [**P]-
dCTP using the random-primed procedure (Invitrogen) and used at 4x10° cpm of purified

probe in 1 ml of hybridization solution. Pre-hybridization and hybridization steps were



carried out at 65°C for 2h and 16h, respectively in PerfectHyb™ Plus buffer (Sigma)
according to the manufacturer’s protocol. Blots were then incubated in hybridization
bottles containing 2 x SSC and 0.1% SDS solution for 20 min at 65°C followed by final
wash in 0.1 x SSC, 0.1% SDS at 65°C for 10 min, and then exposed to X-ray film
(Kodak BioMax) overnight at —80°C using an intensifying screen.

Dot blot signal quantification was done by measuring CPM (counts per minute) for each
dot. Each square was cut and was suspended in scintillation cocktail, and radioactivity

measured in scintillation spectrometry (Beckman LS 5000CE).

2.6.8. Greenhouse studies on transgenic plants for virus resistance

Greenhouse antiviral activity testing on the transgenic tobacco plants against TMV, PVX
and PVY was performed at AAFC, Fredericton NB by Dr. R. Singh. Four plants of each
transgenic line of each construct and non-transgenic plants (control) were inoculated with
each virus. Each plant was inoculated with virus containing sap on three fully developed
leaves and virus symptoms were compared. For TMV, development of lesions on
susceptible leaves, for PVX, ring spot lesions and for PVY, strong vein clearing and

necrotic veins symptoms in susceptible tobacco plants were observed.

2.6.9. Electron microscopy

TMV (5ug) was either incubated with 100 ug of peptide overnight at RT or only with
dH;O. Ten ul of preparations were added to Formvar (0.5%) coated 400-mesh copper
grids, and negatively stained in 1% aqueous uranyl acetate (UA) or 0.5% phosphotungstic

acid (pH 7.0). Grids were observed at 75kV on transmission electron microscope
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(Hitachi-7000) at the EM facility, University of Victoria.

2.7. Cytotoxicity Assays

2.7.1. 2,3,5-Triphenyltetrazolium Chloride Reduction (TTC) assay

Leaf discs 11 mm in diameter were cut with a cork borer from the second and third
expanded leaves and washed with dH,O. Each disc was weighed, washed twice with
dH,O and then placed in different amount of peptides ranging from 0-100 pg, in dH,O
(control), Round-up™ (positive control) or carbenicillin (-ve control), in 24 well plates.
The TTC assay for leaf discs and plantlets was performed according to Chang et al.
(1999) with some modifications. Leaf discs or plantlets were placed in test tubes and 2 ml
of TTC reagent [0.6% (w/v) TTC (Sigma T-8877), 0.05% (w/v) Tween 80, 50 mM
sodium phosphate, pH=7.4] were added and infiltrated under vacuum, then incubated at
28 °C in darkness for 12 h. Four ml of 95% ethanol was added and boiled for 5 min to
extract the formazan. The samples were centrifuged at 1000 x g and As3y measured in
Beckman DU-65 spectrophotometer. Viability was expressed as Asso. For the TTC assay
for protoplasts, 1 ml of TTC reagent was added to 1 ml of protoplast preparation (5000
protoplasts) and infiltrated under vacuum for 1.5 h. Tubes were then incubated at 28 °C in
the dark. Ethanol (2 ml) was added to each tube after incubation and samples were boiled
to extract the formazan formed. Tubes were centrifuged at 1000 x g and 100 pl of the
supernatant was transferred to a 96 well plate for measurement of A4y using a plate
reader (EIx808 Ultra Microplate Reader, Bio-Tek Instruments Inc.). Viability was

expressed as Ao / 5000 protoplasts.
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2.7.2. Evan’s Blue assay

The Evans blue assay was performed on leaf discs as described by Baker and Mock
(1994). Leaf discs were incubated in different amount of peptides, distilled water or
controls. Evan’s blue solution (0.25% aqueous solution) was added to the incubated discs
and these were ground using a glass pestle. Samples were centrifuged at 13,000 x g for 15
min. Supernatants were collected and absorbance was measured at 600 nm (Beckman

DU-65).

2.7.3. Neutral Red assay

Protoplast viability was measured by staining protoplasts with neutral red (100 mg of
neutral red dissolved in 100 ml of dH,0, 200 pl of 1% acetic acid, and filtered). Two ul
of neutral red were added to 20 pl of protoplast culture (5x10° protoplasts/ml) and treated
either with peptide or with dH,O. After incubation for 20 min at RT, viable protoplasts
were counted by microscopy using a hemocytometer. The stained fractions of living

protoplasts were calculated and percentage viability expressed accordingly.

2.7.4. Phytotoxicity assay

To assay the phytotoxicity of peptides on plantlets, axillary buds of tobacco plants were
grown in the presence of peptides and assayed according to Ali and Reddy (2000), with
some modifications. Different amount of each peptide were mixed with 1 ml of
Murashige-Skoog (MS) medium with 0.6 % agarose and poured in 1.5 ml sterile
Eppendorf tubes. As controls, peptides were replaced by either different amount of

carbenicillin (Invitrogen), Round-up™ (glyphosate isopropylamine: Monsanto Canada
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Inc, Mississauga, ON, Canada; amount of glyphosate was calculated as ug and was used
in the assays) or dH,O water. One axillary bud from each 2 week-old tobacco plant
grown in magenta boxes, was weighed, measured in height and placed in Eppendorf
tubes with the appropriate concentration of peptide or controls (water, carbenicillin (-ve
control) and Round-up™ (positive control). These Eppendorf tubes were then placed in
0.8% agar-containing culture tubes (100 x 2.5c¢m), and placed at 25°C. The plantlets were
grown for 4 weeks and used for the TTC assay. The phytotoxicity of peptides on intact

plantlets was also tested by observing growth parameters like shoot length and fresh

weight.

2.7.5. Chlorophyll and carotenoids estimation

Leaf tissue (weighed for fresh weight) was pulverized in ice-cold 80% acetone with a
mortar and pestle and extracted twice with acetone. The liquid was collected in a test
tube. The extraction was repeated three times until the pellet was colorless. The
combined acetone extracts were cleared by centrifugation and the volume was adjusted to
5 ml. Absorbance at 663 nm, 646 nm and 470 nm was determined for each sample
(Beckman DU-60) and used for calculation of the total contents of Chlorophyll a, b and
cartenoids according to the method of Lichtenthaler and Wellburn (1983). Concentrations
were correlated first with the volume extracted then with the fresh weight of the leaf
samples taken. The equations used for final calculations were: Chlorophyll-a =12.21
(Ass3) — 2.81 (Asss) ng/ml; Chlorophyll b =20.13 (Asss — 5.03 Ags3) pg/ml; Chlorophyll-
total = Chlorophyll-a + Chlorophyll-b ug/ml and Carotenoids = (1000 (A470)- (3.27

Chlorophyll-a + 104 Chlorophyll-b))/198 pg/ml.



2.8. Expression of cationic peptides in plants

2.8.1. Construction of cationic peptide genes and DNA manipulation

Gene specific overlapping synthetic oligonucleotides were designed for the construction
of PV5, PV8, 10R and 11R genes. These were based on the nucleotide sequences of the
four peptides, determined by reverse-translation of the amino acid sequences using plant
specific codons and modifying them by adding specific restriction enzyme sites for DNA
cloning and expression. The genes were assembled by PCR using oligonucleotides shown
in Figure 16.

DNA manipulations were carried out as described. To place the cationic peptide genes
under a highly expressed promoter (2X35S) and leader sequence, their genes were first
cloned into the vector pBI524. Further, to make the genes ready for transformation using
Agrobacterium tumefaciens, the promoter and gene were cloned into pBI121 (work
carried out by Dr.Benjamin Forward and completed by Dr.Milan Osusky, University of
Victoria, BC Canada). The synthetic genes encoding PV5 and PV8 had Ncol and BamHI
sites at their 5’and 3° ends respectively. Similarly, genes for 10R and 11R had Xbal and
BamHI sites at 5° and 3> ends. These were first cloned in vector pBI524 and later
digested with HindIII and EcoRI enzymes [pBI524 contains a duplicated enhancer
cauliflower mosaic virus (CaMV) 35S promoter and an untranslated leader sequence
from alfalfa mosaic virus (AMV) (RNA4) that acts as a cis active “translational
enhancer”]. The HindIII-EcoRI fragment, containing a 2x35S promoter with an AMV
RNA4 translation-enhancing element and PV5/PV8/10R/11R with a NOS terminator
(NOS-ter) was ligated in to HindIII-EcoRI digested pBI121 vector (thus replacing the

35S promoter and the B-glucuronidase (GUS) gene with the NOS-terminator), yielding
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the final sequence of PV5, PV8, 10R and 11R.
The msrA3 gene used for Arabidopsis transformation was constructed previously as
described (Osusky et al., 2004). Transformed Agrobacterium culture was used for

Arabidopsis transformation.

2.8.2. Plant transformation, regeneration and selection of transgenic lines

2.8.2.1. Tobacco

Each of the recombinant plasmids were transferred from E. coli DH5a cells into
Agrobacterium tumefaciens MP90 by the freeze-thaw method (Holsters et al., 1978).
Young leaves of tobacco plants were surface-sterilized in 1% (v/v) NaHCIOjs for 2-5 min.
and rinsed well with sterile water. An Agrobacterium tumefaciens MP90 culture
harboring each of the vectors was grown for 1-2 days at 26-28 °C on a rotary shaker at
225 rpm to mid-log phase (Aspo=1) in 15 ml liquid LB medium (Saambrook et al., 1989)
supplemented with 100 mg/l kanamycin, and 10 mg/l gentamycin. Leaf discs were co-
cultivated with this A. tumefaciens, blotted with sterile filter paper to remove excess
bacteria, and placed horizontally on Murashige and Skoog medium (MS) (Murashige and
Skoog, 1962) and incubated for 2 d at 25°C. The co-cultivated leaf discs were then
transferred to a shoot-inducing medium (MS medium containing 0.01 ng/ml NAA, 1
ug/ml BAP, 100 pug/ml kanamycin and 500 pug/ml carbenicillin). Regenerated calli were
obtained after this selection. Young shoots were transferred to a root-inducing medium
(MS medium containing 100ug/ml kanamycin and 200 ug/ml carbenicillin). Regenerated
plants were tested for the presence of chimeric gene constructs using PCR amplification

of genomic DNA. The transgenic tobacco plants were then transferred to soil and



developing T, seeds were collected.

2.8.2.2. Arabidopsis

Arabidopsis thaliana plants were transformed according to the method of Clough and
Bent (1998). Agrobacterium tumefaciens strain MP90 carrying the plasmid
CaMV35S::MsrA3, was grown to stationary phase in liquid culture at 28°C, 250 rpm, in
sterile LB broth (10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl, pH 7.0) containing 50
ug/ml kanamycin and 10 ug/ml gentamycin. Cells were harvested by centrifugation for
20 min at RT at 5500 x g then suspended in infiltration medium [5.0% sucrose and 0.05%
Silwet L-77 (Lehle Seeds, Round Rock, Texas, U.S.A.)] to a final Agg, of approximately
0.8 prior to use. The above ground portions of plants were dipped in infiltration medium
containing Agrobacterium for 10 s with gentle swirling 2 days after removal of the
primary bolt. One subsequent dip was made 7 days later. Following each dip, the plants
were covered with a plastic bag for 24 h to retain moisture. Plants were no longer watered
once seed-pods began turning brown. When plants were fully dried they were placed in a
brown paper bag for 1 week prior to collecting seeds. Seeds were collected by rubbing
plants and pods and filtering through sieve several times until seeds were free of debris.
Seeds were sterilized using vapor phase sterilization as follows (Clough and Bent, 1998):
Seeds were placed in 15 ml conical tubes (2-3 ml seeds per tube) with lids attached
loosely. Tubes were placed in a rack inside a plastic vacuum desiccator (Bel-art #42025,
240 mm internal diameter) containing a 250 ml glass beaker with 150 ml bleach (5.25%
NaHCIOs). Five ml of concentrated HCI was placed in a 10 ml glass beaker and floated
on top of the bleach solution. The lid was placed on the desiccator and a slight vacuum

applied. The desiccator was shaken slightly to spill the concentrated HCI into the bleach
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and liberate chlorine gas for overnight sterilization. Sterile seeds were sprinkled on 150 x
15 mm selection plates (1/2 MS media, 0.8% agar, 1% sucrose, 50 g/ml kanamycin, 100
ug/ml ampicillin) and placed in dark at 4°C for 2 days. Plates were removed and placed
in a growth chamber with 16 h light / 8 h dark at 22°C for 2 weeks. Healthy green
transformants were selected and placed in moist soil in a growth chamber with an 18 h

24°C light/ 6 h dark covered with Saran wrap for the first 2 days of growth.

2.8.3. Molecular analysis

2.8.3.1. Genomic DNA and Total RNA extraction

Total Genomic DNA was extracted from the leaves of transformed and wild type plants
using a GenElute™ Plant Genomic kit (Sigma). One hundred mg of leaves were ground
in liquid N, and DNA was isolated according to the manufacturers instructions. Total leaf
RNA was prepared using TRIzol (GIBCO BRL, Rockville, MD, USA) following the

manufacturer’s protocol.

2.8.3.2. Polymerase Chain reaction (PCR)

2.8.3.2.1. Tobacco

PCR was carried out in 50 pl reaction mixtures containing 200 ng of plant DNA, Taq
PCR Master Mix (Qiagen, Mississauga, Ontario, Canada) and specific primers, with
manual hot start and the following parameters: 94°C for 3 min, then 30 cycles of 94°C for
30 s, 57°C for 30 s, and 72°C for 60 s, followed by a final 10 min incubation at 72°C
were used. Primers for plants with the PV5, PV8, 10R and 11R constructs that amplified

the appropriate genes were: forward primer, the primer with sequence from base 746-765



in CaMV35S promoter 5'-CCTTCGCAAGACCCTTCCTC-3', 20-mer and reverse
primers were gene specific primers 5'-GGATCCTTTATCTGCACTTTC-3', 21-mer for
PV5 and PV8; 5'-GGATCCTTTATCTTCTCC-3', 18-mer for 10R and 5'-GGATCCTTT
ACTTTCTTC-3', 18-mer for 11R.

2.8.3.2.2. Arabidopsis

The primers used in PCR amplification of the msrA3 gene were gene specific primers:
forward primer 5'-ATGTTTCTGCCCCTAATCGGGAGGGTTCTCTCGGGAATCC
TGTAA-3', 45-mer and reverse primers 5' CATCGCAAGACCGGCAACAGA-3', 21-
mer, 51 nucleotides downstream from Sacl site in pBI 121. The expected product was
143 bp (Osusky et al., 2004). Parameters used in PCR cycles were similar used in tobacco

PCR as described above for tobacco.

2.8.3.3. Reverse Transcription PCR

2.8.3.3.1. Tobacco

PV5, PVS, 10R and 11R mRNA expression was determined by RT-PCR from the total
RNA isolated from control and transgenic plants. Primers used in PCR amplification of
PV5 and PV8 gene were gene specific primers with forward primer 5'-CCAT
GGCTCTTGCAGCTTTC-3', 20-mer and reverse primer 5'-GGATCCTTTAT
CTGCACTTTC-3", 20-mer; of 10R were forward primer 5'-ATGAGAAGA
CCTTGGAAGTG-3', 20-mer and reverse primer 5' CTTTATCTTCTCCAAGGCC-3',
19-mer; and of 11R forward primer were 5'-ATGAGATGGAGAAGATGGC-3', 19-mer
and revérse primer 5' CTTTACTTTCTTCTCCAAGG-3', 20-mer. The PCR was

performed using the 7ag PCR Master Mix kit from Qiagen (Mississauga, Ontario,
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Canada). Reverse transcription was performed using SuperScript Il RNase H™ Reverse
Transcriptase from Gibco (Burlington, Ontario, Canada) with oligo dT from Boehringer

Mannheim (Mannheim, Germany) as a primer.

2.8.3.3.2. Arabidopsis
MsrA3 mRNA expression was determined by RT-PCR from the total RNA isolated from

control and transgenic plants. Primers used in PCR amplification of gene msrA3 were
gene specific with forward primer 5'-ATGTTTCTGCCCCTAATCGGGAG
GGTTCTCTCGGGAATCCTGTAA-3', 45-mer and reverse primers 5' CATCGC
AAGACCGGCAACAGA-3', 21-mer, 51 nucleotides downstream from Sacl site in pBI
121. Expected product was 143 bp. The PCR was performed using the 7ag PCR Master
Mix kit from Qiagen (Mississauga, Ontario, Canada). Reverse transcription was
performed using SuperScript IT RNase H Reverse Transcriptase from Gibco (Burlington,
Ontario, Canada) with oligo dT from Boehringer Mannheim (Mannheim, Germany) as a

primer.

2.8.3.4. Southern analysis

Four ug of tobacco DNA from each line were digested with 200 U EcoRI restriction
enzyme for 26 h in a 200 pl reaction mix, concentrated and electrophoresed on a 1%
(w/v) agarose gel. The gel was incubated at RT with shaking in denaturing solution (0.5
M NaOH, 1 M NaCl) for 30 min and rinsed in distilled water for 30 min. The gel was
transferred to a Biodyne B nylon membrane (Pall) by the alkaline DNA transfer method

using alkaline transfer buffer (0.4 N NaOH) for 18 h. The membrane was dried on a



vacuum gel drier or 30 min. Probes were labeled. with [*’P]-dCTP using the random-
primed procedure (Invitrogen) and used at 2x10° CPM of purified probe in 1 ml of
hybridization solution. Pre-hybridization and hybridization steps were carried out at 65°C
for 2 h and 16 h, respectively in PerfectHyb™ Plus buffer (Sigma) according to the
manufacturer’s protocol. Blots were then incubated in hybridization bottles containing 2
x SSC and 0.1% SDS solution for 20 min at 65°C followed by final wash in 0.1 x SSC,
0.1% SDS at 65°C for 10 min, and then exposed to X-ray film (Kodak BioMax)
overnight at —80°C using an intensifying screen. The membrane was also analyzed with a

PhosphorImager Screen (Molecular Dynamics, USA).

2.8.3.5. Northern analysis

Thirty ug of total RNA was subjected to electrophoresis on 1% agarose-formaldehyde
gels. The gel was neutralized by soaking in 2 x SSC for 10 min. The gel was transferred
onto Biodyne B nylon membrane (Pall) using the capillary method and 20 x SSC as
transfer buffer. RNA was fixed by baking at 80°C in a vacuum drier for 30 min. Probes
(gene specific) were labeled with [* *P]-dCTP using the random-primed procedure
(Invitrogen). Pre-hybridization and hybridization steps were carried out at 65°C for 2 h
and 18 h, respectively in PerfectHyb™ Plus buffer (Sigma) according to the
manufacturer’s protocol. Blots were then incubated in hybridization bottles containing 2
x SSC and 0.1% SDS solution for 20 min at 65°C followed by final wash in 0.1% SSC,
0.1% SDS at 65 °C for 10 min, the membrane was exposed to a Phosphorlmager Screen

(Molecular Dynamics).
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2.9. In planta disease assays

2.9.1. Antibacterial activity

2.9.1.1. Antibacterial activity of plant extracts

Leaf extracts from transgenic and non-transgenic (control) tobacco leaves were obtained
by grinding in liquid nitrogen. The powder was incubated on ice for 10 min, leaf sap was
collected by microcentrifugation at 13,000 x g for 25 min, and the supernatant collected
in a fresh tube. Plant extracts (20 ul) were mixed with a bacterial suspension (80 ul)
(grown overnight in Luria-Bertani (LB) broth and diluted 1: 25 times) in 96-well plates
and incubated at RT for different time periods (0-24 h). The inhibitory effect was

measured as change in Ag3o (Beckman DU-65) and the survival was calculated.

Leaf extracts from transgenic and nontransgenic tobacco leaves were weighed and
extraction buffer was added in a ratio 1:5 (w/v). The extraction buffer either had a
protease inhibitor cocktail [10 ul of protease inhibitor cocktail (Sigma; P 9599) in 100 ul
of 0.05M phosphate buffer as per manufacturer’s recommendation], or no protease
inhibitor cocktail (control). The final extract was collected by microcentrifugation at
13,000 x g for 25 min. The supernatant was collected in a fresh tube. Extracts (50 ul)
were mixed with a bacterial suspension (50 ul) (grown overnight in Luria-Bertani (LB)
broth and diluted 1: 25 times) in 96-well plates and incubated at RT for 4 h. The
inhibitory effect was measured as the decrease As3, and compared with the samples with

protease inhibitor and samples without protease inhibitor as a control.
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2.9.1.2. Antibacterial activity of detached leaves from transgenic plants

An overnight culture of bacteria was diluted to a concentration of about 1x10"cells/ml.
An aliquot of 10 pl of this suspension was applied onto a tobacco leaf surface followed
by piercing with a needle as a way of inoculating bacteria into the leaf. The inoculated
leaves were kept at RT. After 7 days of incubation, chlorotic haloes had formed around
the inoculated points. Comparison of the area of the chlorotic haloes was the criterion
used to evaluate disease resistance in transgenic plants versus non-transgenic plants

(control). Pictures were taken by digital camera (Nikon Coolpix 990).

2.9.2. Fungal studies

2.9.2.1. Antifungal activity of detached leaves from transgenic plants

Transgenic and non-transgenic tobacco plants were grown in a greenhouse at 26°C under
natural and artificial light (15/9 h photoperiod, 200 mE/m?/s). Leaves were collected from
2-month-old (6-8 leaves developed) plants. Similarly positioned leaves (counted from the
bottom) from same age plants were detached and placed in Petri plates with moist filter
paper discs. There were two inoculation trials with two replicates arranged in a
randomized manner for each trial. Fungal strains were cultured on PDA medium. Plugs
of inoculum were prepared by cutting fungal mycelium with a cork borer from a culture
plates. The plugs were placed mycelial side down on adaxial side of each plant in the
centre on the mid vein. The inoculated leaves were then placed in diffused light at RT.
The extent of lesion was recorded at the appropriate time, and the difference in the non-
transgenic and transgenic plants was observed. Pictures were taken with a digital camera

(Nikon Coolpix 900).
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2.10. Cationic fractions from transgenic plants

2.10.1. Purification of cationic fractions from plants

Cationic proteins/peptide fractions were isolated from non-transgenic (control) and
transgenic plants. The total tobacco cationic protein preparations were obtained by
extraction with 0.5N HCI and acetone. Young leaves (250 mg) were frozen in liquid N,
and 0.5 ml of 0.5N HCI was added and homogenized. The mixture was centrifuged at
13000 x g for 10 min and the supernatant was aliquoted as 200 ul samples in Eppendorf
tubes. Acetone (1.2 ml) was added to each Eppendorf, mixed by inversion and incubated
overnight at -20°C. Samples were centrifuged at 13000 x g for 10 min, the supernatant
was discarded and the pellet was dried in a vacuum. One hundred ul of urea/formic acid
mixture (2.5 M urea, 30 mM formic acid) was added to each tube with pellet, mixed with
vortexing and centrifuged at 13000 x g. Supernatants were combined, filtered through a
column filter and analyzed by acetic acid—urea (AU) 15% PAGE. Two ml of filtered

supernatant was concentrated using a speed vacuum drier to a final volume of 500 pl.

2.10.2. High Performance Liquid Chromatography of isolated cationic fractions

The cationic filtered and concentrated supernatants from both transgenic and non-
transgenic plants were fractionated by reverse phase high performance liquid
chromatography (RP-HPLC) using a Vydac C;s column (2.6 x 25 cm; Vydac Separations
Group, USA). The separation was performed on Beckman System Gold equipped with

chromatograph, programmable solvent pump module 126 and diode array detector



module 168. Proteins were eluted with a linear gradient of 0-60% solvent B (0.1% (v/v)
TFA (trifluoroacetic acid) in 100% acetonitrile) in solvent A (0.1% TFA) at a flow rate of
1 ml/min for 110 min and collected every min. The peaks were detected by reading the
absorbance at 230 nm. The hydrophilic fractions were collected manually, lyophilized,

redissolved in dH,O and analyzed on UA gel.

2.10.3. Characterization of peptide fractions

Masses and purity of the fractions of interest were checked by mass spectrometry. One
hundred pl of the HPLC fraction was dried by speed vacuum and sent for amino acid
analysis, MALDI-TOF mass spectrometry and N terminal sequencing by standard Edman
degradation at Advanced Protein Technology Centre (APTC), Hospital for Sick Children,

University of Toronto.

2.11. Statistical analysis

Statistical analysis of the data was performed with SPSS software (version 12; SPSS Inc,
Chicago, IL, USA). ANOVA was used to test for significant differences between
different treatments and control using Tukey’s test, antimicrobial activity of transgenic

and non-transgenic plants with a rejection limit of P > 0.05.
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CHAPTER 3: RESULTS

3.1. In vitro antimicrobial activity of polyphemusin and indolicidin derivatives

Antimicrobial activity of 10R, 11R and PV5 peptides against various animal pathogens
have been shown previously, however, there is no data available on the antibacterial,
antifungal or antiviral activity of these peptides against plant pathogens. To determine the
potential antimicrobial activity of these peptides against plant pathogens, the synthetic

peptides were tested against a selection of bacteria, fungi and a virus.

3.1.1. Antibacterial activity of 10R, 11R and PV5

All the bacterial strains were in stationary phase at 8 hour interval (data not shown). In
vitro bactericidal activities of peptides at the concentration of 40 ug/ml and incubated
with peptide for 8 hours was tested against different bacteria. F igure 1 shows significant
inhibition of growth of Erwinia carotovora, Staphylococcus epidermidis and Bacillus
subtilis by 10R, 11R and PV5 as well as of Escherichia coli by PVS5.

The minimal inhibitory concentration (MIC) of 10R, 11R and PV5 for Erwinia
carotovora was calculated and defined as the lowest peptide concentration that reduced
2x10° bacteria by at least 95 %. PV5, 11R and 10R showed complete bactericidal activity
at concentrations of 10 ug/ml, 10ug/ml and 40 pug/ml respectively in the log phase of
their growth (4 hours) (Figure 2). These results show that PV5 is the most potent
antibacterial agent among the candidate peptides tested. Also, 11R showed bactericidal
activity at a much lower concentration than 10R. These results also show a broad

antibacterial spectrum of 10R, 11R and PVS5.
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Figure 1. In vitro bactericidal activities of 10R, 11R and PV5
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E. coli, E. carotovora, S .epidermidis and B. subtilis were incubated with the indicated peptides at 40 pg/ml

for 8 h as described in “Materials and Methods™ and growth was scored by measuring Ag;,. The asterisk

denotes the significant reduction in growth relative to the control at p<0.05 level (Tukey’s test), n=3.
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Figure 2. Minimum inhibitory concentration of 10R, 11R and PV5 on Erwinia

carotovora

E. carotovora was incubated with (A) 10R and 11R (B) PV5 (at indicated concentrations) for 4 h, plated,

viability assayed and survival was scored. Results represents the average and Standard Error of Means

(SEM) of three independent experiments.
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3.1.2. Antifungal activity of 10R, 11R and PV5
Fusarium oxysporum and Botrytis cineria were used to test the ability of PV5, 10R and
11R to inhibit fungal growth using a fungal growth zone inhibition assay (Osusky et al.,

2005). There was no retardation in the growth observed around the discs (Figure 3).

F..oxvsporum

PV5

10R

11R

Figure 3. In vitro antifungal activities of PV5, 10R and 11R
F. oxysporum and B. cineria were incubated with the indicated synthetic peptides (ug) in a total volume of
15 ul on sterile paper discs. Pictures were taken after 24 h (F; usarium) or 48 h (Botrytis) of incubation at

RT. Sterile distilled water was used as a control. Experiment was repeated 3 times.
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The AlamarBlue™ assay has been shown to be more sensitive than the zone inhibition
assay (Osuska et. al, unpublished data). To test the antifungal activity of these peptides
against fungal strains, “the Alamar blue reaction” and measurement of fluorescence was
used in this assay. Two representative fungi, Fusarium graminearum and Verticillium sp
were used.

Tables (1- 3) show the percentage fungal viability using 10R, 11R and PV5 respectively.
There was no antifungal activity against Verticillium for all three peptides. 10R and 11R
showed significant reduction in viability of Fusarium graminearum (Table 1 and 2) even
at 10 ug/ml and were potent anti-Fusarium agents (~95% reduction in growth) at 100
ug/ml. PV5 also showed significant Fusarium inhibition but only at 50 ug/ml and 100
ug/ml (Table 3). There was significant increase in viability observed relative to control
(no peptide) in samples with Verticillium sp. for 10R and 11R at all concentrations tested

and also for both Fusarium and Verticillium, when treated with 10 ug/ml of PVS5.

Table 1. Antifungal activity of 10R determined using AlamarBlue™

The conidia (2 x 10° spores/ml) were incubated with the indicated concentrations of 10R. Fluorescence was
scored and viability determined in relation to the control as described in Materials and Methods. Results
show the values from three independent experiments and values after + are the SEM of % values (n=3).

The asterisk denotes the significant decrease and cross represents significant increase from control at
p<0.05 (Tukey’s test).

Fungal Fungal Fungal Viability (%)
Species Strain 10R-Peptide concentration (ug/ml)
10 5 50 100
Fusarium
graminearan~ MIOHL 411+ 761F 22 o+ 4%4F um o+ 4p* 59 & on*
Verticillium . . .
5p. 1382 + 416’ Bl5 4.88T By + 55" 13693 & 58
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Table 2. Antifungal activity of 11R determined using AlamarBlue™

The conidia (2 x 10° spores/ml) were incubated the with indicated concentrations of 1 IR. Fluorescence was
scored and viability determined in relation to the control as described in Materials and Methods. Results
show the values from three independent experiments and values after = are the SEM of % values (n=3).
The asterisk denotes the significant decrease and cross represents significant increase from control at

p<0.05 (Tukey’s test).

Fungal Fungal Fungal Viability (%)
Species Strain 11R-Peptide concentration (g/mi)
10 5 50 100
Fusarium " " * %
graminearim -~ M12-04-1 596 + 1328 273 ¢+ 580 040 + 1% 409 + 074
Verticillium ; + 5 3
5p. 1418 + 612 183 + 639 16398 + 523 1059 + 549

Table 3. Antifungal activity of PV5 determined using AlamarBlue™

The conidia (2 x 10° spores/ml) were incubated with the indicated concentrations of PVS. Fluorescence was
scored and viability determined in relation to the control as described in Materials and Methods. Results
show the values obtained from three independent experiments and values after = are the SEM of % values
(n=3). The asterisk denotes the significant decrease and cross represents significant increase from control at
p<0.05 (Tukey’s test).

Fungal Fungal Fungal Viability (%)
Species Strain PV5-Peptide concentration (ug/ml)

10 5 50 100
Fusarium . 3

grammearum ~ MI204-1 199 + 1259T 02 + 62 B0l o+ 37T 203 + 269
Verticillium 5
. 26 + 138 1012 + 284 032 + 027 9141 + 116

4=
e

i




60

3.1.3. Antiviral activity of 10R, 11R and PV5

Indolicidins and polyphemusin have shown in vitro antiviral activity against many animal
viruses (Miyata et al., 1989; Murakami et al., 1991; Nakashima et al., 1992; Allefs et al.,
1996; Murakami et al., 1999). However, there was no report of testing these peptides and
their variants on plant viruses. Therefore activity of these peptides on tobacco mosaic
virus (TMV) was determined.

TMV was purified from the inoculated tobacco leaves and its purity was confirmed at
Azgonso using a UV spectrophotometer and by negative staining under the electron
microscope (data not shown). N. fabacum plants developed local lesions when inoculated
with both peptides treated or non-treated (control) TMV on one half of the leaves within
6 days (Figure 4A and 4B). The lesion number was counted and an ANOVA analysis was
performed to determine the significant differences from the control. F igure 5 shows the
lesions formed in two replicates compared to the control for indolicidin treated TMV.
Only carborundum was applied on the other half and was used as a negative control. The
results show the significant i vitro inhibition in TMV propagation by 10R and 11R at 10
ug (Figure 4A). No further reduction in lesions was observed when 100 ug peptide was
used for virus treatment (Figure 4A). PV5 was not statistically significant relative to the
control as determined by ANOVA analysis (Tukey’s test) (Figure 4B).

Figure 5 shows the effect of treatment by 10R or 11R on TMV infectivity. Infected
tobacco leaves showed lesion formation after 2 days, which expanded during the course
of the experiment. Differences in lesion number were observed in control (non-treated

TMV) and peptide treated infected leaf samples.
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Figure 4. Effect of 10R, 11R and PV5 on infectivity of TMV

TMV was mixed with 10 pg and 100 ug of (A) 10R and 11R (B) PVS, incubated for 24 h at RT and
inoculated onto 3 or 4 tobacco leaves. Results shown are the average of three independent experiments.
Error bars indicate standard error of means (SEM). The asterisk denotes significant reduction in growth
relative to the control at p<0.05 (Tukey’s test).

DAS-ELISA is a sensitive method to detect and quantitate virus infection in plants.
Figure 6 shows the reduction in TMV infectivity in tobacco plants after peptide treatment

as determined by DAS-ELISA.
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Figure 5. Effect of 10R and 11R on infectivity of TMV and lesion formation

TMV, treated with the indicated amounts of peptides, was applied on one half of the non-transgenic

tobacco leaf and incubated at 25 C for 6 days. The observed reduction in the number of lesions relative to

the control indicates the antiviral activity of 10R and11R. I and II indicate the 2 replicates.

The DAS-ELISA performed with the TMV infected leaf halves showed a significant
reduction in virus accumulation in peptide-treated virus infected leaves than in non-
treated leaves. However, for 11R, the 10 pg treated virus infected leaf-half showed no
significant difference compared to the control (Figure 6). There was no significant

difference between control and PV5 treated samples (Figure 6B).
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Figure 6. DAS-ELISA and in vitro anti-TMV activity of 10R, 11R and PV5

TMV was detected in leaf extracts of TMV infected leaf halves by DAS-ELISA. Leaves were either
infected with (A) 10R and 11R treated (B) PV5 treated TMV or non-treated (control) and incubated at 25°C
for 5 days. One hundred pl of 1:10 diluted leaf extract was used for TMV detection. The results show the
average of 3 independent experiments. The asterisk denotes significant reduction in growth relative to the

control at p<0.05 (Tukey’s test).

Dot Blot hybridization is also a very sensitive technique to quantify the extent of virus
infection in plants (Rosenberg, 1985). The TMV movement protein cDNA probe was
cloned, the sequence was confirmed (data not shown) and it was used as a probe The
results obtained from dot blot hybridization with the TMV movement protein cDNA
probe are in agreement with the ELISA results (Figure 7A and 7B). In this case, instead
of antibodies, a **P-labelled cDNA probe was used to assess the extent of TMV infection
and the amount of TMV RNA. To further confirm the reliability of this hybridization and

extent of infection, the dots were excised and the radioactivity was assayed for each



sample. Figure 7A and 7B show the level of radioactivity (CPM) present in 10R, 11R and
PV5 samples respectively and corresponds to the extent of hybridization and amount of
TMV in the sample. Figure 7 demonstrates the significant reduction in the hybridization
signal and radioactivity in the samples treated with either 10ug or 100pg of 10R and 11R.
The results for the polyphemusin variant PV5 were not statistically significant

The Lesion assay, DAS-ELISA and dot blot hybridization together show antiviral activity
of 10R and 11R peptides against TMV, but do not show significant in vitro antiviral

activity of polyphemusin derivative against TMV.
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Figure 7. Dot-blot hybridization and in vitro anti-TMV activity of 10R, 11R and PV5
(A) 10R, 11R (B) and PVS5 treated TMV, inoculated on tobacco and probed with TMV-MP-cDNA as
probe. Five ul of 1:10 diluted leaf extract were used for TMV detection. The extent of hybridization was
confirmed by P radioactivity assay. The CPM results shown are the average of three independent
experiments. The asterisk denotes significant reduction in growth relative to the control at p<0.05 (Tukey’s
test).
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3.2.Cytotoxic assessment of PV5, 10R and 11R on leaf discs, protoplasts and
plantlets

The toxic effect of different amounts (20 pg, 60 pg and 100 ug) of cationic peptides
(10R, 11R and PVS5) on tobacco protoplasts, leaf discs and plantlets was determined and

the feasibility for plant expression of these peptides was evaluated.

3.2.1. Optimization of colorimetric assays for tobacco

A time course study was performed to determine the optimal incubation time for TTC,
Evan’s blue and neutral red assays for both leaf discs and protoplasts. Based on the
incubation of leaf discs in dH,O for different time periods (4, 8, 12, 24 and 48 h),
formazan formation in the TTC assay was detected at maximal level at 12 h (Figure 8A).
Leaf discs started to lose viability in standard conditions in dH,O after 12 h of incubation.
The leakage of formazan was seen, reducing the As3p at 24 h and 48 h of incubation
(Figure 8A). According to this result, 12 h was the appropriate incubation time for the
TTC assay to assess the effect of peptides on viability. Maximum absorbance in Evan’s
blue assay was seen at 12 h in dH,O (Figure 8B). As the Evan’s blue assay measures cell
death, a sudden increase and then decrease at 24 hours in Agoo shows that after 12 h of
incubation leaf discs start losing their viability, in vitro. Thus, the appropriate time to
measure the cytotoxic effect (cell death) was 12 h, when the discs are viable and Asoo
remains stable (Figure 8B). At this time period even a small effect of the peptides can be
determined by an increase in Agy. At extended periods of incubation time (48 h), less
Evan’s blue was retained in the leaf discs. This may be due to the leakage of the Evan’s
blue stain after the dead cells of the leaf discs began desiccating. All leaf discs stained

with Evan’s blue developed a thin dark-blue ring around the perimeter of the discs due to
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mechanical wounding. Since this was common in both control and treated samples, it did
not interfere with the assay.

For the protoplasts TTC assay, the maximum absorbance Augo was observed in samples
that were incubated in dH,O for 24 h (Figure 8C). Being an isolated cell, this difference
in protoplast from leaf disc was expected. Leakage of formazan were seen at 48 h and
thus a decrease in absorbance was observed (Figure 8C). This was similar to leaf discs,
therefore, for later experiments, protoplast samples were incubated in the dark for 24 h

after TTC addition.
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Figure 8. Effect of incubation times on viability of leaf discs and protoplasts

(A) Changes in viability (Ass; /g fresh weight) of leaf disc as measured by TTC reduction activity in
tobacco leaf discs (B) Changes in uptake of Evan’s blue in tobacco leaf discs (C) Changes in viability of
tobacco protoplasts (Absorbance at 490 nm/5000 protoplasts) as measured by TTC reduction activity.
Means + S.E.M (n=3) are indicated.
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3.2.2. Leaf discs and TTC

There was no significant difference in the viability of the leaf disc samples incubated for
12 h in 20 pg of peptides 10R, 11R and PV5 as compared to control (dH,O treated
samples)( Figure 9). In 10R treated samples significant reduction in the viability was seen
with 100 pg treatments. This trend was similar to that seen with carbenicillin, which was
used as negative control. PV5 showed significant reduction in absorbance at 60 ug and
100 pg of peptide. 11R treated samples did not show any toxicity even at 100 pg. The
significant reduction in viability relative to control (non-treated) in boiled samples and

Round-up™ treated leaf discs show the reliability of this assay for assessment of viability

of plant leaf discs.
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Figure 9. Effect of different amounts of peptides on tobacco leaf disc viability as
shown by TTC assay

The sample treated with dH,O only was used as a control. Round-up™ was used as a positive control.
Carbenicillin was used as a negative control. Means = S.E.M (n=3) are indicated. The asterisk denotes the

significant difference from control at p<0.05 (Tukey’s test).

3.2.3. Leaf discs and Evan’s blue

In this assay, absorbance is directly proportional to the toxicity of the compound. Figure
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10 shows a significant increase in absorbance relative to control with Round-up™ and

boiled samples (shown by asterisk) and illustrates the reliability of the method to assess

the cytotoxicity of compounds on leaf discs.
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Figure 10. Effect of different amounts of peptides on tobacco leaf disc viability as
shown by Evan’s blue assay

The sample treated with dH,0 only was used as a control. Round up™ was used as a positive control.
Carbenicillin was used as a negative control. Means + S.E.M (n=3) are indicated. The asterisk denotes the

significant increase and cross represents significant decrease from control at p<0.05 (Tukey’s test).

In PV5 treated leaf discs at 100 pg of peptide, there was a significant increase in
absorbance showing cytotoxicity at this high peptide amount. In carbenicillin treated
samples, there was no cytotoxic effect observed even at 100 ug in contrast to that seen in
TTC assay in Figure 9.

In 10R and 11R treated leaf discs there was a significant decrease in absorbance observed
relative to control indicating the high viability of leaf discs and lack of cytotoxic effect of
these peptides on plants. Leaf discs treated with 100 ug of 11R showed no significant

decrease or increase relative to control, thus indicating the low cytotoxicity of this
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peptide even at this high amount. Results obtained with TTC assay (Figure 9) showing no

cytotoxicity of 11R treatments were confirmed by Evan’s blue assay (Figure 10).

3.2.4. Protoplasts and TTC

The TTC assay performed with tobacco protoplasts and different concentrations of the
peptides and carbenicillin, showed no significant reduction in viability relative to control
(dH,0) for the protoplasts treated with 10R and 11R cationic peptides except for samples

treated with 100 pg of PV5 and carbenicillin (Figure 11).
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Figure 11. Effects of different amounts of peptides on tobacco protoplasts as shown
by TTC assay

The sample treated with dH,O only was used as a control. Viability =A4/5000 protoplasts. Round-up ™
was used as a positive control. Carbenicillin was used as a negative control. Means + S.E.M (n=3) are

indicated. The asterisk denotes the significant difference from control at p<0.05 (Tukey test).

Reduction in viability was observed in protoplasts treated with 60 pg and 100 pg of the
PV5 (Figure 11). This trend was almost similar to carbenicillin (Figure 11), which was
used as a negative control. Results seen in Figure 11 are similar to those seen in leaf disc

TTC assay and Evan’s blue assay (Figures 9 and 10).
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Round-up™ and boiled samples showed a lower absorbance and thus lower viability.

Protoplast assay because of differences in protoplast number, fragility and lack of cell

wall makes it less sensitive as compared to leaf disc assays.

3.2.5. Protoplasts and Neutral red

There was no significant reduction in viability relative to the control in 11R as observed
by neutral red assay. However, protoplasts have lower viability in PV5 and 10R
treatments even at low peptide amount (Figure 12). However, there was no difference
seen in viability relative to dH,O treated discs for 60 pg treatments in 10R and PV5 but

toxicity at 10 pg and 100 pg.
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Figure 12. Effects of different amounts of peptides on tobacco protoplasts viability
as assessed by the neutral red assay.

Viability is defined here as the fraction of living protoplasts/fraction of total protoplasts as observed under
light microscope. The sample treated with dH,O only was used as a control. Round-up™ was used as a
positive control. Carbenicillin was used as a negative control. Means + S.E.M (n=3) are indicated. The

asterisk denotes the significant difference from control at p<0.05 (Tukey test).
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The PVS5 treatment showed a cytotoxic effect at 100 ug of peptide (Figure 13), indicating
the toxicity of this peptide. This result was a confirmation of the cytotoxic effect seen for

100 pg of PV5 by TTC and neutral red assays (Figures 11 and 12).

Figure 13. Effect of PV5 on the viability of tobacco protoplasts in vitro

Tobacco mesophyll protoplasts were cultivated for 5 days before addition of the peptide. Photographs were
taken 24 h after incubation of plant protoplasts (A) control (B) 10 pg (C) 40 pg and (D) 100 ug of PV5,

Experiment was repeated 3 times. Bar: 50 um.

3.2.6. Phytotoxicity assays

Table 4 shows the results of the phytotoxicity assay. No significant differences in shoot
length and fresh weight relative to control were seen except when plantlets were grown
with 20 pg and100 pg of PVS5 and all amounts of Round-up™. In the positive control
(Round-up™ grown plants), most of the plantlets were dead (Figure 14) and the total
chlorophyll and carotenoid levels were significantly low. Total chlorophyll levels in the

plantlets grown in presence of 11R (20-100 ng), showed no significant differences
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relative to the control. In plantlets grown at 10 pg of PV5, 100pg of 11R, 60 pg of 10R,

10 pg and 60 pg of carbenicillin showed a significant increase in chlorophyll or

carotenoids as compared to the control. Viability, as assessed by TTC assay for the

plantlets grown in the different amounts of peptides, was similar to the control except at

100 pg of PVS5 and 10 pg of carbenicillin, where a significant reduction was observed.

Table 4. Phytotoxicity assay of the plantlets grown in different amounts of peptides
and controls

Peptides Weight Height Chlorophyll Carotenoids Viability*
(gm) (cm) (mg/gFW) (mg/gFW)

Control* 0.246+ 0011 2633+ 0033 0.285+ 0.009 0037+ 0005 2758+ 0.097
20ug 0325+ 0.008 2000+ 0.231 0411 0023*  0.157+ 0008 1980+ 0.112%

Carbenicilin®  60pug  0.259+ 0015 2300+ 0.115 0409+ 0011* 0088+ 0002 2470+ 0.056
100ug 0218+ 0.024 2767+ 0.145 0316+ 0018 0076+ 0003 2421+ 0201
0ug 0064+ 0004* 0900+ 0058*  0.167+ 0.002* 0031 0016* 1482+ 0074*

Round-up* 60ug  0.064+ 0.009* 0900+ 0.058* 0.163+ 0006*  0.029+ 0012* 1438+ 0.070%
100ug 0052+ 0008* 1000+ 0.058*  0.136x 0.008* 0027+ 0012* 1337+ 0.057%
20ug 0210+ 0022 1967+ 0.285 0.246+ 0.006 0071 0004 2867+ 0032

PF I0R 60ug 0237+ 0.008 2400+ 0.153 0384+ 0.009* 0.084+ 0005* 2722+ 0079
100ug 0245+ 0016 1,900+ 0.100 0.276+ 0.006 0058+ 0004 2414+ 0.113
20ug 0218+ 0025 2067+ 0.176 0.236+ 0013 0071+ 0004 3015+ 0.117

PFIIR 60ug 0233+ 0015 2267+ 0.088 0.304+ 0.004 0076+ 0005 2718+ 0.125
100ug 0235+ 0004 2.167+ 0.088 0.242+ 0016 0.088+ 0005*  2.605+ 0.138
0ug  0.249+ 0027 1533+ 0233* 0405+ 0008* 0059+ 0011 2359+ 0.049

PV5 60ug 0254 0018 1967+ 0.120 0.338+ 0.010 0.056+ 0.003 2083+ 0.101
100ug  0.174+ 0012 1533+ 0.145° 0262+ 0011 0.057+ 0.005 1.840+ 0.063*

*Control is the treatment with distilled water.

*Carbenicillin was used as negative control.Round-up was used as positive control

Values after by + signs are standard error of means

Means followed by * are significantly different from control at P<0.05 (Tukeys test)

“Viability was measured by TTC assay as describe in materials and methods.
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Figure 14. Phytotoxicity and morphological differences in plantlets
(B-D) 11R and (F-H) Round-up™. B and F indicates plantlets grown in 10ug of peptide and round-up
respectively, C and G indicates plantlets grown in 60ug of 11R and Round-up™ respectively and D and H

indicates plantlets grown in 100ug of 11R and Round-up respectively.

3.3. Construction of plant expression vectors

Inhibition of bacterial, fungal and viral growth combined with low cytotoxicity to plant
tissues, protoplasts and plantlets by PVS5, 10R and 11R paved the way for the introduction
of these peptides into plants to test their efficacies. Cationic peptide nucleotide sequences
(PV5, PVS, 10R and 11R) were obtained through reverse translation of known amino
acid sequences using potato specific codons (Figure 16). The genes for cationic peptides
were assembled using the polymerase chain reaction (PCR) (Figure 16: arrows represent
forward and reverse overlapping primers used for gene synthesis) and the expression

vectors were constructed as described in “ Materials and Methods”.
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An additional signal peptide from Pseudotsuga menziesii BiP (the endoplasmic
reticulum (ER) molecular chaperone) was added in the polyphemusin constructs of PV5
and PV8 constructs (Figure 16). The vectors (pPV5, pPV8, pl0R and p11R carrying
2x35S-AMV-PV5, 2x35S-AMV-PV8, 2x35S-AMV-10R, and 2x35S-AMV-11R) were
used for plant transformation (Figure 15). The constructs were transferred to

Agrobacterium tumefaciens and used for leaf disc transformation of tobacco.
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Figure 15. The schematic outline of a plant expression vectors for cationic peptide
cDNA

The abbreviations are as follows: RB and LB, the right and left border regions of the Ti plasmid; NOS-pro
and NOS-ter, promoter and terminator respectively, of the nopaline synthase gene; NPT II, neomycin
phosphotransferase II; 2x358S, duplicated enhancer CaMV 35S promoter; AMV, leader sequence from
alfalfa mosaic virus RNA4; CAP, protein coding sequence of either 10R, 11R, PV5 or PV8.
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Figure 16. Nucleotide and amino acid sequences of the cationic peptides
Restriction enzymes sites are indicated in italics. Arrows indicate the positions for the overlapping PCR
primers used for gene synthesis. ER target signal peptide is shown for PV5 and PV8 gene synthesis.
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3.4. Production of transgenic plants and molecular analysis

N. tabacum var Xanthi was transformed by Agrobacterium-mediated transformation as
described in “Materials and Methods’. High regeneration with multiple shoots per explant
was achieved on the selective medium (Figure 17A). Putative transgenic shoots were
randomly selected and rooted in the presence of selective agent. All plants retained the
normal morphology (Figure 17B and 17C) with no indication of cytotoxicity due to the

expression of PV5, PVS8, 10R or 11R.

Wit PF-10R-11 FF-11R-1 PVS.§ PVB-22

Figure 17. Tobacco transformation and morphology

(A) Multiple shoot regeneration from tobacco leaves and petioles after 30 days on selection medium. B)
Transgenic plant regeneration in tissue culture. (C) Morphological characteristics of transgenic tobacco

plants grown in green house.
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PCR analyses using upstream primers specific for the CaMV 35S-promoter and
downstream primers specific to either the cationic peptide gene (10R and 11R) or the
PmBiP signal sequence (PV5 and PV8) were performed. DNA from an untransformed
plant of similar age was used as a negative control (wt). In all transgenic tobacco plants,
bands of predicted sizes were observed. In 10R and 11R plants, 2 band of the expected
size of 60 bp was observed [Figure 19 (i) A and (ii) A] and 110 bp was seen for PV5 and
PV8 [Figure 18 (i) A and (ii) A]. Southern analyses of transgenic tobacco plants were
performed to determine the stable transgene integration and copy number while Northern
blot analyses were performed to confirm gene expression.

Southern analysis indicated that one to five copies of the transgene were maintained in
the plant genome [Figure 18 (i) B]. A single copy of PV5 was present in line # 5, #6, #7
and #19. Multiple copies of genes were integrated in line # 8 and #11. The expression of
the transgene in the transformed plants could not be determined by RT-PCR (data not
shown). The accumulation of PV5 transcripts was determined by Northern blot analysis
of leaf RNA. The result showed PV5 expression in lines # 1, # 5, #6, #7, # 9 and #19.
Lines # 8 and # 11 with multiple gene copies showed no expression. This may be the
result of gene silencing or could be due to the positional effect, which often occurs when
higher gene copy numbers are found in the genome. PVS lines # 17, # 22 and #25 showed
a single gene copy in the genome. However, only line # 17 and # 22 showed high-level
expression (Figure 18). Line # 32 had multiple gene copies but showed good expression
while line # 25 had single gene copy and showed poor expression, thus illustrating that

the correlation between high copy number and gene silencing is not consistent.
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Figure 18. PV5 and PV8 gene integration and expression

(i) PV5 and (ii) PV8. (A) The cationic peptide coding sequence was PCR amplified from DNA isolated
from control (non-transformed, lane wt) and transgenic (lanes 1-8: transgenic tobacco lines # 1, # 5, # 6, #
7,#8.#9.# 11 and # 19 for PV5 and transgenic tobacco lines # 1, #2,# 13, # 15, # 17, # 22,#25and # 32
for PV8 respectively. (B) Southern blot analysis of transgenic plants. Tobacco leaf DNA was digested with
EcoR I, electrophoresed and hybridized with a *P-labelled PV5 or PV8 probe. The number of bands
reflects the number of transgene insertions. For lane description see (A). (C) Northern blot analysis of PV5
(i) PV8 (ii) mRNA accumulation in tobacco. Total RNA was prepared from leaves of transgenic plants.
RNA samples (30 pg each) were separated by denaturing formaldehyde agarose gel electrophoresis, blotted
and hybridized with a **P-labelled PV5 or PV8 probe. Ethidium bromide stained ribosomal RNA bands
(rRNA) are shown as loading control.

The presence of 10R in the tobacco genome was confirmed by PCR and integration by
Southern analysis (Figure 19). A single copy of 10R was detected in lines # 4 and # 21
(confirmed later with repeating the blot with these 2 lines separately, data not shown).
Multiple copies were detected in Line # 11, # 19 and # 20. The expression was low in # 4
and # 20 again showing no correlation between gene copy integration and expression.

The presence of the 11R transgene in transformed plants was confirmed by PCR and



79

Southern blot (Figure 19 (ii)). Lines # 1 and # 16 showed single gene copy and showed
high 11R expression. Lines # 7, # 12, # 13 and # 17 showed multiple gene copy
integration and high expression. Line # 7, # 12, # 13 and # 17 in 11R (Figure 19 (ii) B)
show similar pattern in gene integration. This could be the result of selecting lines from

same callus and thus are clones of each other.
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Figure 19. 10R and 11R gene integration and expression

(i) 10R and (ii) 11R. (A) The cationic peptide coding sequence was PCR amplified from DNA isolated
from control (non-transformed, lane wt) and transgenic (lanes 1-6: transgenic tobacco lines # 4, # 6, # 11, #
19, # 20 and # 21 for 10R and transgenic tobacco lines # 1, # 7, # 12, # 13, # 16 and # 17 for 11R
respectively. (B) Southern blot analysis of transgenic plants. Tobacco leaf DNA was digested with EcoR 1,
electrophoresed and hybridized with a *P-labelled 10R or 11R probe. The number of bands reflects the
number of transgene insertions. For lane description see (A). (C) Northern blot analysis of 10R (i) or 11R
(ii) mRNA accumulation in tobacco. Total RNA was prepared from leaves of transgenic plants; RNA
samples (30 pg each) were separated by denaturing formaldehyde agarose gel electrophoresis, blotted and
hybridized with a **P-labelled 10R or 11R probe. Ethidium bromide stained ribosomal RNA bands (rRNA)

are shown as loading control.
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The T, plants from all constructs were transferred to the greenhouse for seed

development and subsequent selection of the T, generation for further analysis.

3.5. Bacterial disease resistance of transgenic plants

3.5.1. Detached leaf assay

To investigate the ability of transgenic plants to resist bacterial infection, detached leaves
from soil grown transgenic and control (non-transgenic and GUS), 4-6 weeks old plants,
were placed in Petri dishes with wet filter paper. Leaves were wounded and inoculated
with 10 ul (~5x10°cfu) of an E. carotovora suspension. All of the transgenic lines shown
in Figure 20 had a single gene copy but high expression levels. After 1 day at RT, water
soaked areas were visible around the inoculated points of the control and transgenic
plants. The size of these areas in control leaves increased with time. After 6 days, the
extent of decay was much higher in the control plants as compared to the transgenic
plants. Figure 20 shows that transgenic plants expressing 11R (line # 16) were more
resistant to Erwinia than plants expressing 10R (line # 6). The infected leaf in this case
remained green and showed less decay. Similarly, PV5 (line # 5) expressing plants were
more resistant to Erwinia than plants expressing PV8 (line # 22) (Figure 20). There were
three independent experiments performed and all the transgenic- bacterial-infected leaves

showed resistance in the similar pattern as shown in Figure 20.

3.5.2. Transgenic leaf extracts assay
Leaf extracts from transgenic and control plants were tested against Erwinia carotovora

to confirm the antibacterial activity shown by the leaves of transgenic plants (Table 5).
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Extracts were also tested with the Gram-positive bacterium Staphylococcus epidermidis

to compare the activity of these peptides shown in vitro with the expressed peptides in

leaves.

I II

Figure 20. Control and transgenic tobacco challenged with the bacterial pathogen E.
carotovora.

Detached leaves from 4 to 6-week-old control (wt), transgenic control (GUS), PV5 #5 transgenic, PV8 #22
transgenic 10R#6 transgenic and 11R#16 transgenic tobacco plants were wounded and infected with ~5 X
10° cfu of E. carotovora and incubated at RT. Pictures were taken 5 days after infection. I and II represent

replicates. Pictures shown are the representatives of the best results from 3 independent experiments.
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Table 5. Antibacterial activity of the tobacco leaf extracts expressing PVS, PV8, 10R

and 11R.

Leaf extract preparation and antibacterial assays were performed as described in “Materials and methods™.

wt
Gus

PV5-1
PV5-5
PV5-6
PV5-7
PV5-9
PV5-19

PV8-1

PV8-13
PV8-15
PV8-17
PV8-22
PV8-32

10R-6

10R-11
10R-19
10R-21

11R-1
11R-7
11R-12
11R-13
11R-16
11R-17

Absorbance at 630 nm

E.carotovora S. epidermidis
0.505+0.015 0.405+0.028
0.444+0.013 0.343+0.022
0.402+0.009° 0.309+0.022
0.393+0.013° 0.301+0.022
0.386+0.009%" 0.298+0.020
0.396+0.0107 0.323+0.015
0.395+0.0107 0.312+0.023
0.395+0.010° 0.304+0.025
0.366+0.020° 0.314+0.024
0.423+0.005 0.325+0.021
0.394+0.012° 0.312+0.028
0.396+0.023 0.315+0.023
0.380+0.033° 0.283+0.028
0.385+0.0212 0.313+0.029
0.363+0.0123P 0.308+0.025
0.425+0.015% 0.313+0.024
0.407+0.019° 0.292+0.025
0.390+0.020°% 0.314+0.033
0.390+0.030° 0.304+0.023
0.405+0.018° 0.312+0.021
0.406+0.0222 0.320+0.021
0.413+0.017 0.323+0.023
0.398+0.020 0.320+0.025
0.389+0.036° 0.317+0.025

a

shows the significant differences between mean
values of non-transgenic tobacco plants and transgenic
tobacco plants and ® between GUS and transgenic plants
at P< 0.05 and n=3. values after + sign are standard
error of means

Plants extracts from PV5 and PV8-expressing leaves were tested and most of the

transgenic lines showed significant reduction in bacterial growth relative to non-
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transgenic (wt) plants except PV8 #13. Extracts from plants expressing GUS also showed
antibacterial activity as compared to non-transgenic plants. No significant reduction in
transgenic leaf extracts relative to GUS was observed in any polyphemusin-expressing
sample (Table 5) except in sample PV5 #6. Transgenic plant extracts from 10R and 11R
constructs showed similar results as PV5 and PV8 with significant resistance relative to
non-transgenic and GUS seen only in 10R #6. Most of the transgenic lines showed
significant differences from non-transgenic plants (Table 5). Plant extracts when tested
with Staphylococcus epidermidis showed no significant reduction in growth relative to
either non-transgenic or GUS or to both. There was no significant difference between wt
and GUS in activity as determined by ANOVA analysis (Tukey’s test), despite of some

antibacterial activity seen for GUS.

3.6. Fungal disease resistance of transgenic plants

To study the response of 10R-, 11R-, PV5- and PV8-expressing tobacco plants to fungal
infection, detached leaf fungal assays were performed. Detached leaves from 8-10 week
old, greenhouse grown plants from various lines of different constructs, were placed in
Petri dishes with wet filter paper and inoculated with agar plugs containing actively
growing strains of fungi. Figures 21-23 shows the results of the fungal infection assays
on control (non-transgenic and transgenic GUS control) and 3 transgenic lines, one with a
single copy of the gene (10R # 6, 11R # 16, PV5 # 5 and PV8 # 22), and two lines of
each construct with multiple gene insertions (10R # 11 and 10R # 19, 11R # 17 and 11R

#13,PV5#19and PV5# 16 and PV8 # 32 and PV8 # 11).
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Table 6. Antifungal activity of transgenic tobacco leaves expressing 10R, 11R, PVS5
and PVS.

Boftrytis cineria Verticillium sp. Fusarium oxysporum.
Construct Line # Leaf Leaf Leaf
2 3 L 1 2 3 4 1 2 3 4
wit = = = =3 = -3 = = = = = _
GUS - - - - - - - -+ H- +-
PVs #5 - - + + |+ + +/- +/-| + - -+ +/-
#19 B + +  +/- |+ +/- /- /- + +/- - -
#6 - +  +/- +/- |+ /- /- +/- - - - -
PVs8 #22 - o+ - + |+ o+ +  +/- |+~ - - -
#32 - - + /- |+ /- /- /- | /- - - -
#1 + /- /- +/- |+ + +  +/- | +/- /- +/- -
10R #6 + 4/~ +/- +/- |+ + + /- | /- - - -
#11 +/- +/- /- - |+ +/- /- +/- - - - -
#19 - - - - |+ 4/ /- - - - - -
11R #16 - + /- -+ + - “+ - - ~ -
#17 + - + +/-|+ + /- -+ +- - -
#13 +  +/- +/- - + + + /- |+~ - - -
+ indicates the resistance in detached leaf against indicated fungal strain.
+/- indicates the partial resistance in detached leaf against indicated fungal strain.
- indicates no resistance.
Results showed are from 2 independent experiments and with 2 replicates each (4 leaves of each
construct, GUS and non-transgenic (wt) plants).

Botrytis cineria (Figure 21), Verticillium sp. (Figure 22) and Fusarium oxysporum
(Figure 23) were inoculated on the detached leaves. Six to twenty days after infection the
leaves from the non-transgenic tobacco (wt) and transgenic control (GUS) were heavily
infected by Botrytis and Verticillium infection. In contrast, infected areas on the
transgenic leaves, independent of the gene copy number, were much smaller and limited
to the area around the site of contact with the fungus containing agar plugs (Figure 21-
23). Similar patterns of resistance were seen in PV5 and PV8 transgenic lines. Table 6
shows the extent of resistance shown by different transgenic plants in two independent
experiments with 2 replicates of each (total of 4 leaves).

Detached leaves of GUS show partial resistance against Verticillium and Fusarium. PV5

#6 did not show any resistance against Fusarium but PV #5 was resistance and PV5 #19
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was partially resistant to this fungus. Most of the leaves of PV5 expressing lines were
partially resistant to Verticillium and showed complete resistance towards Botrytis.
Partial resistance was observed in PV8 #1 and PV8 # 32 against Fusarium but not in PV8

#22. However, all PV8 lines were resistant to Botrytis and Verticillium.

A : B 1 I
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Figure 21. Resistance of transgenic tobacco expressing PV5, PV8, 10R and 11R to
Botrytis cineria

Detached leaves from 4-8 weeks, greenhouse grown, non-transgenic tobacco control, transgenic GUS
control (A) PV5 and PV8 (B) 10R and 11R expressing transgenic plants (with indicated lines) were
infected with agar plugs containing growing culture of Botrytis cineria and incubated at RT. Pictures were
taken at 6 days after infection. Pictures shown are the representatives of the best results from 2 independent
experiments.with3 replicates of each.
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10R-expressing plants (10R #6 and 10R #1 1) showed partial resistance to Botrytis but

line 10R #19 did not show any resistance to this fungus. Also, 11R expressing plant lines

showed resistance to Verticillium.. 11R # 16 and 11R # 17 showed resistance to Botrytis.

None of the 11R expressing lines had resistance to Fusarium.
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Figure 22. Resistance of transgenic tobacco expressing PV5, PV8, 10R and 11R to

Verticillium sp.

Detached leaves from 4-8 weeks, greenhouse grown, non-transgenic tobacco control, transgenic GUS

control (A) PV5 and PV8 (B) 10R and 11R expressing transgenic plants (with indicated lines) were

infected with agar plugs containing growing culture of Verticillium sp. and incubated at RT. Pictures were

taken at 20 days after infection. Pictures shown are the representatives of the best results from 2

independent experiments with 3 replicates of each.
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Figure 23. Resistance of transgenic tobacco expressing PV5, PV8, 10R and 11R to

Fusarium oxysporum.

Detached leaves from 4-8 weeks, greenhouse grown, non-transgenic tobacco control, transgenic GUS
control, (A) PV5 and PV8 (B) 10R and 11R expressing transgenic plants with (indicated line) were infected
with agar plugs containing growing culture of Fusarium oxysporum and incubated at RT. Pictures were
taken at 14 days after infection. Pictures shown are the representatives of the best results from 2

independent experiments with 3 replicates of each.
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3.7. Viral disease resistance of transgenic plants

3.7.1. Detached leaf assays

Transgenic plants expressing polyphemusin and indolicidins were tested for resistance to
Tobacco Mosaic Virus (TMV). The transgenic lines were selected on the basis of their
performance of antibacterial and antifungal resistance as well and gene copy number. A
single gene copy line was selected for each construct (10R #6, 11R #16, PV5 #5 and PV8
#22). One line of each construct with multiple gene insertion was also examined. There
was a significant reduction in number of lesions in transgenic plants tested (Figure 24)

relative to the lesions formed on non-transgenic leaves
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Figure 24. Effect of expression of 10R, 11R, PVS and PV8 in transgenic tobacco
plants on infectivity of TMV

(A) 10R and11R expressing tobacco and (B) PV5 and PV8 expressing tobacco plants. TMV was inoculated
on one half of each leaf. The number of necrotic local lesions elicited by TMV was counted and compared
with non-transgenic (wt) and transgenic control (GUS). Values are the average of four independent
experiments and error bars show SEM, n=4. Significant differences between mean values of controls (non-

transgenic and Gus) and transgenic tobacco plants are indicated by * at p<0.05 (Tukey test).
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Figure 25. Necrotic local lesions elicited by TMV inoculation.

(A) 10R- and 11R- and (B) PV5- and PV8- expressing tobacco leaves compared to non-transgenic (wt) and

transgenic controls (GUS).

Lesions on transgenic leaves were counted and compared with the controls (non-

transgenic plants) (Figure 25). Significant reduction in the number of lesions in

transgenic lines (For 10R, 11R, PV5 and PV8), independent of the gene copy number

was observed (Figure 24



3.7.1.1. DAS-ELISA
Results seen by DAS-ELISA of leaf extracts were similar to that seen in the lesion
forming leaves (Figure 26A and 26B) except for PV5 #19 leaves, which did not show a

significant reduction in TMV infectivity as seen by the lesion assay (Figure 26B).
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Figure 26. DAS-ELISA based TMYV resistance shown by transgenic tobacco plants
(A) Tobacco plants expressing 10R and 11R and (B) plants expressing PV5 and PV8. Detached leaves were
infected with TMV. ELISA was performed as described in “Materials and Methods™. Ayps represents the
DAS-ELISA absorbance values. Error bars show SEM, n=4. Significant differences between mean values
of controls (non-transgenic and GUS) and transgenic tobacco plants are indicated by * at p<0.05 (Tukey's
test).

3.7.1.2. Dot Blot hybridization

Figure 27A (a) and 27B (a) show the dot blot hybridization with the TMV movement
protein cDNA. Further quantification of the >*P radioactivity counts of hybridization
signal was performed [Figure 27A (b) and 27B (b)]. Sample 11R #17 (Figure 27A) did

not show a significant reduction in TMV propagation. Earlier results from lesion counts
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and DAS-ELISA (Figure 24 and Figure 26) showed significant virus resistance in this

sample.
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Figure 27. Quantitative dot-blot hybridization with transgenic tobacco plant
extracts.

Hybridization was performed with Detached leaves were infected with TMV movement protein (MP)-
¢DNA probe and TMV infected 10R and 11R (A) and PVS5 and PV8 (B) expressing transgenic tobacco
plant extracts. Dot-blot was performed as described in “Materials and Methods”. Confirmation of extent of
hybridization was done by 32p radioactivity determination (b). CPM results show the average of 3
independent experiments. Significant differences between mean values of controls (non-transgenic and

Gus) and transgenic tobacco plants are indicated by * at p<0.05 (Tukey's test).
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The results for virus-testing using detached leaves, the transgenic plants expressing 10R,
11R, PV5 and PV8 showed reduction in TMV. There was no difference in the antiviral

activity in transgenic lines either with single or multiple gene copies.

3.7.2.Greenhouse studies and viral resistance

Table 7. Susceptibility of transgenic tobacco plants expressing 10R, 11R, PV5 and
PV8 to infection by TMV, PVX and PVY

Line PVY PVX T™MV

I. Non transgenic +Ve, more severe +ve numerous lesions

2. Gus +Ve, more severe +ve +ve

3. PV5#l +Ve€ more severe +ve +ve

4. PV5#5 +ve +ve 1/4 *

5. PV8#I1 +ve +ve +ve bunchy*

6. PVS #22 +ve +ve +ve

7. 10R #6 +ve +ve +ve

8. I0R #19 +ve +ve numerous lesions

9. 1IR#12 +ve +ve +ve

10. IR #13 +ve +ve +ve

*= These samples show systemic spread of TMV, while the samples 1 and 2, which are controls (as non-transgenic or
containing GUS gene) behave as hypersensitive host.

Table 7 shows the data for visual symptoms of Nicotiana tabacum var. Xanthi inoculated
with PVY, PVX, or TMV. Four plants of each line were inoculated with each virus
except for line 10 (11R #13), where only one plant was inoculated with each virus.

There is no difference in any of the tobacco lines relative to control for the viruses tested.
The tobacco cultivar used was hypersensitive to TMV, thus inoculated leaves develop

necrotic local lesions. Each plant was inoculated with virus containing sap on three fully
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developed leaves. Each leaf, irrespective of the transgene, developed over 300 lesions,
indicating a high susceptibility to TMV. Similarly, the PVX strain used in this study
caused ring spot lesions on most tobacco plants. Similar symptoms were seen on all
tested tobacco lines with lesion numbers similar to those seen in TMV infection. PVY
necrotic strain was used for inoculation on leaves. All plants developed strong vein
clearing and necrotic vein symptoms, typical of this strain, thus, these lines did not show
any resistance to these viruses, though symptoms were more severe in the non-transgenic

and GUS plants.

3.8. Partial cationic fraction characterization from tobacco plants

3.8.1. Cationic fraction isolation

Figure 28 shows the AU-PAGE with total cationic fractions isélated from transgenic
(PV5 # 6 and 11R # 13) and non-transgenic tobacco plants. This gel separates fractions
based on the charge with highly positively charged fractions moving farther. The bands
seen on the upper part of the gel are histone fractions from the plants (Dr. J. Ausio,
personal communication). Preliminary results in this study have indicated antibacterial
activity of the purified tobacco histone fractions (data not shown).

The bands for cationic fractions were faint and showed that the total fractions on filtration
retain part of cationic fractions and that some is lost in the process of filtration. For the
cationic fractions, interestingly, a smear was observed in electrophoretic path instead of a
discrete band in non-transgenic and transgenic fractions (Figure 28A and 28B). The
smears were especially more intense in the transgenic plants fractions when same amount

of fractions were loaded.
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Figure 28. Acetic-acid urea polyacrylamide gels with total cationic fractions
Fractions from transgenic plants expressing 11R (A), PV5 (B) and non-transgenic plants (C) Cationic
fractions were isolated as described in “Materials and Methods” and were electrophoresed. Different lanes

correspond to the samples as indicated. Non-labeled smears (top) indicate tobacco histones.

3.8.2. Cationic fraction partial purification

Figure 29 shows the reverse-HPLC data for 11R (F igure 29A), PV5 (Figure 29B) and
non-transgenic plant cationic fractions (Figure 29C). Peaks marked by #25, #26, #18,
#19, #20 and #21 correspond to the positively charged and hydrophilic fractions that
eluted first and may correspond to cationic peptide fractions. The other peaks in Figure
29 correspond to the fractions rich in plant histones (Dr. J. Ausio personal
communication). There was increase in the intensity of the reverse-HPLC peaks in the
transgenic plant fractions [peak # 18, # 19 (Figure 29 A) and # 25, # 26 (Figure 29B)]
relative to the one seen in non-transgenic plant fractions (peak # 20 and 21) (Figure 29
C). In AU-PAGE for these fractions, smears seen were at a slightly higher level than the
pure peptides in transgenic fractions [Figures 29A (inset) and 29B (inset)]. These RP-

HPLC fractions were used for further analysis.
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Figure 29. Reverse-phase high performance liquid chromatography of the cationic
fractions

(A) T1R (B) PVS5 and (C) non-transgenic fractions. Filtered cationic fractions were subjected to RP-HPLC
on a Vydac C18 column. Elution was achieved at a flow rate of 1 ml/min with an acetonitrile gradient and
other parameters as described in “ Materials and Methods”. The inset in each figure shows the numbered
fractions, which were vacuum dried, dissolved in, distilled water and analyzed with AU-PAGE. Lane P

corresponds to the pure peptide used as a marker.



3.8.3. Cationic fraction characterization

Further characterization of the fractions rich in cationic peptide was done by amino acid
analysis (data not shown). All fractions were found to be rich in glycine, arginine,
tyrosine and lysine residues. Determination of mass for HPLC-purified cationic fractions
was done using MALDI-TOF mass spectrometry (data not shown) and results showed
that each fraction has many peptides or peptide fragments. However, in fractions from
PV5 (# 19) and 11R (#26) plants there was a peak observed at m/z 2763.99 Da and m/z
2283.15 Da respectively. These peaks were not seen in the non-transgenic fraction (#21)
as expected.

PV5 and 11R variants expressing lines (with multiple copy gene insertion and high
expression) were chosen for this study as the representative of the transgenic tobacco

plants. The study would be extended to 10R and PV8 expressing plants in future studies.



CHAPTER 4: DISCUSSION

Commercial agricultural practices are commonly threatened by recurring bacterial, fungal
and viral infections. Pesticides and insecticides have been commonly used to contain
phytopathogens, however, their extensive use has contributed to the chemical
contamination of the environment. Attempts have been made to bolster plant defenses
against microorganisms by genetically engineering plants to express cationic peptides
(Gao et al., 2000; Osusky et al., 2000; Osusky et al., 2004; Osusky et al., 2005;
Yevtushenko et al., 2005). This approach has proven effective for combating bacterial
and fungal diseases in plants. Because the primary target of the cationic peptides is the
cell membrane and not a specific receptor or substrate, these peptides confer their activity
against a broad-spectrum of pathogens and there is less probability of resistance arising
by variation of their metabolic pathways. There is no report of tapping the antiviral
property of these cationic peptides, shown in vifro against animal viruses, for providing
viral resistance in plants. Therefore, the focus of this study was on antiviral cationic
peptides.

To confer broad-spectrum resistance against plant pathogens including viruses,
indolicidin(s) and polyphemusin(s) variants were screened for their in vitro antimicrobial
activity and their cytotoxicity on plant tissues and protoplasts. Indolicidin and
polyphemusin variants were expressed in plants by genetic engineering and assessment of

disease resistance of the transgenic plants was performed.

4.1. 10R, 11R and PVS show broad-spectrum in vitro activity



Erwinia carotovora was previously shown to be highly sensitive to cationic peptides
(Osusky et al., 2000; Osusky et al., 2004; Osusky et al., 2005) and similar activity was
demonstrated by 10R, 11R and PVS5 in this work. Some strains of Bacillus are resistant to
cecropins and other cationic peptides (Hultmark et al., 1982; Casteels et al., 1989).
However, 10R, 11R and PV5 showed strong antibacterial activity against Bacillus subtilis
(Figure 1) exhibiting the wide-range antibacterial nature of these peptides. The weak
Gram-negative bactericidal activity of 10R against normally sensitive, LPS-deficient
strains of £. coli suggested that the low positive charge of indolicidins may not interact
well with the negative charge of the outer membrane (Mangoni et al., 2000; Osusky et al.,
2004). During the evaluation of antibacterial activity, the concentration of salts and
nutrients above diluent threshold values can inhibit the effect of antimicrobial peptides on
bacteria or on the germination of fungal conidia (Jacobi et al., 2000); therefore, all the
inhibition assays were performed in LB medium which was 25-fold diluted. The
minimum inhibitory concentrations (MIC) of PV5 and 11R for E. carotovora were 2-4
times higher than that of other peptides described earlier (Osusky et al., 2000; Osusky et
al., 2004; Osusky et al., 2005). The MIC of 10R was similar to MsrA1 (Osusky et al.,
2000).

The in vitro efficacy of 10R, 11R and PVS5 against plant pathogenic fungi differed
tremendously. The antifungal activity of 10R and 11R seemed to be cultivar—specific but
this needs to be further explored. 10R, 11R and PV5 showed increased inhibition of
Fusarium graminearum with increase in the concentration (Table 1-3). In case of
Verticillium sp., using the AlamarBlue™ assay for determining antifungal activity of 10R

and 11R, there was a significant increase in fluorescence and hence viability (Table 1-2).



PVS5, when tested with Verticillium, showed significant increase only in 10 ug/ml (Table
3). AlamarBlue™ reaction is dependent on the number of spores used, species of the
fungi and the incubation time (Amanda Berg, personal communication). The anomaly
seen in the viability relative to control in testing Verticillium sp. (Table 1-4) could be due
to these factors or can result due to differences in the cell wall composition. Further
studies are required to confirm the trend observed

Earlier reports showed PVS5 to be more antibacterial and antiviral (Murakami et al., 1991;
Arakaki et al., 1999; Zhang et al., 2000) than antifungal in nature. In this study, PV5
showed significant reduction in Fusarium graminearum and thus this peptide variant had
antifungal activity in addition to antibacterial and antiviral activities. PV8 show
antibacterial and antifungal activity previously against animal pathogens (Zhang et al.,
2000).

There are no reports describing the in vitro antiviral activity of a polyphemusin or an
indolicidin against plant viruses. 10R, 11R and PV5 possess antiviral activity against
animal viruses (Murakami et al., 1991; Robinson et al., 1998; Arakaki et al., 1999;
Murakami et al., 1999). Indolicidin variants, 10R and 11R showed in vitro antiviral
activity in this study towards TMV but polyphemusin variant PV5 did not. Tobacco
Mosaic Virus was used because it represents the best-studied plant virus and is a specific
tobacco pathogen. /n vitro testing of 10R and 11R peptides against TMV on tobacco
showed a reduction in viral infection as demonstrated by a reduction in the number of
lesions, and subsequently by ELISA and dot blot hybridization. This is the first report of
antiviral activity of indolicidin peptides against a plant virus. Cationic antimicrobial

peptides have shown to form pores in membranes, leading to cell lysis. Polyphemusin
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had no in vitro anti-TMV activity but have shown earlier to have antiviral activity against
membrane bound animal viruses (Murakami et al., 1991; Arakaki et al., 1999; Murakami
et al., 1999). This suggests the specificity of polyphemusin activity on pathogen
membranes.

Although indolicidin is presumed to act on bacteria and fungi by disrupting membranes
(Falla, et al. 1996), its mechanism of action remains to be established. Interestingly,
indolicidin has also been shown to permeabilize membranes of bacteria, but the
membrane permeabilization does not lead to lysis (Falla, et al. 1996). Indolicidin mainly
reduces synthesis of DNA of the pathogen (Sitaram, et al. 2003; Falla, et al. 1996).
Recently, indolicidin was also shown to bind to calmodulin (Sitaram, et al. 2003),
showing the changes in cytoplasmic permeability and the transport of the peptide across
the membrane. Similar effect by indolicidin variants (10R and 11R) is possible on TMV

RNA and hence resulting in virus inhibition.

4.2. 10R, 11R and PVS5 have low cytotoxicity and Phytotoxicity

In vitro cytotoxicities and phytotoxicities of 10R, 11R and PV5 synthetic peptides were
assessed and compared in order to evaluate their potential usefulness in augmenting the
natural defense systems in plants. Synthetic derivatives of polyphemusin and indolicidin
peptides have been shown to have low cytotoxicity to animal cell lines (Falla and
Hancock, 1997) and higher toxicity to microorganisms (Nakashima et al., 1992; Selsted
et al., 1992; Yasin et al., 2000), which makes them good candidates for expression in
plants. Low cytotoxic effect of indolicidin derivatives (10R and 11R) up to 60 pg and

polyphemusin derivative (PV5) up to 10 pg except in neutral red assay was found in plant
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cells as determined by several cytotoxicity assays in this study. For the TTC assay with
leaf discs, formazan formed in tissues was measured at 530 nm rather than at 490 nm to
avoid interference with pigments such as chlorophyll (Steponkus and Lanphear, 1967).
The optimization of incubation time for colorimetric assays is necessary and differs
among plant tissues (Parker, 1953), algae (Chang et al., 1999; Capasso et al., 2003) and
suspension tissue cultures (Towill and Mazur, 1974). Earlier, the intensity and extent of
TTC staining were successfully employed to predict the germinability of seeds and
viability of plant tissues exposed to stressful conditions and injury (Steponkus and
Lanphear, 1967, Towill and Mazur, 1974; Able et al., 1998; Chang et al., 1999). In
addition to the TTC reduction method, the dyes neutral red, fluorescein diacetate and
erythrosine are used to assess the viability of animal cells (Borenfreund et al., 1988),
plant protoplasts (Oprisko et al., 1990) and green microalgae (Saga et al., 1989). Neutral
red is commonly used for testing the viability of human cell lines (Borenfreund et al.,
1988) but is less commonly used for plants (Fernandez et al., 2000). In this study, all of
these colorimetric assays were used on plant protoplasts and/or leaf discs. There was no
similarity in the results was observed between the TTC and neutral red assay in tobacco
protoplasts and hence the reliability of protoplast-TTC method also remains questionable
due to the physical nature of the protoplasts.

At 100 pg, PV5 exhibited cytotoxicity when observed by light microscopy (Figure 13).
Similar cytotoxicity at high concentrations was reported earlier with cecropin and
melittin (Mills and Hammerschlag, 1993; Yevtushenko et al., 2005). The high sensitivity

of the protoplasts may be associated with the lack of cell walls.
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The parallel in the relative changes between TTC reduction activity in the leaf discs and
Evan’s blue staining, suggest that these assays could be used to determine the cytotoxic
effects of peptides and other compounds against plant leaf tissues. The results indicated
that synthetic 10R, 11R and PV5 have low cytotoxicity toward tobacco leaf discs,
protoplasts and plantlets up to 10 pg of peptide. Together these tests provide a set of
indicators of cytotoxicity and can readily be adapted for mass screening of peptide(s) and
their variants, particularly in association with combinatorial methods.

Earlier, it had been proposed that abiotic or biotic stress in plants results in the generation
of reactive oxygen species and hence an increase in antioxidant molecules (Young and
Britton, 1990; Slooten et al., 1995; Kummerova and Kmentova, 2004). The increase in
carotenoids observed in plantlets grown in 100 pg of 11R and 60 pug 10R (Table 4) can
be attributed to the abiotic stress caused by the peptides, which in turn causes an increase
in carotenoids.

Cationic peptides may show different specificities in their activity against pathogens as
well as on mammalian or plant cells (Blondelle and Houghten, 1991). The microbicidal
range of action of most antimicrobial peptides is 2-40 pg/ml (Hancock, 1997). The plant
tissues and protoplasts were tested at higher amount of cationic peptides (20, 60 and 100
ug) than their range of action on pathogens as shown in this work (F igure 2). Cytotoxic
assays showed that at 20 pg, 10R, 11R and PV5, have no discernible toxic effects. This
tested amount (20 pug) is much higher than the amount likely to be expressed in
transgenic plants (Carmona et al., 1993; Osusky et al., 2000; Osusky et al., 2005). Earlier
it has been shown that plants with 2x358 CaMV promoter express cationic peptides, in

the range of 1 pg/ g — 5 ug/ g of fresh tissue weight (Osusky et al., 2000: Osusky et al.,
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2005). The lowest amount tested in this study was 20 ug on 20 mg of fresh leaf disc. No
cytotoxic effect was seen at this test amount, for any of the peptides. PV5 showed
phytotoxic effect on plants at 100 ug, leaf discs at 60 ug and on protoplasts at 20 ug
(Table 4, Figure 9-13). These are also a very high amount and it is highly unlikely that
PV5 would reach this amount in transgenic plants.

Use of carbenicillin as the negative control was based on the hypothesis that there would
be no effect of this antibiotic against plant leaf discs, protoplasts as well as plantlets
Carbenicillin has been extensively used at high concentrations up to 500 ug /ml in plant
tissue culture and have been found to be safe on plant calli and shoots during
transformation and selection processes. Results (Figures 9, 11, 12 and Table 4) show
toxicity of this antibiotic on plantlets, leaf discs and protoplasts at 100 ug under the
conditions of the experiments in this work. This indicates the use of other compound as
negative control other than potent antibiotics like carbenicillin in future studies.

The colorimetric and phytotoxicity assays used for determining the effects of peptides on
leaf discs, protoplasts and plantlets provided reliable, quick and efficient methods that
could easily be adapted for screening peptides and other compounds to assess their safety
in plants. Based on the data, the safety of these cationic peptides, supports their
credibility and application as environmentally friendly alternatives to current

antimicrobial approaches.

4.3. Transgenic plants expressing 10R, 11R, PV5 and PV8 are resistant to plant
pathogens including TMV
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In planta studies showed that tobacco plants expressing 10R, 11R, PV5 and PV8 are
resistant to plant pathogenic virus, bacteria and fungi. These results are similar to recent
works using synthetic variants and chimeras of other cationic peptides for conferring
broad-spectrum bacterial and fungal resistance in plants (Gao et al., 2000; Yevtushenko
et al., 2005).

Earlier studies showed that the use of the 2x35S CaMV promoter leads to a significant
level of cationic peptide transcripts in plants (Osusky et al., 2000; Osusky et al., 2004;
Osusky et al., 2005). A similar level of expression was achieved for 10R, 11R, PV5 and
PV8 in this work when 2x35S CaMV was used to drive the expression of peptide(s). The
signal peptide from Pseudotsuga menziesii BiP sequence (the endoplasmic reticulum
(ER) molecular chaperone) functions to retain BiP in the ER and subsequently help in
folding and assembly of the newly synthesized peptide (Forward and Misra, 2000). This
BiP signal sequence was included in polyphemusin constructs of PV5 and PV8 (Figure
15) in order to enhance the yield of the peptide. However, the effectiveness of this
strategy was not established in this study.

The effects of genomic position and copy number on transgene expression have been
reported in plants (Hobbs et al., 1993; Allen et al., 2000). Because transgenes integrate at
random sites during transformation, some integration may occur in transcriptionally
active chromatin environments, or in transcriptionally inert chromatin regions (Mengiste
etal, 1999). It is believed that transgenes in heterochromatic areas are prone to silencing
and give rise to reduced and/or variable expression (Mengiste et al., 1999; Allen et al.,
2000). Figure 18 (i) shows no expression in lane S and lane 7, which could reflect this

positional insertion effect. The other reason for a lack of expression could be gene
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silencing. Plants with multiple copies of the transgene and/or high levels of transgene
transcription are more likely to exhibit gene silencing than plants with a single copy and
low-level transcription (Hart et al., 1992; Flavell, 1994; Meyer, 1996; Meyer and Saedler,
1996). There are conflicting reports about the relationship between copy number and
expression level (Hobbs et al., 1993). The two variables have been shown to be
negatively correlated (Cervera et al., 2000), not correlated (Bauer et al., 1998), or
positively correlated (Hobbs et al., 1993). This inconsistency was observed in this work
(Figure 18 and 19).

Experiments with detached leaves from transgenic tobacco plants demonstrated bacterial
resistance when tested with E. carofovora - the primary cause of bacterial soft rot in
plants. Similar results have been shown earlier with E. carotovora and expression of
other cationic peptides in plants (Allefs et al., 1996; Osusky et al., 2004; Osusky et al.,
2005). This in planta antibacterial activity is in agreement with the strong in vitro
antibacterial activity seen for the synthetic derivatives of the expressed peptides (Figure 1
and 2). Leaf extracts from the transgenic plants showed significant reduction in Erwinia
growth relative to non-transgenic plants (Table 5) but not to GUS plant extracts, except
two lines. This leaves the scope to question the effect of simple transformation event.
However, earlier reports with the expression of cationic peptides in tobacco have shown
the activity of proteases at very early stage of post-translational events (Cavallarin et al.,
1998; Hancock and Lehrer, 1998; Cary et al., 2000). This fact was also supported by the
negative effect of transgenic plant extracts on S. epidermidis. In vitro studies showed a
significant bactericidal effect of 10R, 11R and PV5 on S. epidermidis (Figure 1). Also, to

exclude the possibility that the increased resistance of transgenic plants is triggered
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simply by the transformation event, control plants transformed with the vector pBI 121
(expressing GUS) were included in all disease assays. Because the increased resistance
(except in testing with Fusarium oxysporum) was observed only in plants expressing
these peptides, the results strongly suggest that the resistance of transgenic tobacco plants
is caused by the expression of the 10R, 11R, PV5 or PVS8.

Plants expressing 10R, 11R and PV8 showed resistance to Botrytis and Verticillium but
not to Fusarium oxysporum, indicating species specificity of the expressed peptides.
Fusarium species are highly virulent fungi and have been shown to overcome the in
planta resistance provided by cationic peptides (Cavallarin et al., 1998). Transgenic
plants except PV5 #5 did not show any resistance against Fusarium. However, earlier
studies with synthetic 10R, 11R and PVS5 showed in vitro resistance against Fusarium
graminearum (Table 1-3). The fungal resistance seen for Botrytis and Verticillium by
some lines in PVS5, 10R and 11R expressing plants is contradictory to the in vitro results
of peptides on these fungal strains (Figure 4 and Tables 1- 3). PV5 showed some
resistance against Fusarium when expressed in planta, but not in in vitro studies.

In addition to broad-spectrum bacterial and fungal resistance, transgenic plants
expressing 10R, 11R and PVS5 are resistant to TMV in lab conditions. This is the first
report of viral resistance in plants expressing cationic peptides. A new strategy for
engineering virus-resistant plants by transgenic expression of a dominant interfering
peptide was shown by Rudolph et al. (2003) and presented a promising strategy for
expressing small peptides in plants. Expression of only a short peptide or artificial
peptides minimizes the potential deleterious effects on the plant cells. Greenhouse and

field studies differed from the laboratory set-up in that the viral inocula greatly exceed
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those used in the laboratory. The high TMV inocula used in the greenhouse studies might
have surpassed the viral resistance of cationic peptide expressing plants, which was seen
in the detached leaf assays. Also, it has been reported that, in contrast to greenhouse
conditions, detached leaves of plants grown in the laboratory have an extremely different
profile of expression of defense modulators and additional wounding causes pronounced
differences in expression of defensive genes (Steinite and Levinish, 2002).

It is clear from this work that although these antimicrobial peptides are broad-spectrum
peptides, their activity does show specificity for certain strains of fungi and bacteria.
Similar specificity against other plant viruses is expected. Also, the data obtained in
laboratory assays differ from that obtained in greenhouse studies. The lack of viral
resistance in transgenic plants, tested in the greenhouse (Table 7), suggests the need for
further work to develop strategies to enhance the expression of peptides.

If successful, this approach could provide an environmentally friendly and effective

approach to combat plant diseases.

4.4. Partial purification of 11R and PVS5 from transgenic tobacco

In order to the examine the expression and the amount of 11R and PV5 in transgenic
tobacco, partial purification and characterization of the cationic fraction using amino acid
analysis, RP-HPLC and MALDI-TOF was performed. The identities of the expressed
peptides could not be confirmed by amino acid analysis or RP-HPLC. However, MALDI-
TOF analysis showed the presence of expressed PV5 and 11R in oxidized forms. The

presence of modified forms of plant expressed cationic peptides has been shown earlier



108

(Banzet et al., 2002). Confirmation and further characterization of these tobacco-
expressed peptides by proteomics and Western blots is needed.

The tobacco histones seen in Figure 28 were partially purified by RP-HPLC (data not
shown). The presence of helical peptides showing homology to cleaved-forms of histones
and their activity against bacteria and fungi (Park et al., 1998) has been reported. It is
suggested that histones act as ubiquitous components of host defenses (Hirsch, 1958).
Future studies are required to obtain more information about the antimicrobial properties

of the isolated tobacco histone fractions in this work.
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CHAPTER 5: FUTURE STUDIES AND CONCLUSION

5.1. Future Studies

The best strategy for providing enhanced and broad-spectrum resistance using cationic
peptides is the co-expression of different molecules with complementary modes of action
that act at different stages of disease development. There are reports of synergistic action
of antimicrobial peptides. Combinations of 10R, 11R, PV5 and PV8 and other potential
peptides may be a successful strategy for generating broad-spectrum disease resistance
including resistance against viruses, in plants. Efforts have been made to express defense
molecules in plants using specific promoters (Rao et al., 1998; Nagadhara et al., 2003;
Yevtushenko et al., 2005). Strategies for a regulated and/or inducible, and tissue-specific
expression of peptides may prove to be effective for better performance in the greenhouse
as well as in the field.

The heterogeneity observed in the samples when separated by RP-HPLC indicated that
these chromatographic techniques were not sufficient to isolate the target peptides from
transgenic plants. The yields of a peptide from transgenic plants depend on several
factors including synthesis, processing, export and proteolytic degradation. A
combination of selective protease inhibitors and subsequent purification steps are
required to isolate the peptides from the transgenic plants. Proteomics studies will be
useful to characterize the oxidized form of peptides observed in this work. To further
quantify the expressed peptides in transgenic plants, one strategy would be to generate

antibodies, and perform Western blotting (Osusky et al., 2005).
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Future characterization of unknown cationic peptides/proteins (Fraction #20, Figure 31)
can reveal their function and may provide novel tools for genetic engineering in plants
either as a signaling molecule or as a plant-derived antimicrobial agents. Initial results
with tobacco histone fractions demonstrated their antibacterial activity and warrant
further study of plant derived antimicrobial peptides.

In addition to direct antimicrobial activity, there are reports of the role of cationic
peptides in the regulation of innate immunity and defense responses in animals (Hancock
and Diamond, 2000; Chernysh et al., 2002). Some antimicrobial peptides may upregulate
the production of interleukins (Welling et al., 1998) in animals. Plant hormones, which
are involved in defense signaling in plants (Imanishi et al., 1997, Pieterse and van Loon,
1999; Thomma et al., 1999) are the homologues of interleukins in plants and may be
regulated in the similar fashion by the antimicrobial peptides (AMPs). There is evidence
of antimicrobial protein’s up-regulation by microbial elicitors through proteolytic cascade
in plants (Subramaniam et al., 1997; Garcia-Olmedo et al., 1998), and of an extensive
cross talk among different defense components in plants, including peptides (Dangl and
Jones, 2001; Taylor et al., 2004; Taylor and McAinsh, 2004). In the present and previous
studies, there was an indication of enhancement of disease resistance in transgenic plants
against the pathogens, despite a poor in vitro inhibition by cationic peptides. Therefore, it
is possible that the expression of the cationic peptides in plants modulates defense gene
expression or provides cross talk with other defense signaling pathways. A suggested
model of the disease resistance signaling initiated by expression of the cationic peptides

in the plants is shown here (Figure 30)
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Figure 30. Simplified model depicting the possible role of antimicrobial peptides in

disease resistance in plants

Question marks denote the proposed induction of defense genes by AMPs when expressed in plants.

Future work may determine whether other components of the immune signaling
pathways are activated in response to the expression of cationic peptides in transgenic
plants. To examine the role of cationic peptides in immune responses in plants, MsrA3,
an N-terminally modified temporin A, showing broad-spectrum antimicrobial activity in
plants (Osusky et al., 2004), was introduced in Arabidopsis thaliana (data not shown).
The complete genome sequence of Arabidopsis has permitted the investigation of gene
profiling in response to various cues (Schaffer et al., 2000; Schenk et al., 2000; Zhu,
2003). Future microarray analysis and transcript profiling of transgenic Arabidopsis
plants will provide useful information on the effects of heterologous peptide expression

in transgenic plants.
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5.2. Conclusion

Ethical concerns have often been expressed about the production of genetically modified
plants and animals, including humans. However, organisms naturally produce many
cationic peptides as part of their innate defenses against infection. The results on the low
cytotoxicity of 10R, 11R and PV5 synthetic peptides in plants are promising. The
incorporation of cationic peptides into plants through genetic engineering offers a means
to prevent disease-associated losses as well as to protect the environment.

Successful application of a transgenic approach using these peptides to control plant
diseases, particularly viruses, will likely help eradicate plant diseases, reduce the
environmental impact of intensive agriculture, especially use of pesticides and improve

the quality of our food.



113

LITERATURE CITED

Able AJ, Guest DI, Sutherland MW (1998) Use of new tetrazolium-based assay to
study the production of superoxide radicals by tobacco cell cultures challenged with
avirulent zoospores of Phytopthora parasitica var nicotianae. Plant Physiology 117: 491-
499,

Aboudy Y, Mendelson E, Shalit I, Bessalle R, Fridkin M (1994) Activity of two
synthetic amphiphilic peptides and magainin-2 against herpes simplex virus types 1 and
2. International Journal of Peptide and Protein Research 43: 573-582.

Agerberth B, Lee JY, Bergman T, Carlquist M, Boman HG, Mutt V, Jornvall H
(1991) Amino acid sequence of PR-39. Isolation from pig intestine of a new member of
the family of proline-arginine-rich antibacterial peptides. European Journal of
Biochemistry 202: 849-854.

Ahmad I, Perkins WR, Lupan DM, Selsted ME, Janoff AS (1995) Liposomal
entrapment of the neutrophil-derived peptide indolicidin endows it with in vivo
antifungal activity. Biochim Biophys Acta 1237: 109-114.

Aley SB, Zimmerman M, Hetsko M, Selsted ME, Gillin FD (1994) Killing of Giardia
lamblia by cryptdins and cationic neutrophil peptides. Infection and Immunity 62: 5397-
5403.

Ali GS, Reddy AS (2000) Inhibition of fungal and bacterial plant pathogens by synthetic
peptides: in vitro growth inhibition, interaction between peptides and inhibition of disease
progression. Molecular Plant Microbe Interaction 13: 847-859.

Allefs STHM, De Jong ER, Florack DEA, Hoogendoorn C, Stieckema WJ (1996)
Erwinia soft rot resistance of potato cultivars expressing antimicrobial peptide
tachyplesin I. Molecular Breeding 2: 97-105.

Allen GC, Spiker S, Thompson WF (2000) Use of matrix attachment regions (MARS)
to minimize transgene silencing. Plant Molecular Biology 43: 361-376.

Alley MC, Scudiero DA, Monks A, Hursey ML, Czerwinski MJ, Fine DL, Abbot BJ,
Mayo JG, Shoemaker RH, Boyd MR (1988) Feasibility of drug screening with panels
of human tumor cell lines using a microculture tetrazolium assay. Cancer Research 48:
589-601.

Andreu D, Merrifield RB, Steiner H, Boman HG (1985) N-terminal analogues of
cecropin A: synthesis, antibacterial activity, and conformational properties. Biochemistry
24: 1683-1688.



114

Arakaki R, Tamamura H, Premanathan M, Kanbara K, Ramanan S, Mochizuki K,
Baba M, Fujii N, Nakashima H (1999) T134, a small-molecule CXCR4 inhibitor, has
no cross-drug resistance with AMD3100, a CXCR4 antagonist with a different structure.
Journal of Virology 73: 1719-1723.

Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, Gomez-Gomez L, Boller T,
Ausubel FM, Sheen J (2002) MAP kinase signaling cascade in Arabidopsis innate
immunity. Nature 415: 977-983.

Back SA, Khan R, Gan X, Rosenberg PA, Volpe JJ (1999) A new Alamar Blue
viability assay to rapidly quantify oligodendrocyte death. Journal of Neuroscience
Methods 91: 47-54.

Badini L, Pistocchi R, Bagni N (1994) Polyamine transport in the seaweed Ulva rigida
(Chlorophyta). Journal of Phycology 30: 590-605.

Baghian A, Jaynes J, Enright F, Kousoulas KG (1997) An amphipathic alpha-helical
synthetic peptide analogue of melittin inhibits herpes simplex virus-1 (HSV-1)-induced
cell fusion and virus spread. Peptides 18: 177-183.

Baker B, Zambryski P, Staskawicz B, Dincsh-Kumar SP (1997) Signaling in plant-
microbe interactions. Science 276: 726-733.

Baker CJ, Mock NM (1994) An improved method for monitoring cell death in cell
suspension and leaf disc assays using Evans blue. Plant Cell Tissue and Organ Culture
39: 7-12.

Banzet N, Latorse M, Bulet P, Franciiois E, Derpierre C, Dubald M (2002)
Expression of insect cystein-rich antifungal peptides in transgenic tobacco enhances
resistance to a fungal disease. Plant Science 162: 995-1006.

Barker H (1996) Inheritance of resistance to Potato virus Y and A in progeny obtained
from potato cultivars containing gene Ry, evidence for a new gene for extreme resistance
to PVA. Theoretical and Applied Genetics 93: 710-716.

Bauer M, Libantova J, Moraveikova J, Bekesiova I (1998) Transgenic tobacco plants
constitutively expressing acidic chitinase from cucumber. Biologia 53: 749-758.

Beachy RN (1997) Mechanisms and applications of pathogen-derived resistance in
transgenic plants. Current Opinion in Biotechnology 8: 215-220.

Beck DL, Van Dolleweerd CJ, Lough TJ, Balmori E, Voot DM, Andersen MT,
O'Brien IE, Forster RL (1994) Disruption of virus movement confers broad-spectrum
resistance against systemic infection by plant viruses with a triple gene block.
Proceedings of National Academy of Sciences, U S A 91: 10310-10314.



115

Belaid A, Aouni M, Khelifa R, Trabelsi A, Jemmali M, Hani K (2002) In vitro
antiviral activity of dermaseptins against herpes simplex virus type 1. Journal of Medical
Virology 66: 229-234.

Bendahmane M, Gronenborn B (1997) Engineering resistance against tomato yellow
leaf curl virus (TYLCV) using antisense RNA. Plant Molecular Biology 33: 351-357.

Bessalle R, Gorea A, Shalit I, Metzger JW, Dass C, Desiderio DM, Fridkin M (1993)
Structure-function studies of amphiphilic antibacterial peptides. Journal of Medicinal
Chemistry 36: 1203-1209.

Bessalle R, Haas H, Goria A, Shalit I, Fridkin M (1992) Augmentation of the
antibacterial activity of magainin by positive-charge chain extension. Antimicrobial
Agents and Chemotherapy 36: 313-317.

Bevins CL, Zasloff M (1990) Peptides from frog skin. Annual Reviews in Biochemistry
59: 395-414.

Blondelle SE, Houghten RA (1991) Hemolytic and antimicrobial activities of the
twenty-four individual omission analogues of melittin. Biochemistry 30: 4671-4678.

Boman HG (1991) Antibacterial peptides: key components needed in immunity. Cell 65:
205-207.

Boman HG (1995) Peptide antibiotics and their role in innate immunity. Annual
Reviews in Immunology 13: 61-92.

Borenfreund E, Babich H, Martin-Alguacil N (1988) Comparisons of two in vitro
cytotoxicity assays-the neutral red (NR) and tetrazolium MTT tests. Toxicology in Vitro
2: 1-6.

Borenfreund E, Puerner JA (1985) Toxicity determined in vitro by morphological
alterations and neutral red absorption. Toxicology Letters 24: 119-124.

Bowdish DM, Davidson DJ, Speert DP, Hancock RE (2004) The human cationic
peptide LL-37 induces activation of the extracellular signal-regulated kinase and p38
kinase pathways in primary human monocytes. Journal of Immunology 172: 3758-3765.

Broekaert WF, Marien W, Terras FR, De Bolle MF, Proost P, Van Damme J, Dillen
L, Claeys M, Rees SB, Vanderleyden J (1992) Antimicrobial peptides from
Amaranthus caudatus seeds with sequence homology to the cysteine/glycine-rich domain
of chitin-binding proteins. Biochemistry 31: 4308-4314.



116

Broglie K, Chet I, Holliday M, Cressman R, Biddle P, Knowlton S, Mauvais ClJ,
Broglie R (1991) Transgenic plants with enhanced resistance to the fungal pathogen
Rhizoctonia solani. Science 254: 1194-1197.

Bulet P, Hetru C, Dimarcq JL, Hoffmann D (1999) Antimicrobial peptides in insects;
structure and function. Developmental and Comparative Immunology 23: 329-344.

Caldwell CR (1993) Estimation and Analysis of Cucumber (Cucumis sativus L.) leaf
cellular heat sensitivity. Plant Physiology 101: 939-945.

Cammue BP, De Bolle MF, Terras FR, Proost P, Van Damme J, Rees SB,
Vanderleyden J, Broekaert WF (1992) Isolation and characterization of a novel class of
plant antimicrobial peptides form Mirabilis jalapa L. seeds. Journal of Biological
Chemistry 267: 2228-2233.

Cao H, Li X, Dong X (1998) Generation of broad-spectrum disease resistance by
overexpression of an essential regulatory gene in systemic acquired resistance.
Proceedings of National Academy of Sciences, U S A 95: 6531-6536.

Capasso JM, Cossio BR, Berl T, Rivard CJ, Jiménez C (2003) A colorimetric assay
for determination of cell viability in algal cultures. Biomolecular Engineering 20: 133-
138.

Carmona MJ, Molina A, Fernandez JA, Lopez-Fando JJ, Garcia-Olmedo F (1993)
Expression of the alpha-thionin gene from barley in tobacco confers enhanced resistance
to bacterial pathogens. Plant Journal 3: 457-462.

Cary JW, Rajasekaran K, Jaynes JM, Cleveland TE (2000) Transgenic expression of
a gene encoding a synthetic antimicrobial peptide results in inhibition of fungal growth in
vitro and in planta. Plant Science 154: 171-181

Cases 1, de Lorenzo V (1998) Expression systems and physiological control of promoter
activity in bacteria. Current Opinion in Microbiology 1: 303-310.

Casteels P, Ampe C, Jacobs F, Vaeck M, Tempst P (1989) Apidaecins: antibacterial
peptides from honeybees. EMBO Journal 8: 2387-2391.

Cavallarin L, Andreu D, San Segundo B (1998) Cecropin A-derived peptides are
potent inhibitors of fungal plant pathogens. Molecular and Plant Microbe Interaction 11:
218-227.

Cervera M, Pina JA, Juarez J, Navarro L, Pena 1 (2000) A broad exploration of the
transgenic population of citrus: stability of gene expression and phenotype. Theoretical
and Applied Genetics 100: 670-677.



117

Chakrabarti A, Ganapathi TR, Mukherjee PK, Bapat VA (2003) MSI-99, a magainin
analogue, imparts enhanced disease resistance in transgenic tobacco and banana. Planta
216: 587-596.

Chang W-C, Chen M-H, Lee T-M (1999) 2,3.5-Triphenyltetrazolium reduction in the
viability assay of Ulva fasciata (Chlorophyta) in response to salinity stress. Botanical
Bulletin Academy Sincia. 40: 207-212.

Chernysh S, Kim SI, Bekker G, Pleskach VA, Filatova NA, Anikin VB, Platonov
VG, Bulet P (2002) Antiviral and antitumor peptides from insects. Proceedings of
National Academy of Sciences, U S A 99: 12628-12632.

Chinchar VG, Wang J, Murti G, Carey C, Rollins-Smith L (2001) Inactivation of
frog virus 3 and channel catfish virus by esculentin-2P and ranatuerin-2P, two
antimicrobial peptides isolated from frog skin. Virology 288: 351-357.

Chong DK, Langridge WH (2000) Expression of full-length bioactive antimicrobial
human lactoferrin in potato plants. Transgenic Research 9: 71-78.

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant Journal 16: 735-743.

Cohn J, Sessa G, Martin GB (2001) Innate immunity in plants. Current Opinion in
Immunology 13: 55-62.

Collins I, Franzblau SG (1997) Microplate Alamar blue assay versus BACTEC 460
system for high-throughput screening of compounds against Mycobacterium tuberculosis
and Mycobacterium avium. Antimicrobial Agents and Chemotherapy 41: 1004-1009.

Cooper B, Lapidot M, Heick JA, Dodds JA, Beachy RN (1995) A defective movement
protein of TMV in transgenic plants confers resistance to multiple viruses whereas the
functional analog increases susceptibility. Virology 206: 307-313.

Daher KA, Selsted ME, Lehrer RI (1986) Direct inactivation of viruses by human
granulocyte defensins. Journal of Virology 60: 1068-1074.

Dangl JL, Jones JD (2001) Plant pathogens and integrated defense responses to
infection. Nature 411: 826-833.

De Baun RM, De Stevens G (1951) On the mechanism of enzyme action. XLIV.
Codetermination of resazurin and resorufin in enzymatic dehydrogenation experiments.
Achieves of Biochemistry and Biophysics 31: 300-308.

De Lucca AJ, Walsh TJ (1999) Antifungal peptides: novel therapeutic compounds
against emerging pathogens. Antimicrobial Agents and Chemotherapy 43: 1-11.



118

De Vos WM, Mulders JW, Siezen RJ, Hugenholtz J, Kuipers OP (1993) Properties of
nisin Z and distribution of its gene, nisZ, in Lactococcus lactis. Applied and
Environmental Microbiology 59: 213-218.

DeGray G, Rajasekaran K, Smith F, Sanford J, Daniell H (2001) Expression of an
antimicrobial peptide via the chloroplast genome to control phytopathogenic bacteria and
fungi. Plant Physiology 127: 852-862.

Delves-Broughton J, Blackburn P, Evans RJ, Hugenholtz J (1996) Applications of
the bacteriocin, nisin. Antonie van Leeuwenhoek 70: 193-202.

Destefano-Beltran L, Nagpala P, Kim JH, Dodds JH, Jaynes JM (1991) Genetic
transformation of potato to enhance nutritional value and confer disease resistance. /n ES
Dennis, Llewellyn, D.T., ed, Plant Gene Research: Molecular Approaches to Crop
Improvement. Springer-Verlag, New York. pp 17-32.

Diamond G, Russell JP, Bevins CL (1996) Inducible expression of an antibiotic peptide
gene in lipopolysaccharide-challenged tracheal epithelial cells. Proceedings of National
Academy of Science, U S A 93: 5156-5160.

Duncan DR, Widholm JM (1990) Plant cell and tissue culture: Methods in molecular
biology, Vol 6. Humana Press, New York.

Duncan DR, Widholm JM (2004) Osmotic induced stimulation of the reduction of the
viability dye 2,3,5-triphenyltetrazolium chloride by maize roots and callus cultures.
Journal of Plant Physiology 161: 397-403.

During K (1996) Genetic Engineering for resistance to Bacteria in transgenic plants by
introduction of foreign genes. Molecular Breeding 2: 297-305.

Egal M, Conrad M, MacDonald DL, Maloy WL, Motley M, Genco CA (1999)
Antiviral effects of synthetic membrane-active peptides on herpes simplex virus, type 1.
International Journal of Antimicrobial Agents 13: 57-60.

Evans 1J, Greenland AJ (1998) Transgenic approaches to disease protection:
applications of antifungal proteins. Pesticide Science 54: 353-359.

Falla TJ, Hancock RE (1997) Improved activity of a synthetic indolicidin analog.
Antimicrobial Agents and Chemotherapy 41: 771-775.

Falla TJ, Karunaratne DN, Hancock RE (1996) Mode of action of the antimicrobial
peptide indolicidin. Journal of Biological Chemistry 271: 19298-19303.



119

Farnia P, Mohammadi F, Mirsaedi M, Zarife AZ, Tabatabee J, Bahadori K,
Bahadori M, Masjedi MR, Velayati AA (2004) Application of oxidation-reduction
assay for monitoring treatment of patients with pulmonary tuberculosis. Journal of
Clinical Microbiology 42: 3324-3325.

Fernandez JA, Escribano J, Piqueras A, Medina J (2000) A glycoconjugate from
corms of saffron plant (Crocus sativus L.) inhibits root growth and affects in vitro cell
viability. Journal of Experimental Botany 51: 731-737.

Fidai S, Farmer SW, Hancock RE (1997) Interaction of cationic peptides with bacterial
membranes. Methods in Molecular Biology 78: 187-204.

Flavell RB (1994) Inactivation of gene expression in plants as a consequence of specific
sequence duplication. Proceedings of National Academy of Science, U S A 91: 3490-
3496.

Florack D, Allefs S, Bollen R, Bosch D, Visser B, Stickema W (1995) Expression of
giant silkmoth cecropin B genes in tobacco. Transgenic Research 4: 132-141.

Florack DE, Dirkse WG, Visser B, Heidekamp F, Stickema WJ (1994) Expression of
biologically active hordothionins in tobacco. Effects of pre- and pro-sequences at the
amino and carboxyl termini of the hordothionin precursor on mature protein expression
and sorting. Plant Molecular Biology 24: 83-96.

Food and Agriculture organization (FAO) (1993) Production yearbook. /n. FAO,
Rome

Forward BS, Misra S (2000) Characterization and expression of the Douglas-fir luminal
binding protein (PmBiP). Planta 212: 41-51.

Franck-Oberaspach S. L. KB (1997) Consequences of classical and biotechnological
resistance breeding for food toxicology and allergencity. Plant Breeding 116: 1-17.

Friedrich CL, Rozek A, Patrzykat A, Hancock RE (2001) Structure and mechanism of
action of an indolicidin peptide derivative with improved activity against gram-positive
bacteria. Journal of Biological Chemistry 276: 24015-24022.

Gadani F, Mansky LM, Medici R, Miller WA, Hill JH (1990) Genetic engineering of
plants for virus resistance. Archives of Virology 115: 1-21.

Ganz T, Selsted ME, Szklarek D, Harwig SS, Daher K, Bainton DF, Lehrer RI
(1985) Defensins: Natural peptide antibiotics of human neutrophils. Journal of Clinical
Investigation 76: 1427-1435.



120

Gao AG, Hakimi SM, Mittanck CA, Wu Y, Woerner BM, Stark DM, Shah DM,
Liang J, Rommens CM (2000) Fungal pathogen protection in potato by expression of a
plant defensin peptide. Nature Biotechnology 18: 1307-1310.

Garcia-Olmedo F, Molina A, Alamillo JM, Rodriguez-Palenzuela P (1998) Plant
defense peptides. Biopolymers 47: 479-491.

Gendra E, Moreno A, Alba MM, Pages M (2004) Interaction of the plant glycine-rich
RNA-binding protein MA16 with a novel nucleolar DEAD box RNA helicase protein
from Zea mays. Plant Journal 38: 875-886.

Gennaro R, Skerlavaj B, Romeo D (1989) Purification, composition, and activity of
two bactenecins, antibacterial peptides of bovine neutrophils. Infection and Immunity 57:
3142-3146.

Gibbs AC, Kondejewski LH, Gronwald W, Nip AM, Hodges RS, Sykes BD, Wishart
DS (1998) Unusual beta-sheet periodicity in small cyclic peptides. Nature Structural
Biology 5: 284-288. :

Golemboski DB, Lomonossoff GP, Zaitlin M (1990) Plants transformed with a tobacco
mosaic virus nonstructural gene sequence are resistant to the virus. Proceedings of
National Academy of Science, U S A 87: 6311-6315.

Gough M, Hancock REW, Kelly NM (1996) Antiendotoxin activity of cationic peptide
antimicrobial agents. Infection and Immunity 64: 4922-4927.

Hancock RE (1997) Antibacterial peptides and the outer membranes of gram-negative
bacilli. Journal of Medicinal Microbiology 46: 1-3.

Hancock RE (1997) Peptide antibiotics. Lancet 349: 418-422.

Hancock RE (2000) Cationic antimicrobial peptides: towards clinical applications.
Expert Opinion on Investigational Drugs 9: 1723-1729.

Hancock RE, Diamond G (2000) The role of cationic antimicrobial peptides in innate
host defenses. Trends in Microbiology 8: 402-410.

Hancock RE, Falla T, Brown M (1995) Cationic bactericidal peptides. Advances in
Microbial Physiology 37: 135-175.

Hancock RE, Lehrer R (1998) Cationic peptides: a new source of antibiotics. Trends in
Biotechnology 16: 82-88.



121

Hart CM, Fischer B, Neuhaus JM, Meins F, Jr. (1992) Regulated inactivation of
homologous gene expression in transgenic Nicotiana sylvestris plants containing a
defense-related tobacco chitinase gene. Molecular and General Genetics 235: 179-188.

Hiemstra PS, Eisenhauer PB, Harwig SS, van den Barselaar MT, van Furth R,
Lehrer RI (1993) Antimicrobial proteins of murine macrophages. Infection and
Immunity 61: 3038-3046.

Hightower R, Baden C, Penzes E, Dunsmuir P (1994) The expression of cecropin
peptide in transgenic tobacco does not confer resistance to Pseudomonas syringae pv
tabaci. Plant Cell Reports 13: 295-299.

Hirsch JG (1958) Bactericidal action of histone. Journal of Experimental Medicine 108:
925-944.

Hobbs SL, Warkentin TD, DeLong CM (1993) Transgene copy number can be
positively or negatively associated with transgene expression. Plant Molecular Biology
21: 17-26.

Hoffmann JA, Hetru C (1992) Insect defensins: inducible antibacterial peptides.
Immunology Today 13: 411-415.

Holsters M, de Waele D, Depicker A, Messens E, van Montagu M, Schell J (1978)
Transfection and transformation of Agrobacterium tumefaciens. Molecular and General
Genetics 163: 181-187.

Huang Y, Nordeen RO, Di M, Owens LD, McBeath JH (1997) Expression of an
engineered cecropin gene cassette in transgenic tobacco plants confers disease resistance
to Pseudomonas. Phytopathology 87: 494-499.

Hultmark D, Engstrom A, Bennich H, Kapur R, Boman HG (1982) Insect immunity:
isolation and structure of cecropin D and four minor antibacterial components from
Cecropia pupae. European Journal of Biochemistry 127: 207-217.

Hwang PM, Zhou N, Shan X, Arrowsmith CH, Vogel HJ (1998) Three-dimensional
solution structure of lactoferricin B, an antimicrobial peptide derived from bovine
lactoferrin. Biochemistry 37: 4288-4298.

Imanishi S, Kito-Nakamura K, Matsuoka K, Morikami A, Nakamura K (1997) A
major jasmonate-inducible protein of sweet potato, ipomoelin, is an ABA-independent
wound-inducible protein. Plant Cell Physiology 38: 643-652.

Jach G, Gornhardt B, Mundy J, Logemann J, Pinsdorf E, Leah R, Schell J, Maas C
(1995) Enhanced quantitative resistance against fungal disease by combinatorial



122

expression of different barley antifungal proteins in transgenic tobacco. Plant Journal 8:
97-109.

Jacobi V, Plourde A, Charest PJ, Hamelin RC (2000) In vitro toxicity of natural and
designed peptides to tree pathogens and pollen. Canadian Journal of Botany 78: 455-461.

Jaynes JM, Nagpala P, Destéfano-Beltran L, Huang JH, Kim JH, Denny T, Cetiner
S (1993) Expression of a cecropin B lytic peptide analog in transgenic tobacco confers
enhanced resistance to bacterial wilt caused by Pseudomonas solanacearum. Plant
Science 89: 43-53.

Jenssen H, Andersen JH, Mantzilas D, Gutteberg TJ (2004) A wide range of medium-
sized, highly cationic, alpha-helical peptides show antiviral activity against herpes
simplex virus. Antiviral Research 64: 119-126.

Kagan BL, Sokolov Y (1994) Use of lipid bilayer membranes to detect pore formation
by toxins. Methods in Enzymology 235: 691-705.

Katsu T, Nakao S, Iwanaga S (1993) Mode of action of an antimicrobial peptide,
tachyplesin I, on biomembranes. Biological and Pharmaceutical Bulletin 16: 178-181.

Kawano K, Yoneya T, Miyata T, Yoshikawa K, Tokunaga F, Terada Y, Iwanaga S
(1990) Antimicrobial peptide, tachyplesin I, isolated from hemocytes of the horseshoe
crab (Tachypleus tridentatus). NMR determination of the beta-sheet structure. Journal of
Biological Chemistry 265: 15365-15367.

Keller H, Pamboukdjian N, Ponchet M, Poupet A, Delon R, Verrier JL, Roby D,
Ricci P (1999) Pathogen-induced elicitin production in transgenic tobacco generates a
hypersensitive response and nonspecific disease resistance. Plant Cell 11: 223-235.

Khatun ST, Flowers J (1995) The estimation of pollen viability in rice. Journal of
Experimental Botany 46: 149-149.

Konopka K, Pretzer E, Felgner PL, Duzgunes N (1996) Human immunodeficiency
virus type-1 (HIV-1) infection increases the sensitivity of macrophages and THP-1 cells
to cytotoxicity by cationic liposomes. Biochimica et Biophysica Acta 1312: 186-196.

Koo JC, Chun HJ, Park HC, Kim MC, Koo YD, Koo SC, Ok HM, Park SJ, Lee SH,
Yun DJ, Lim CO, Bahk JD, Lee SY, Cho MJ (2002) Over-expression of a seed
specific hevein-like antimicrobial peptide from Pharbitis nil enhances resistance to a
fungal pathogen in transgenic tobacco plants. Plant Molecular Biology 50: 441-452.

Korves TM, Bergelson J (2003) A developmental response to pathogen infection in
Arabidopsis. Plant Physiology 133: 339-347.



123

Krishnan R, McDonald KA, Dandekar AM, Jackman AP, Falk B (2002) Expression
of recombinant trichosanthin, a ribosome-inactivating protein, in transgenic tobacco.
Journal of Biotechnology 97: 69-88.

Kummerova M, Kmentova E (2004) Photoinduced toxicity of fluoranthene on
germination and early development of plant seedling. Chemosphere 56: 387-393.

Lakon G (1949) The topographical tetrazolium method for determining the germinating
capacity of seeds. Plant Physiology 24: 389-394.

Landon C, Sodano P, Hetru C, Hoffmann J, Ptak M (1997) Solution structure of
drosomycin, the first inducible antifungal protein from insects. Protein Science 6: 1878-
1884.

Larson EM, Doughman DJ, Gregerson DS, Obritsch WF (1997) A new, simple,
nonradioactive, nontoxic in vitro assay to monitor corneal endothelial cell viability.
Investigations in Ophthalmology and Visual Science 38: 1929-1933.

Lawson C, Kaniewski W, Haley L, Rozman R, Newell C, Sanders P, Tumer NE
(1990) Engineering resistance to mixed virus infection in a commercial potato cultivar:
resistance to potato virus X and potato virus Y in transgenic Russet Burbank.
Biotechnology 8: 127-134.

Lawyer C, Pai S, Watabe M, Borgia P, Mashimo T, Eagleton L, Watabe K (1996)
Antimicrobial activity of a 13 amino acid tryptophan-rich peptide derived from a putative
porcine precursor protein of a novel family of antibacterial peptides. FEBS 1.etters 390:
95-98.

Lehrer RI, Daher K, Ganz T, Selsted ME (1985) Direct inactivation of viruses by
MCP-1 and MCP-2, natural peptide antibiotics from rabbit leukocytes. Journal of
Virology 54: 467-472.

Lehrer RI, Lichtenstein AK, Ganz T (1993) Defensins: antimicrobial and cytotoxic
peptides of mammalian cells. Annual Reviews in Immunology 11: 105-128.

Leisner SM, Turgeon R (1993) Movement of virus and photoassimilate in the phloem: a
comparative analysis. Bioessays 15: 741-748.

Li Q, Lawrence CB, Xing HY, Babbitt RA, Bass WT, Maiti IB, Everett NP (2001)
Enhanced disease resistance conferred by expression of an antimicrobial magainin analog
in transgenic tobacco. Planta 212: 635-639.

Lichtenstein AK, Ganz T, Nguyen TM, Selsted ME, Lehrer RI (1988) Mechanism of
target cytolysis by peptide defensins. Target cell metabolic activities, possibly involving



124

endocytosis, are crucial for expression of cytotoxicity. Journal of Immunology 140:
2686-2694.

Lichtenthaler HK, Wellburn AR (1983) Determination of total carotenoids and
chlorophyll @ and 4 of leaf extracts in different solvents. Biochemical Society
Transactions 11: 591-592.

Linthorst HJ, van Loon LC, Memelink J, Bol JF (1990) Characterization of cDNA
clones for a virus-inducible, glycine-rich protein from petunia. Plant Molecular Biology
15: 671-675.

Logemann J, Jach G, Tommerup H, Mundy J, Schell J (1992) Expression of a barley
ribosome-inactivating protein leads to increased fungal protection in transgenic tobacco
plants. Biotechnology 10: 305-308.

Lomonossoff GP (1995) Pathogen-derived resistance to plant viruses. Annual Review of
Plant Pathology 33: 323-343.

Lorin C, Saidi H, Belaid A, Zairi A, Baleux F, Hocini H, Belec L, Hani K, Tangy F
(2005) The antimicrobial peptide Dermaseptin S4 inhibits HIV-1 infectivity in vitro.
Virology 334: 264-275.

Lorito M, Woo SL, Garcia I, Colucci G, Harman GE, Pintor-Toro JA, Filippone E,
Muccifora S, Lawrence CB, Zoina A, Tuzun S, Scala F (1998) Genes from
mycoparasitic fungi as a source for improving plant resistance to fungal pathogens.
Proceedings of National Academy of Science, U S A 95: 7860-7865.

Malyshenko SI, Kondakova OA, Nazarova Ju V, Kaplan IB, Taliansky ME,
Atabekov JG (1993) Reduction of tobacco mosaic virus accumulation in transgenic
plants producing non-functional viral transport proteins. Journal of General Virology 74
(6): 1149-1156.

Mangoni ML, Rinaldi AC, Di Giulio A, Mignogna G, Bozzi A, Barra D, Simmaco M
(2000) Structure-function relationships of temporins, small antimicrobial peptides from
amphibian skin. European Journal of Biochemistry 267: 1447-1454.

Marcos JF, Beachy RN, Houghten RA, Blondelle SE, Perez-Paya E (1995) Inhibition
of a plant virus infection by analogs of melittin. Proceedings of National Academy of
Science, U S A 92: 12466-12469.

Marion D, Zasloff M, Bax A (1986) A two dimensional NMR study of the antimicrobial
peptide magainin 2. FEBS Letters 227: 21-26.



125

Matsuzaki K (1999) Why and how are peptide-lipid interactions utilized for self-
defense? Magainins and tachyplesins as archetypes. Biochimica Biophysica Acta 1462:
1-10.

Medgyesy P, Menczel L, Maliga P (1980) The use of cytoplasmic streptomycin
resistance; chloroplast transfer from Nicotiana sylvestris, and isolation of their somatic
hybrids. Molecular and General Genetics 179: 693-698.

Mengiste T, Revenkova E, Bechtold N, Paszkowski J (1999) An SMC-like protein is
required for efficient homologous recombination in Arabidopsis. EMBO Journal 18:
4505-4512.

Meyer P (1996) Repeat-induced gene silencing: common mechanisms in plants and
fungi. Biological Chemistry Hoppe Seyler 377: 87-95.

Meyer P, Saedler H (1996) Homology-Dependent Gene Silencing In Plants. Annual
Reviews in Plant Physiology and Plant Molecular Biology 47: 23-48.

Mills D HFA (1993) Effect of Cecropin B on peach pathogens, protoplasts, and cells.
Plant Science 93: 143-150.

Miyata T, Tokunaga F, Yoneya T, Yoshikawa K, Iwanaga S, Niwa M, Takao T,
Shimonishi Y (1989) Antimicrobial peptides, isolated from horseshoe crab hemocytes,
tachyplesin II, and polyphemusins I and II: chemical structures and biological activity.
Journal of Biochemistry (Tokyo) 106: 663-668.

Morimoto M, Mori H, Otake T, Ueba N, Kunita N, Niwa M, Murakami T, Iwanaga
S (1991) Inhibitory effect of tachyplesin I on the proliferation of human
immunodeficiency virus in vitro. Chemotherapy 37: 206-211.

Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival:
Application to proliferation and cytotoxicity assays. Journal of Immunological Methods
65: 55-63.

Mourgues F, Brisset MN, Chevreau E (1998) Strategies to improve plant resistance to
bacterial diseases through genetic engineering. Trends in Biotechnology 16: 203-210.

Murakami T, Niwa M, Tokunaga F, Miyata T, Iwanaga S (1991) Direct virus
inactivation of tachyplesin I and its isopeptides from horseshoe crab hemocytes.
Chemotherapy 37: 327-334.

Murakami T, Zhang TY, Koyanagi Y, Tanaka Y, Kim J, Suzuki Y, Minoguchi S,
Tamamura H, Waki M, Matsumoto A, Fujii N, Shida H, Hoxie JA, Peiper SC,
Yamamoto N (1999) Inhibitory mechanism of the CXCR4 antagonist T22 against human
immunodeficiency virus type 1 infection. Journal of Virology 73: 7489-7496.



126

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays for
tobacco tissue cultures. Physiologia Plantarum 15: 473-497.

Nagadhara D, Ramesh S, Pasalu IC, Rao YK, Krishnaiah NV, Sarma NP, Bown DP,
Gatehouse JA, Reddy VD, Rao KV (2003) Transgenic indica rice resistant to sap-
sucking insects. Plant Biotechnology Journal: 231-240.

Nakajima H. M, T., Ishige, F., Akutsu, K., Oeda, K. (1997) Fungal and bacterial
disease resistance in transgenic plants expressing human lysozyme. Plant Cell Reports
16: 674-679.

Nakashima H, Masuda M, Murakami T, Koyanagi Y, Matsumoto A, Fujii N,
Yamamoto N (1992) Anti-human immunodeficiency virus activity of a novel synthetic
peptide, T22 ([Tyr-5,12, Lys-7]polyphemusin II): a possible inhibitor of virus-cell fusion.
Antimicrobial Agents Chemotherapy 36: 1249-1255.

Nakayama GR, Caton MC, Nova MP, Parandoosh Z (1997) Assessment of the
Alamar Blue assay for cellular growth and viability in vitro. Journal of Immunological
Methods 204: 205-208.

Nissen-Meyer J, Nes IF (1997) Ribosomally synthesized antimicrobial peptides: their
function, structure, biogenesis, and mechanism of action. Archives in Microbiology 167:
67-77.

Nociari MM, Shalev A, Benias P, Russo C (1998) A novel one-step, highly sensitive
fluorometric assay to evaluate cell-mediated cytotoxicity. Journal of Immunological
Methods 213: 157-167.

Norelli JL, Aldwinckle HS, Destéfano-Beltran L, Jaynes JM (1994) Transgenic
‘Malling 26" apple expressing the attacin E gene has increased resistance to Erwinia
amylovora. Euphytica 77: 123-128.

Norelli JL, Mills JZ, Momol MT, Aldwinkle HS (1998) Effect of cercropin-type
transgenes on fire blight resistanc of apple. Acta Horticulturae 489: 273-278.

Noris E, Accotto GP, T'avazza R, Brunetti A, Crespi S, Tavazza M (1996) Resistance
to tomato yellow leaf curl geminivirus in Nicotiana benthamiana plants transformed with
a truncated viral C1 gene. Virology 224: 130-138.

Ohta M, Ito H, Masuda K, Tanaka S, Arakawa Y, Wacharotayankun R, Kato N
(1992) Mechanisms of antibacterial action of tachyplesins and polyphemusins, a group of
antimicrobial peptides isolated from horseshoe crab hemocytes. Antimicrobial Agents
and Chemotherapy 36: 1460-1465.



127

Oprisko MJ, Green RL, Beard JB, Gates CE (1990) Vital staining of root hairs in 12
warm-season perennial grasses. Crop Sciences 30: 947-950.

Osusky M, Osuska L, Hancock RE, Kay WW, Misra S (2004) Transgenic potatoes
expressing a novel cationic peptide are resistant to late blight and pink rot. Transgenic
Research 13: 181-190.

Osusky M, Osuska L, Kay W, Misra S (2005) Genetic modification of potato against
microbial diseases: in vitro and in planta activity of a dermaseptin B1 derivative, MsrA2.
Theoretical and Applied Genetics 111 (4): 711-722.

Osusky M, Zhou G, Osuska L, Hancock RE, Kay WW, Misra S (2000) Transgenic
plants expressing cationic peptide chimeras exhibit broad- spectrum resistance to
phytopathogens. Nature Biotechnology 18: 1162-1166.

Otaka A, Tamamura H, Terakawa Y, Masuda M, Koide T, Murakami T,
Nakashima H, Matsuzaki K, Miyajima K, Ibuka T, et al. (1994) Molecular
parameters for the anti-human immunodeficiency virus activity of T22 ([Tyr5,12, Lys7]-
polyphemusin II). Biological and Pharmaceutical Bulletin 17: 1669-1672.

Page B, Page M, Nocl C (1993) A new Fluorometric assay for cytotoxicity
measurements in vitro. International Journal of Oncology 3: 473-476.

Park 1Y, Park CB, Kim MS, Kim SC (1998) Parasin I, an antimicrobial peptide derived
from histone H2A in the catfish, Parasilurus asotus. FEBS Letters 437: 258-262.

Park NG, Lee S, Oishi O, Aoyagi H, Iwanaga S, Yamashita S, Ohno M (1992)
Conformation of tachyplesin I from Tachypleus tridentatus when interacting with lipid
matrices. Biochemistry 31: 12241-12247.

Parker J (1953) Some applications and limitations of tetrazolium chloride. Science 118:
77-79.

Pfaller MA, Grant C, Morthland V, Rhine-Chalberg J (1994) Comparative evaluation
of alternative methods for broth dilution susceptibility testing of fluconazole against
Candida albicans. Journal of Clinical Microbiology 32: 506-509.

Piers KL, Brown MH, Hancock RE (1994) Improvement of outer membrane-
permeabilizing and lipopolysaccharide-binding activities of an antimicrobial cationic
peptide by C-terminal modification. Antimicrobial Agents and Chemotherapy 38: 2311-
2316.

Pieterse CM, van Loon LC (1999) Salicylic acid-independent plant defense pathways.
Trends in Plant Science 4: 52-58.



128

Ponti D, Mangoni ML, Mignogna G, Simmaco M, Barra D (2003) An amphibian
antimicrobial peptide variant expressed in Nicotiana tabacum confers resistance to
phytopathogens. Biochemical Journal 370: 121-127.

Powell PA, Stark DM, Sanders PR, Beachy RN ( 1989) Protection against tobacco
mosaic virus in transgenic plants that express tobacco mosaic virus antisense RNA.
Proceedings of National Academy of Science, U S A 86: 6949-6952.

Powell WA, Catranis CM, Maynard CA (2000) Design of self-processing
antimicrobial peptides for plant protection. Letters in Applied Microbiology 31: 163-168.

Prins M, Kikkert M, Ismayadi C, de Graauw W, de Haan P, Goldbach R (1997)
Characterization of RNA-mediated resistance to tomato spotted wilt virus in transgenic
tobacco plants expressing NS(M) gene sequences. Plant Molecular Biology 33: 235-243.

Punja ZK (2001) Genetic engineering of plants to enhance resitance to fungal
pathogens-an review of progress and future prospects. Canadian Journal of Plant
Pathology 23: 216-235.

Rao KV, Rathore KS, Hodges TK, Fu X, Stoger E, Sudhakar D, Williams S,
Christou P, Bharathi M, Bown DP, Powell KS, Spence J, Gatchousc AM, Gatchousc
JA (1998) Expression of snowdrop lectin (GNA) in transgenic rice plants confers
resistance to rice brown plant hopper. Plant Journal 15: 469-477.

Robinson WE, Jr., McDougall B, Tran D, Selsted ME (1998) Anti-HIV-1 activity of
indolicidin, an antimicrobial peptide from neutrophils. Journal of I.eukocyte Biology 63:
94-100.

Rosenberg N, Reichman M, Gera A, Sela I (1985) Antiviral activity of natural and
recombinant human leukocyte interferons in tobacco protoplasts. Virology 140: 173-178.

Rudolph C, Schreier PH, Uhrig JF (2003) Peptide-mediated broad-spectrum plant
resistance to topoviruses. Proceedings of National Academy of Science, U S A 100:
4429-4434.

Saambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A laboratory manual,
Ed 2. Cold spring Harbor Laboratory Press, Cold Spring Harbor, New York.

Saga N, Sakanishi Y, Ogishima T (1989) Method for quick evaluation of cell viability
in marine microalgae. Japanese Journal of Phycology 37: 129-136.

Salzet M (2002) Antimicrobial peptides are signaling molecules. Trends in Immunology
23: 283-284.



129

Sawyer JG, Martin NL, Hancock RE (1988) Interaction of macrophage cationic
proteins with the outer membrane of Pseudomonas aeruginosa. Infection and Immunity
56: 693-698.

Schaffer R, Landgraf J, Perez-Amador M, Wisman E (2000) Monitoring genome-
wide expression in plants. Current Opinion in Biotechnology 11: 162-167.

Schenk PM, Kazan K, Wilson I, Anderson JP, Richmond T, Somerville SC,
Manners JM (2000) Coordinated plant defense responses in Arabidopsis revealed by
microarray analysis. Proceedings of National Academy of Science, U S A 97: 11655-
11660.

Schibli DJ, Epand RF, Vogel HJ, Epand RM (2002) Tryptophan-rich antimicrobial
peptides: comparative properties and membrane interactions. Biochemistry and Cell
Biology 80: 667-677.

Schluesener HJ, Radermacher S, Melms A, Jung S (1993) Leukocytic antimicrobial
peptides kill autoimmune T cells. Journal of Neuroimmunology 47: 199-202.

Selsted ME, Novotny MJ, Morris WL, Tang YQ, Smith W, Cullor JS (1992)
Indolicidin, a novel bactericidal tridecapeptide amide from neutrophils. Journal of
Biological Chemistry 267: 4292-4295.

Selsted ME, Tang YQ, Morris WL, McGuire PA, Novotny MJ, Smith W, Henschen
AH, Cullor JS (1993) Purification, primary structures, and antibacterial activities of
beta- defensins, a new family of antimicrobial peptides from bovine neutrophils, Journal
of Biological Chemistry 268: 6641-6648.

Slooten L, Capiau K, Van Camp W, Van Montagu M, Sybesma C, Inze D (1995)
Factors affecting the enhancement of oxidative stress tolerance in transgenic tobacco

overexpressing manganese superoxide dismutase in the chloroplasts. Plant Physiology
107: 737-750.

Smith BA, Reider ML, Fletcher JS (1982) Relationship between vital staining and
subculture growth during senescence of plant tissue cultures. Plant Physiology 70: 1228-
1230.

Solomon-Blackburn RM, Barker H (2001) Breeding virus resistant potatoes (Solanum
tuberosum): a review of traditional and molecular approaches. Heredity 86: 17-35.

Srinivas RV, Birkedal B, Owens RJ, Anantharamaiah GM, Segrest JP, Compans
RW (1990) Antiviral effects of apolipoprotein A-I and its synthetic amphipathic peptide
analogs. Virology 176: 48-57.



130

Steinert PM, Mack JW, Korge BP, Gan SQ, Haynes SR, Steven AC (1991) Glycine
loops in proteins: their occurrence in certain intermediate filament chains, loricrins and
single-stranded RNA binding proteins. International Journal of Biological
Macromolecules 13: 130-139.

Steinite I, Levinish G (2002) Wound-induced responses in leaves of strawberry cultivars
differing in susceptibility to spider mite. Journal of Plant Physiology 159: 491-497.

Steponkus PL, Lanphear FO (1967) Refinement of the tripheny] tetrazolium chloride
method of determining cold injury. Plant Physiology 42: 1423-1426.

Subbalakshmi C, Sitaram N (1998) Mechanism of antimicrobial action of indolicidin.
FEMS Microbiology Letters 160: 91-96.

Subramaniam R, Despres C, Brisson N (1997) A functional homolog of mammalian
protein kinase C participates in the elicitor-induced defense response in potato. Plant Cell
9: 653-664.

Tacke E, Salamini F, Rohde W (1996) Genetic engineering of potato for broad-
spectrum protection against virus infection. Nature Biotechnology 14: 1597-1601.

Takaichi M, Oeda K (2000) Transgenic carrots with enhanced resistance against two
major pathogens, Erysiphe heraclei and Alternaria dauci. Plant Science 153: 135-144.

Tamamura H, Kuroda M, Masuda M, Otaka A, Funakoshi S, Nakashima H,
Yamamoto N, Waki M, Matsumoto A, Lancelin JM (1993) A comparative study of
the solution structures of tachyplesin I and a novel anti-HIV synthetic peptide, T22
([Tyr5, 12, Lys7]-polyphemusin II), determined by nuclear magnetic resonance.
Biochimica et Biophysica Acta 1163: 209-216.

Tamamura H, Waki M, Imai M, Otaka A, Ibuka T, Waki K, Miyamoto K,
Matsumoto A, Murakami T, Nakashima H, Yamamoto N, Fujii N (1998) Downsizing
of an HIV-cell fusion inhibitor, T22 ([Tyr5,12, Lys7]-polyphemusin II), with the
maintenance of anti-HIV activity and solution structure. Bioorganic and Medicinal
Chemistry 6: 473-479.

Taylor JA (1980) The use of Evan's Blue stain to test the survival of plant cells after
exposure to high salt and high osmotic pressure. Journal of Experimental Botany 31: 571-
576.

Taylor JE, Hatcher PE, Paul ND (2004) Crosstalk between plant responses to
pathogens and herbivores: a view from the outside in. Journal of Experimental Botany
55: 159-168.



131

Taylor JE, McAinsh MR (2004) Signaling crosstalk in plants: emerging issues. Journal
of Experimental Botany 55: 147-149.

Terras FR, Schoofs HM, De Bolle MF, Van Leuven F, Rees SB, Vanderleyden J,
Cammue BP, Broekaert WF (1992) Analysis of two novel classes of plant antifungal
proteins from radish (Raphanus sativus L.) seeds. Journal of Biological Chemistry 267:
15301-15309.

Thomma BP, Eggermont K, Tierens KF, Broekaert WF (1999) Requirement of
functional ethylene-insensitive 2 gene for efficient resistance of Arabidopsis to infection
by Botrytis cinerea. Plant Physiology 121: 1093-1102.

Tiballi RN, He X, Zarins LT, Revankar SG, Kauffman CA (1995) Use of a
colorimetric system for yeast susceptibility testing. Journal of Clinical Microbiology 33:
915-917.

Towill LE, Mazur P (1974) Studies on the reduction of 2,3,5-triphenylttetrazolium
chloride as a viability assay for plant tissue cultures. Canadian Journal of Botany 53:
1097-1102.

Trudel. J. P, C., Asselin, A. (1995) Secreted hen lysozyme in transgenic tobacco:
Recovery of bound enzyme and in vitro growth inhibition of plant pathogens. Plant
Science 106: 55-62.

Truve E, Aaspollu A, Honkanen J, Puska R, Mehto M, Hassi A, Teeri TH, Kelve M,
Seppanen P, Saarma M (1993) Transgenic potato plants expressing mammalian 2'-5'
oligoadenylate synthetase are protected from potato virus X infection under field
conditions. Biotechnology (N Y) 11: 1048-1052.

Ueki S, Citovsky V (2002) The systemic movement of a tobamovirus is inhibited by a
cadmium-ion-induced glycine-rich protein. Nature Cell Biology 4: 478-486.

Van Kan JA, Cornelissen BJ, Bol JF (1988) A virus-inducible tobacco gene encoding a
glycine-rich protein shares putative regulatory elements with the ribulose bisphosphate
carboxylase small subunit gene. Molecular Plant Microbe Interaction 1: 107-1 12.

Vizioli J, Salzet M (2002) Antimicrobial peptides from animals: focus on invertebrates.
Trends in Pharmacological Science 23: 494-496.

Vizioli J, Salzet M (2002) Antimicrobial peptides versus parasitic infections? Trends in
Parasitology 18: 475-476.

Voytik-Harbin SL, Brightman AQO, Waisner B, Lamar CH, Badylak SF (1998)
Application and evaluation of the alamarBlue assay for cell growth and survival of
fibroblasts. /n Vitro Cellular and Developmental Biology- Animals 34: 239-246.



132

Wachinger M, Kleinschmidt A, Winder D, von Pechmann N, Ludvigsen A,
Neumann M, Holle R, Salmons B, Erfle V, Brack-Werner R (1998) Antimicrobial
peptides melittin and cecropin inhibit replication of human immunodeficiency virus 1 by
suppressing viral gene expression. Journal of General Virology 79: 731-740.

Wang MB, Metzlaff M (2005) RNA silencing and antiviral defense in plants. Current
Opinion in Plant Biology 8: 216-222.

Wang P, Zoubenko O, Tumer NE ( 1998) Reduced toxicity and broad spectrum
resistance to viral and fungal infection in transgenic plants expressing pokeweed antiviral
protein II. Plant Molecular Biology 38: 957-964.

Wang Z, Wang G (2004) APD: the Antimicrobial Peptide Database. Nucleic Acids
Research 32: 590-592.

Welling MM, Hiemstra PS, van den Barselaar MT, Paulusma-Annema A, Nibbering
PH, Pauwels EK, Calame W (1998) Antibacterial activity of human neutrophil
defensins in experimental infections in mice is accompanied by increased leukocyte
accumulation. Journal of Clinical Investigation 102: 1583-1590.

White MJ, DiCaprio MJ, Greenberg DA (1996) Assessment of neuronal viability with
Alamar blue in cortical and granule cell cultures. Journal of Neuroscience Methods 70:
195-200.

Wauthrich K (1986) NMR of proteins and nucleic acids. Wiley, New York.

Xu T, Levitz SM, Diamond RD, Oppenheim FG (1991) Anticandidal activity of major
human salivary histatins. Infection and Immunity 59: 2549-2554.

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, Anderson M,
Schroder JM, Wang JM, Howard OM, Oppenheim JJ (1999) Beta-defensins: linking
innate and adaptive immunity through dendritic and T cell CCRS,. Science 286: 525-528.

Yasin B, Pang M, Turner JS, Cho Y, Dinh NN, Waring AJ, Lehrer RI, Wagar EA
(2000) Evaluation of the inactivation of infectious Herpes simplex virus by host-defense
peptides. European Journal of Clinical and Microbiological [nfectious Diseases 19: 187-
194.

Yasin B, Wang W, Pang M, Cheshenko N, Hong T, Waring AJ, Herold BC, Wagar
EA, Lehrer RI (2004) Theta defensins protect cells from infection by herpes simplex
virus by inliibiting viral adhesion and entry. Journial of Virology 78: 5147-5156.

Yeaman MR, Yount NY (2003) Mechanisms of antimicrobial peptide action and
resistance. Pharmacological Reviews 55: 27-55.



133

Yevtushenko DP, Romero R, Forward BS, Hancock RE, Kay WW, Misra S (2005)
Pathogen-induced expression of a cecropin A-melittin antimicrobial peptide gene confers
antifungal resistance in transgenic tobacco. Journal of Experimental Botany 56: 1685-
1695.

Young A, Britton G (1990) Carotenoids and stress. /n RG Alscher, JR Cummings, eds,
Stress responses in plants: adaptation and acclimation mechanisms. Wiley-Liss, New
York, pp 87-112.

Zhang L, Scott MG, Yan H, Mayer LD, Hancock RE (2000) Interaction of
polyphemusin I and structural analogs with bacterial membranes, lipopolysaccharide, and
lipid monolayers. Biochemistry 39: 14504-14514.

Zhang Z, Coyne DP, Vidaver AK, Mitra A (1998) Expression of human lactoferrin
cDNA confers resistance to Ralsfonia solanacearum in transgenic tobacco plants. 88:
730-734.

Zhong L, Putnam RJ, Johnson CW, Rao AG (1994) Design and synthesis of
antimicrobial peptides based on the principle of hydrophobic moments. /n RS Hodges,
ed, Thirteenth American Peptide Symposium. Escom, Leiden, The Nethertands, pp 478-
480.

Zhu Q, Solomon S (1992) Isolation and mode of action of rabbit corticostatic
(antiadrenocorticotropin) peptides. Endocrinology 130: 1413-1423.

Zhu T (2003) Global analysis of gene expression using GeneChip microarrays. Current
Opinion Plant Biology 6: 418-425.

Ziegler-Graff V, Guilford PJ, Baulcombe DC (1991) Tobacco rattle virus RNA-1 29K
gene product potentiates viral movement and also affects symptom induction in tobacco.
Virology 182: 145-155



	bhargava_a_MSc_001
	bhargava_a_MSc_002

