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INTRODUCTION

1 Introduction

Plants are constantly threatened with a variety of pathogenic microorganisms present in
their environments. Worldwide, plant diseases caused by pathogens, including bacteria,
fungi, and viruses, contribute to severe loss in crop yield, amounting to 30 — 50 billion
dollars annually (Strange and Scott, 2005; Savary et al., 2006; Montesinos, 2007). Plant
diseases have been the cause of many infamous tragedies in the human history, such as
the 1840s Irish potato famine (Agrios, 2005). Consolidated efforts using sustainable
agriculture practices, conventional breeding and application of effective microbicidal
components are not sufficient or permanently successful in keeping pathogens and pests
under control (Moffat, 2001). Although conventional breeding is a magjor contributor to
the production of disease resistant plants, it has some constrains due to interspecific
sexual incompatibility, the lack of a desired gene pool in donor species and the time
consuming back-crossings due to linkage drag. Meanwhile, the resulting extensively use
of agrochemicals in agriculture leads to severe and long-term environmental pollution,
since they are toxic, and sometimes even carcinogenic (Daoubi et al., 2005). Besides,
several pathogens became resistant to many of these chemicals (Russell, 1995; Daoubi
et al., 2005). Under these circumstances, tuning of plant defense responses to pathogens
for rendering them disease-resistant became an aternative strategy in sustainable
agriculture (Kogel and Langen, 2005). In recent years, transgenic expression of genes
encoding the so-called antimicrobial peptides (AMPs) could help to enhance resistance
against a wide range of phytopathogens (Hancock and Lehrer 1998; Zadloff, 2002;
Vilcinskas and Gross, 2005).

1.1 Antimicrobial peptides (AMPs)

Antimicrobia peptides (AMPs) have been the object of attention in past years as
candidates for plant protection products. AMPs form a heterogeneous class of low
molecular weight proteins, being found in the whole living kingdom (Garcia-Olmedo et
al., 1998; Hancock and Lehrer, 1998; Lehrer and Ganz, 1999). They are multi potent
components of the innate defense mechanisms that host organisms have developed to
combat assaulting pathogens (Zasl off, 2002; Castro and Fontes, 2005).
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Since the discovery of cecropins in the pupae of silkmoth (Steiner et al., 1981), a wide
repertoire of such molecules were isolated and purified from diverse life forms
(Broekaert et al., 1997; Schumann et al., 2003; Thevissen et al., 2007; Aerts et al.,
2008, Altincicek and Vilcinskas, 2007), and many new ones are being discovered each
year. This suggests an important role for these peptides in immunity. Most of these
peptides are produced as a prepropeptide consisting of an N-terminal signal sequence
(which aids in targeting to endoplasmic reticulum), a pro segment and a C-terminal
cationic peptide that demonstrates antimicrobial activity after it is cleaved from the rest
of the protein (Bals, 2000). Regardless of their origin, all these molecules are short
sequence peptides (usually less than 50 amino acid residues), and polycationic (i.e.
contain excess lysine and arginine residues).

Some AMPs exhibit selectivity against different microorganisms, which molecular basis
is not completely understood. On the one hand, many AMPs display broad-spectrum
activity against Gram-negative, Gram-positive bacteria, and fungi (Miyasaki and
Lehrer, 1998). On the other hand, some AMPs, e.g. andropin (Samakovlis et al., 1991)
and most insect defensins (Meister et al., 1997) preferentially eradicate Gram-positive
bacteria, while others preferentially kill Gram-negative bacteria, e.g. apidaecin (Casteels
and Tempst, 1994), drosocin (Bulet et al., 1996), and cecropin (Boman et al., 1991).
Peptides that preferentialy eradicate filamentous fungi (Meister et al., 1997; Tailor et
al., 1997; Langen et al., 2003; Rahnamaeian et al., 2009), and even protozoa (Arrighi et
al., 2002).

Considerable attempts have been promoted to express AMPs in plants, with
encouraging results on engineering either specific or broad-spectrum disease resistance
in tobacco (Jaynes et al., 1993; Huang et al., 1997; DeGray et al., 2001; Langen et al.,
2006), potato (Gao et al., 2000; Osusky et al., 2000), rice (Sharma et al., 2000;
Imamura et al., 2009), banana (Chakrabarti et al., 2003), hybrid poplar (Mentag et al.,
2003) and barley (Rahnamaeian et al., 2009). Thus, it seems reasonably to predict that
genetic engineering using AMPs would represent a powerful tool for developing
disease-resistant crop plants (Vilcinskas and Gross, 2005; Coca et al., 2006).
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1.2 AMPsfrom insects

With roughly one million characterized species, insects represent the largest class
within the animal kingdom. Their enormous colonization success and diversity certainly
caused by: (i) their short life spans, (ii) their ability to colonize new niches and to feed
on nearly al species of plants and animals and (iii) their capacity to mount a high
immune response (Labandeira and Sepkoski, 1993; Bulet and Stdcklin, 2005).

Studying of insect immune defense reactions has attracted great attention during recent
decades and reveadled alternative antimicrobial strategies. Whereas insect immune
defense relies solely on innate immunity (no memory), vertebrates innate immunity
coexists with adaptive immunity (clonal) (Hoffmann et al., 1999). In insects with
complete metamorphosis (holometabolous), AMPs are rapidly and transiently
synthesized by the fat body (tissue corresponding to mammalian liver), and by
hemolymph cells. When produced by the fat body, AMPs are secreted into the
hemolymph, from where they can easily diffuse to act throughout the whole insect
(Bulet et al., 2003). In contrast, in insects with incomplete metamorphosis
(heterometabolous), AMPs are synthesized by hemocytes in the healthy insect and
secreted into the hemolymph upon infection (Lamberty et al., 2001).

Since the isolation and characterization of the first inducible AMPs in the moth
Hyalophora cecropia, more than 200 such peptides have been identified in severa
insect orders (Andreu and Rivas 1998; Garcia-Olmedo et al., 1998; Ali and Reddy,
2000; Schumann et al., 2003; Altincicek and Vilcinskas, 2007).

Although insect AMPs share common features such as low molecular weight and
positive net charge at physiological pH, their primary structure differ markedly. On the
basis of their sequence and secondary structural features, insect AMPs are generally
classified into three broad categories (Hertu et al., 1998; Bulet et al., 1999; Bulet and
Stocklin, 2005): (i) peptides usually characterized by abundant cysteine residues, (ii)
linear peptides, devoid of cysteine residues and forming a-helices, and (iii) peptides
with an overrepresentation in one or two particular amino acids, most frequently proline
and / or glycine residues.

The largest and widely-distributed category comprises AMPs with an even number of
cysteine residues. Consistent with their secondary structure in agueous solutions or

sequence homology, they can be briefly classified into three main groups: (i) peptides
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containing an a -helix and two to four disulphide bonds connecting the helix to 13-
strands (e. g., defensins) (Mygind et al., 2005; Selsted and Ouellete, 2005; Langen et
al., 2006). (ii) peptides forming a hairpin-like R3-sheet structure (e. g., thanatin)
(Mandard et al., 2002; Bulet et al., 2003), and (iii) peptides with a triple-stranded
antiparallel 3-sheets (Barbault et al., 2003).

1.2.1 Insect defensins

Among cysteine-rich peptides, insect defensins constitute alarge family of peptides that
are widely distributed and account for most antimicrobia activity of hemolymph in
severa insect orders (Rees et al., 1997; Hertu et al., 1998; Bulet et al., 1999). They
have been extensively investigated and frequently are at the focus for improvement of
plant disease resistance (Thevissen et al., 2007).

The first insect defensins were independently isolated from cell cultures of the flesh fly,
Sarcophaga peregrina (Matsuyama and Nafori, 1988) and from bacteria-challenged
larvae of the black brown fly, Phormia terranovae (Lambert et al., 1989). Since then,
more than 60 defensins have been isolated from insects belonging to different
phylogenetically orders such as Diptera, Lepidoptera, Coleoptera, Hymenoptera, and
Odonata (dragonfly) (Bulet and Stécklin, 2005; Altincicek and Vilcinskas, 2007).
Generally, insect defensins are tiny small, highly basic, cysteine-rich molecule, mostly
consist of 34 — 46 residues, with exception of the 51-residue defensins identified in bees
(Dimopoulos et al., 1997). Structuraly, all insect defensins are triplestranded peptides
harbouring a consensus motif of six cysteine residues (Cysl-Cys4, Cys2-Cys5 and
Cys3-Cys6) involved in the formation of three disulfide bridges (Thevissen et al. 2004).
Surprisingly, the three-dimensiona structure of different defensin types from insect,
plants and vertebrate implicated homology (Fehlbaum et al., 1994; Lamberty et al.,
1999; Schuhmann et al., 2003), though sequence similarities were low and restricted to
cysteine residues, suggesting that defensins are ancient molecules with a common
ancestor that arose more than a billion years ago (Broekaert et al. 1995; Thomma et al.
2002; Aerts et al., 2008).

Apart from the structural homologies between defensins, there also seems to exist
functional homology among them. Based on their in vitro activity, insect defensins can

be classified in two sub-families: antibacterial defensins that preferentially eradicate
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bacteria and antifungal defensins that are predominantly effective against filamentous
fungi. Whereas defensins with antibacterial activities are extensively reported in the
literature (Bulet and Stocklin, 2005), only few antifungal defensins such as defensin-
like peptide drosomycin from fruit fly Drosophila melanogaster (Fehlbaum et al.,
1994), heliomycin from Geranium / tobacco budworm Heliothis virescens (Lamberty et
al., 1999), termicin from termite Pseudocanthotermes spiniger (Lamberty et al., 2001),
and gallerimycin from greater wax moth Galleria mellonella larvae (Schuhmann et al.,
2003) have been reported.

It has become evident from several reports that transgenic expression of AMPs from
insect origin in higher plants led to an increase in host resistance to bacteria infections,
whereas the resistance against fungal infections was less reported. For example,
sarcotoxin from fruit fly expressed in tobacco conferred protection against
Pseudomonas syringae pv. tabaci and Erwinia carotovora ssp. carotovora (Ohshima et
al., 1999). The expression of the insect defensins heliomicin and drosomycin in tobacco
mediated enhanced resistance against B. cinerea (Banzet et al., 2002). It was also
observed that tobacco plants transformed with gallerimycin, an antifungal peptide from
the greater wax moth G. mellonella, showed resistance to the fungal pathogens
Golovinomyces cichoracearum and Sclerotinia minor (Langen et al., 2006). Recently,
overexpression of metchnikowin from Drosophila melanogaster into barley plants
resulted into enhanced resistance against Blumeria graminis and Fusarium

graminearum (Rahnamaeian et al., 2009).

1.2.1.1 Eristalisdefensin

Eristalis defensin (EtDef) (syn. Eristalin) is a novel promising antimicrobial peptide
isolated recently from the rat-tailed maggots of the drone fly Eristalis tenax during
innate immune response (Altincicek and Vilcinskas, 2007). EtDef was shown to
comprise a predicted signal peptide and pro-sequence and shares sequence similarities
to other insect defensins. Phylogenetic analysis using sequences of EtDef and other
defensin sequences from dipterans indicated that defensins from E. tenax, S peregrina,
and S calcitrans were more diverse in sequence (Altincicek and Vilcinskas, 2007).
However, information about the antimicrobia activity of EtDef and its antimicrobial

mode of action is lacking so far and still needs to be investigated.
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1.2.2 Thanatin

Thanatin, a hairpin-like 3-sheet peptide, is the smallest (containing only 21 amino acid
residues) inducible defence peptide, initially isolated from a hemipteran insect Podisus
maculiventris (Fehlbaum et al., 1996). As has been reported by these authors, thanatin
has no particular sequence homology with other insect AMPs, but has noticeable
primary and secondary sequence similarities with brevinins, a family of antimicrobial
peptides isolated from frog skin secretions. The three-dimensional structure of this
peptide has been elucidated by Two-dimensional (2D) H-NMR spectroscopy and
molecular modelling (Fehllbaum et al., 1996; Mandard et al., 1998; Taguchi et al.,
2000). As has been described, thanatin has a well-defined, two stranded, [3-sheet
structure, stabilized by the internal bridging of the two cysteine residues. It includes an
N-terminal domain with a large structura variability linked to a well confirmed C-
terminal cationic loop (named insect box as opposed to the Rana box). Insect box is
delineated by the two cysteine residues and the hydrophilic residues localized at the two
opposite sites. The central part is composed of hydrophobic residues that form a kind of
belt around the core of the molecule (Fig. 1).

Interestingly, thanatin exhibits the largest antimicrobial spectrum observed so far, since
it has potent activity against both Gram-positive and Gram-negative bacteria,
filamentous fungi and yeast at physiological concentrations (Fehlbaum et al., 1996).
Structure-activity relationship studies established that al-D-enantiomer is ineffective
against Gram-negative bacteria, but exhibits the same level of activity as the natural L
peptide on fungi (Fehlbaum et al., 1996). It has been, therefore, suggested that for
killing different types of microorganisms, thanatin uses different mechanisms of action,
involving a stereospecific interaction with a bacterial target (Fehlbaum et al., 1996). In
addition, structure-function studies on a series of truncated versions of thanatin show
that removing the C-terminal amino acid residue completely abolished the peptide
effects against Gram-negative bacteria, as a result of architecture modification of the
site that may be involved in the binding with an internal receptor (Mandard et al., 1998;
2002). Shin et al. (1999) found that a chimeric peptide (T-B1) with the brevinin-1
disulfide loop on the thanatin background elicited higher anti-Gram-positive bacteria

activity than thanatin, but showed lower activity against the Gram-negative bacteria.
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Fig. 1: 3-D structure of thanatin, based on the coordinates from the Brookhaven Protein Data
Bank and drawn with Swiss PDB viewer program (Bulet et al., 1999).

To investigate the function of disulfide loop, Lee et al. (2002) synthesized thanatin with
deletion or insertion of amino acid residue(s) between the cysteine residues and
characterized the relationships between their structures and antibacterial activities. They
found that increasing the number of amino acid(s) using aanine residue led to decrease
the antibacterial activity in both Gram- negative and positive bacteria. In addition,
thanatin with deletion of threonine at position 15 (Thrl5) showed similar antibacterial
activity against Gram-negative bacteria, but had higher activity against the Gram-
positive bacteria (Lee et al., 2002).

The chemically modified thanatin with tertiary-butyl (tBu) group at Cys residues ( Cys
11 and Cys 18) exhibited enhanced antimicrobial activity against a Gram-positive
bacterium M. luteus (Imamura et al., 2008). By contrast, tBu-modified thanatin (tBu-
Th), which failsto form a disulfide bond, lost its activity against E. coli (Imamuraet al.,
2008). Together, these suggest that thanatin has different mode of action depending on
the target organisms, and that the disulfide bond is not essentia for exhibition of
antimicrobia activity against M. luteus (Imamura et al., 2008). Wu et al. (2008)
reported that s-thanatin (which synthesized by substituting the amino acid of threonine
with serine) exhibited a higher antimicrobial activity and less hemolysis toxicity.
Furthermore, s-thanatin was found to display a superior performance on clinical isolates
of Klebsiella pneumoniae, especially when combined with conventional antibiotics such
as cefepime (Wu et al., 2009). Finaly, Orikasa et al. (2009) designed a series of
modified thanatins with methyl, ethyl, tBu and octyl groups and examined their
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antimicrobial activities. Results of this investigation pointed out to a good correlation
between the antimicrobial activity and the hydrophobicity of the side-chain of the
cysteine residue.

Owing to its unique spectrum of activity, the expression of thanatin in plants seems to
be promising to confer disease protection against a wide range of bacterial and fungal
pathogens. Unfortunately, information related to the functional expression of thanatin in
plants is still scarcely so far. However, analogues of synthetic thanatin gene have been
expressed in rice plants and acquired a sufficient level of resistance against the rice blast

fungus, Magnaporthe oryzae (Imamuraet al., 2009).

1.3 Mode of action of AMPs

Although, in vitro antimicrobial activities of severa AMPs have been characterized, the
molecular basis of the mode of their antimicrobial action is still a matter of debate
(Otvos, 2002; Shai, 2002; Li et al., 2006; Aerts et al., 2008).

As previously mentioned, most insect defensins identified to date have antibacterial
activity with particular efficacy against Gram-positive bacteria, which are inhibited at
low concentrations (1-100 pg mL™). Gram-negative bacteria, yeast and filamentous
fungi are less sensitive to insect defensins (Hoffman, 1995; Hertu et al., 1998; Bulet and
stocklin, 2005; Aerts et al., 2008). This feature of insect defenisns is highly unusual,
since all other peptide families are more active against Gram-negative than Gram-
positive bacteria (Otvos, 2000).

Numerous studies conducted on defensins from different origin established that these
peptides might interact with the plasma membrane of Gram-positive bacteria, leading to
membrane permeabilization by either forming pores or blocking Ca®* channels and,
thus, mediating lytic effect (Boman et al., 1991; Hoffmann and Hetru, 1992; Cociancich
et al., 1993; Brogden, 2005). Phormia defensin (from Phormia terranovae) has been
shown to disrupt the permeability barrier of the cytoplasmic membrane of Gram-
positive bacteria Micrococcus luteus in vitro, resulting into a decrease in cytoplasmic
potassium, a partial depolarization of the inner membrane, a reduction in cytoplasmic
ATP, and finally an inhibition of the respiration. However, the efficiency is strongly
reduced when salt concentration is increased (Cociancich et al., 1993). Addition of
divalent cations and a decrease in the membrane potential below a threshold of 110 mV
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led to reduction in potassium loss. Patch-clamp experiments on giant liposomes
supported the hypothesis that Phormia defensin influenced the permeabilization barrier
through the formation of channels in the cytoplasmic membrane of M. luteus
(Cociancich et al., 1993).

To date, only few insect antifungal defensinsi. e., termicin, drosomycin, heliomicin and
gdlerimycin have been reported (Fehlbaum et al., 1994; Lamberty et al., 1999;
Lamberty et al., 2001; Schuhmann et al., 2003). Previous studies reveded that
drosomycin at high concentrations (10 uM and above) inhibited completely the spore
germination of Neurospora crassa, and Botrytis cinerea, while low drosomycin
concentrations delayed the growth of hyphae, leading thereby to reduction of hyphal
elongation with a concomitant increase in hyphal branching (Fehlbaum et al., 1994). In
addition, exposure of B. cinerea to low drosomycin concentrations (1.2 uM) caused a
partial lysis of the growing hyphae, resulting into extrusion of cytoplasmic material
from the growing hyphae. This effect was, however, much more pronounced in the
presence of divalent cations such as Ca®* (Broekaert et al., 1997). Lamberty et al.
(2001) found that termicin at concentration of 100 uM induced several morphologic
distortions of Aspergillus fumigatus hyphae. At this concentration, termicin led to
perforate the hyphal cell wall, with occasionaly local leakage of cytosolic material.
However, this peptide concentration was not sufficient to inhibit spore germination of
this fungus. The exact mechanisms underlying antibacterial and / or antifungal activities
exerted by insect defensins are not known, but there is evidence that these peptides
strictly function through membrane permeabilization of microorganisms (Broekaert et
al., 1995; Thevissen et al., 1999; Brogden, 2005). While most cationic AMPs are
extremely varied regarding their primary and secondary structures, they share two
unique features, namely a positive net charge under physiological conditions and they
assume amphipathic structures with both a hydrophobic and a hydrophilic domains
(Reddy et al., 2004; Brogden, 2005). These characteristics underlay the biological
activities of AMPs. On one hand, the positively charged domains are proposed to
initiate an electrostatical interaction between AMPs and the negatively charged LPS in
the outer leaflet of the outer membrane of Gram-negative bacteria. This facilitates the
formation of destabilized areas through which the peptide translocates the outer
membrane in a process termed self-promoted uptake (Hancock, 1997; Bulet et al., 1999;
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Otvos, 2000; Jenssen et al., 2006). On the other hand, the amphipathic nature enables
the AMPs to interact directly with the lipid components of the membrane, and
eventually, lead to insertion into the membrane interior (Otvos, 2002; Jenssen et al.,
2006).

For some plant defensins, it was shown that they could interact with plasma membrane,
inducing membrane permeabilization through specific interaction with high affinity
binding sites (sphingolipids) on the fungal cells (Thevissen et al., 1997; 2000a; 2003;
2004). For example, plant defensin RSAFP2 from Raphanus sativus, with sequence
similarities to heliomycin was found to interact and bind specificaly with
glucosylceramide (GlcCer) in Pichia pastoris and Candida albicans. In adddition,
DmAMPL, a defensin from Dahlia merckii, could interact and bind specificaly with
mannosyldiinositolphosphorylceramide in the outer plasma membranes of yeast
(Thevissen et al., 2000b; 2003; 2004; 2005), leading to a broad-spectrum in vitro
antifungal activity (Osborn et al., 1995; Thomma et al., 2002). According to Thevissen
et al. (2004; 2005), this interaction by itself is not sufficient, though it is necessary to
induce fungal growth arrest.

Once AMPs gain an access to the membrane, they either interact with lipid components
of the membrane (membrane-disruptive peptides) or translocate into the cytoplasm to
act with cytoplasmic targets (non membrane-disruptive peptides) (Bulet et al., 2004;
Reddy et al., 2004; Brogden, 2005; Jenssen et al., 2006). Membrane-disruptive peptides
are generaly reported to be of the a-helical structural class, athough several o-helical
peptides such as buforin (Park et al., 1998), CP10A (Friedrich et al., 2001), and
pleurocidin analogue (Patrzykat et al., 2002) are not membrane-disruptive.

Three prominent models have been proposed to explain membrane disruption and pore-
formation, namely: "Barrel-stave”, "micellar aggregate”, and "carpet model" (Shai,
1999; Bechinger et al., 1999; Brogden, 2005). In the barrel-stave model, the peptides
reorient perpendicular to the membrane and align in a manner in which the hydrophobic
sidechains face outwards into the lipid environment whereas the polar sidechain align
inward to form transmembrane pore (Ehrenstein and Lecar, 1977; Yang et al., 2001,
Brogden, 2005). This model is postulated for alamethicin (North et al., 1995). In the
aternative micellar aggregate mode, it is suggested that peptides reorient and associate

in an informa membrane-spanning micellar or aggregate-like arrangement, inducing the
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lipid monolayers to bend continuously through the pore so that the water core is lined
by both the inserted peptides and the lipid head groups (Matsuzaki et al., 1997,
Hancock and Chapple, 1999; Brogden, 2005). This pore-forming mechanism is thought
to be the mode of action for peotegrins, meltittin, mastoparan X, magainin, and LL-37
(Matsuzaki et al., 1996; 1998; Wildman et al., 2003). In the so-called carpet model, the
peptides align parallel to the bilayer. They are electrostatically attracted to the anionic
phospholipid head groups at numerous sites covering the membrane surface in a carpet-
like manner. At sufficiently high concentration, this would lead to local disturbance in
the membrane stability, causing the formation of large cracks, leakage of cytoplasmic
components and disruption of the membrane potentials (Bechinger, 1999; Shai, 1999).
This pore formation mechanism is symbolized in peptides like PGLa (Bechinger et al.,
1999), cecropin A (Marass et al., 1999), and ovispirin (Yamaguchi et al., 2001).
Irrespective of which model is valid, the net result of membrane disruption would be the
rapid depolarization of the membrane, leakage of cytoplasmic components and
consequently rapid cell death (Friedrich et al., 1999; Powers and Hancock, 2003;
Boland and Separovic, 2006), although membrane depolarization per se is not a lethal
event (Powers and Hancock, 2003).

Each of the above mentioned pore-forming models might be correct depending on the
experimental conditions and the peptide examined (Hallock et al., 2002; Powers and
Hancock, 2003; Nomura et al., 2004). For example, the pore forming peptide LAH4
was found to operate through the carpet-like and transmembrane orientation at acidic
and neutral pH, respectively (Bechinger, 1996). Even under the same experimental
conditions, the antimicrobia peptide mastoparan possessed two different pore formation
mechanisms simultaneously; 10 % transmembrane and 90 % carpet-like (Hori et al.,
2001).

Recently, it has been shown that sub-inhibitory concentrations of cecropin A, classified
as a lytic peptide, induce transcriptional changes within bacteria (Hong et al., 2003).
Other studies have indicated that magainin 2 can translocate into the bacterial cytoplasm
(Matsuzaki et al., 1995). These findings together suggest a role for these peptides in a
non-membrane disruptive pathway (Park et al., 2000; Powers and Hancock, 2003;
Jenssen et al., 2006). Several peptides are thought to translocate across the membrane

through a process similar to the micellar-aggregate mechanism and accumulate
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intracellularly, where they target a variety of essential cellular processes to mediate cell
killing (Brogden, 2005; Jenssen et al., 2006; van der Weerden et al., 2008). Once
present into the bacterial cytoplasm, these peptides are thought to target DNA, RNA,
and cellular proteins, leading to inhibit the synthesis of these compounds (Lehrer et al.,
1989; Yonezawa et al., 1992;; Futaki et al., 2001; Patrzykat et al., 2002). Membrane
transition has been demonstrated for the frog-derived antimicrobial peptide buforin II.
Though, it was found to cause large membrane perturbations in E. coli, the disruptions
were transient and permeabilization did not occur (Park et al., 1998). Similarly, -
helical peptides like pleurocidin from fish, and dermaseptin from frog skin cause
inhibition of DNA and RNA synthesis at their MICs without destabilizing the
membrane E. coli cells (Subbalakshmi and Sitaram, 1998; Patrzykat et al., 2002).
Severa AMPs such as pleurocidin, dermaseptin and PR-39 have been found to inhibit
protein synthesis (Bomann et al., 1993; Subbaakshmi and Sitaram, 1998; Friedrich et
al., 2001; Patrzykat et al., 2002). Furthermore, specific enzymatic targets have been
observed for certain peptides. The prolinerich insect antimicrobial peptide
pyrrhocoricin has been shown to bind DnaK (heat shock protein) inhibiting chaperone-
assisted protein folding (Otvos, 2002; Kragol et al., 2001). Some antimicrobia peptide
such as the lantibiotic, mersacidin and nisin, have been found to bind lipid 11, leading to
the inhibition of peptidoglycan biosynthesis, affecting thereby cell wall synthesis (Brotz
et al., 1998; Brumfitt et al., 2002; Kruszewska et al., 2004).

It isworth to mention that loss of viability caused by non-membrane disruptive peptides
is much slower compared to membrane-acting peptides, which exert their antimicrobial
effects within minutes (Giacomette et al., 1998; 1999). For example the ability of
pyrrhocoricin to interfere with protein folding in living cells is not observed until 1 h
after exposure (Kragol et al., 2001) and no observable cell lysis was detected as a result
of mersacidin treatment even after 3 h (Brotz et al., 1998).

It is valubale to stress that the mechanism of action that individual peptide possesses
differ due to the particular bacterial target cell, the concentration at which it is assayed,
and the physiological properties of the interacting membrane. Additionally, in context
of infection, AMPs may possess several mechanisms to exert their antimicrobial effect
(Jenssen et al., 2006).
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Although much progress has been achieved to unravel the antimicrobial mechanism of
action of AMPs recently, reliable information on the putative antimicrobial mode of
action of EtDef isvery scarcein the literature so far.

Similarly, the mode of action of thanatin as antimicrobial peptide is not yet fully
understood. However some reports point to a mode of action for thanatin which differs
from that of insect defensins. Fehlbaum et al. (1996) reported that thanatin is not a pore-
forming peptide in contrast to Phormia defensin. Additionally, Park et al. (1994)
reported that unlike brevinins, thanatin don’t seem to exert its antibiotic effect through
disruption of the permeability of the bacterial membrane. However, a recent study by
Pagées et al. (2003) on the activity of thanatin against multidrug resistant bacteria
isolated from hospitalized patients (Enterobacter aerogenes and Klebsiella
pneumoniae) evidenced that the accessibility of some structuraly antibiotics to an
internal target of a multidrug-resistant bacteria treated with thanatin is improved when
the size of lipopolyssaccharide (LPS) is decreased. This suggests that thanatin may have
induced an alteration of the outer membrane structure facilitating the penetration of
antibiotics to a periplasmic target of bacteria (Pages et al., 2003). No further

information regarding the molecular mode of action of thanatin is currently available.

1.4 Production of recombinant AM Psthrough bacterial expression systems

AMPs are reported to be promising candidates for therapeutic and industrial application
owing to their wide range of activity (Koczulla and Bals 2003; Reddy et al. 2004). The
low yield of AMPs from their natural origin species and/or the high costs associated
with the chemica synthesis of these peptides led to the exploration of an aternative
DNA recombinant methods to permit sufficient production of AMPs in microorganisms
such as bacterial, yeast or insect cells (Xu et al., 2007a; Ingham and Moore, 2007).
Prokaryotic cells of E. coli are normally the preferred host for the expression of foreign
proteins because they offer (i) inexpensive carbon source requirements for growth, (ii)
rapid biomass accumulation, (iii) amenability to high-cell density fermentation, and (iv)
simple process scale up (Sahdev et al., 2007). E. coli has been used for the production
of many antimicrobial peptides, e. g. lactoferricin (Kim et al., 2006), dermicin
(Cipakova et al., 2006), defensins (Xu et al., 2006) and buforin (Lee et al., 1998). This

biological expression system is also suitable to obtain uniformly or partially isotopically
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enriched peptides, which are required for structural investigations of the ligand-receptor
interaction by NMR spectroscopy and provides additional information on molecular
dynamics, improvement of the precision of the determined structures and filtered
experiments in the complex systems (Mgerle et al., 2000; Mac et al., 2006). However,
some technical obstacles encountered in expression of antimicrobial peptidesin E. cali,
such as the intrinsic antibacterial activity to E. coli and the susceptibility of peptide to
proteolytic degradation (Piers et al., 1993; Makrides, 1996). Moreover, lack of post-
tranglational machinery and the production of inactive protein due to the formation of
inclusion bodies present a significant challenge in these expression systems. Expression
systems with AMPs fused to partner proteins are most efficient due to the decreased
toxicity against host cells, improved product stability and facilitated product recovery
(Wel et al., 2005; Arnau et al. 2006; Zhou et al., 2009). Usualy, such fusion proteins
lack antimicrobial activity if they form insoluble products or interact with a carrier
protein (Shen et al., 2007; Xu et al., 2007b). Nevertheless, a number of current
protocols are available which describe various strategies for the conversion of inactive
protein, expressed as insoluble inclusion bodies, into soluble and active fractions (Forrer
and Jaussi 1998; Carrio et al,. 2000; Hoffmann et al., 2001).

LaVvalie et al. (1993) reported a fusion expression system of thioredoxin (TrxA), and
showed that a number of mammalian cytokines and growth factors, when expressed as
C-terminal TrxA fusion proteins, stayed remarkably soluble in the E. coli cytoplasm
under certain conditions. TrxA is known to be involved in a variety of celular
functions, including the reduction of protein disulfides, sulphate metabolism, as a
cofactor for phage T7 DNA polymerase (Adler and Modrich, 1983) and in the assembly
of T7 and filamentous phages (Huber et al., 1986, Russel and Model, 1986). This
protein (TrxA) has been stably expressed at high levels in severa expression systems,
including the pET system (Invitrogen, Germany) and is extremely soluble in the E. coli
cytoplasm (Lunn et al., 1984). In addition to its solubility, TrxA is small (109 ag;
11.675 kDa), has inherent thermal stability, and is localized onto the cytoplasmic
membranes (Bayer, 1968). Apparently, the latter two features may be exploited for
rapid purification (Lavallie et al., 1993). Therefore, the use of TrxA as partner protein
would, presumably, help to permit production of soluble functional heterologous protein

in E. coli.
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1.5 Plant-Pathogen-interaction

Plant disease resistance and susceptibility are regulated by the combined genotypes of
host and pathogen and depend on a complex exchange of signals and responses
occurring under given environmental conditions. In response to microbial attack, plants
activate a complex series of responses that lead to the local and systemic induction of a
broad-spectrum of antimicrobial defenses (Kunkel and Brooks, 2002; Kim and Martin,
2004). While some of these defense mechanisms are preformed to provide physical and
chemical barriers (wax layers, rigid cell walls, antimicrobial enzymes, or secondary
metabolites), preventing ingress of the pathogen, others are induced only after pathogen
attack (i. e, the production of oxidative burst, and antimicrobia compounds)
(Hammond-Kosack and Parker, 2003; Park, 2005).

Generally, resistance of an entire plant species to all isolates of a microbial speciesis
referred to as non-host, species resistance or basal disease resistance (Thordal-
Christensen, 2003; Mysore and Ryu, 2004; Nurnberger et al., 2004; Huckelhoven,
2007). It is believed that the non-host resistance relies on multiple protective
mechanisms such as the production of pre-formed and/or inducible barriers against
pathogens (Heath, 2000; Kamoun, 2001; Thordal-Christensen, 2003; Nurnberger et al.,
2004). When a virulent pathogen manages to overcome constitutive defensive layers, it
may become subject to recognition at the plasma membrane of plant cells. A huge
number of microbe or pathogen-associated molecular patterns (MAMPSYPAMPS) have
been shown to trigger receptor-mediated defense responses in non-host plants. MAMPs
are structural, highly conserved microbia molecules, which are recognized by plant
receptors and activate efficient innate immune responses by distinguishing between self
and non-self molecules (Gohre and Robatzek, 2008; Schwessinger and Zipfel, 2008).
MAMPYPAMPs comprise bacteria flagellin, cold-shock proteins (CSPs),
lipopolysaccharide (LPS), bacterial elongation factor-Tu (EF-Tu), funga glucans,
chitin, and oomycete elicitor INF1 (Kamoun et al., 1997; Nurnberger et al., 2004,
Chisholm et al., 2006). Non host resistance may be attributed to preformed or inducible
defense responses, but may also reflect lack of host compatibility or absence of
pathogen virulence factors (Heath 2001; Li et al., 2005). Three Arabidopsis loci,
designated PEN1, PEN2 and PEN3 were identified that are necessary for efficient cell

wall penetration resistance against a non-host pathogen (Blumeria graminis f.sp. hordei)
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(NUrnberger and Lipka, 2005, Jones and Dangl, 2006). During evolution, an
Inappropriate or non-host pathogen must become insensitive to or must suppress or fall
to elicit basal defenses in order to cause disease on a new host (Gohre and Robatzek,
2008).

Selective pressure on host plants exerted by virulent pathogens results in the co-
evolution of plant resistance (R) genes, which specifically recognize pathogen strain- or
race-specific factors, and alow for the establishment of pathogen race/plant cultivar-
specific disease resistance (Abramovitch and Martin, 2004; Chang et al., 2004; Jones
and Takemoto, 2004). Geneticaly, this type of resistance is determined by
complementary pairs of pathogen-encoded avirulence (avr) genes and plant resistance
(R) genes, leading to the activation of defenses like the hypersensitive response (HR)
(Gabriel and Rolfe, 1990; Prell and Day, 2000; Nimchuk et al., 2003; Kamoun, 2006).
This gene-for-gene hypothesis was firstly introduced by Flor (1971), and multitude of
R-Avr gene combinations have since been characterized (Dangl and Jones, 2001). R-
mediated resistance can be activated through the recognition of effectors either by direct
physical interaction (ligand-receptor model) between R and Avr proteins or viaindirect
perception of effectors by R proteins which have been described by the Guard
hypothesis (Jia et al., 2000; Dangl and Jones, 2001). A recent modification of the Guard
model was proposed by van der Hoorn and Kamoun (2008). In this model, known as the
Decoy model, the guardee proteins are thought to function as decoy proteins with the
exceptional role of mediating perception of the pathogen effector by the R protein. This
model recognizes the opposing selective forces that operate on the guardee protein; on
the one hand to escape interference by the pathogen effector and maintain its primary
function, and on the other to enhance interaction with the effector to trigger effector-
triggered immunity (ETI). This form of R-mediated disease resistance is effective
against pathogens that can grow only on living host tissue (obligate biotrophs), or
hemibiotrophic pathogens, but not against pathogens that kill host tissue during
colonization (necrotrophs) (Glazebrook, 2005).

PAMP-induced non-host resistance as well as Avr-induced cultivar-specific resistance
should be considered as two complementary elements of plant innate immunity
(Espinosa and Alfano, 2004; Nurnberger et al., 2004; Jones and Dangl, 2006).

According to Jones and Dangl (2006), the plant immune system can be described as a
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four phased ‘zigzag’ model. In this model, plants recognize firstly the pathogen-
associated molecular patterns (PAMPs) and as a response to it, PAMP-triggered
immunity (PTI) is induced to stop further pathogen invasion. In a second step, well-
adopted pathogens promote virulence by delivering effectors that interfere with PTI,
resulting in effector-triggered susceptibility (ETS). In a third step, direct or indirect
perception of pathogen effectors by R proteins would lead to disease resistance, known
as effector-triggered immunity (ETI). In a fourth step, pathogens exude another set of
effector molecules to suppress ETI reestablishing ETS. Ultimately, the plant
surveillance system regenerates new R-gene that recognizes these effectors in order to
regain ETI.

In addition to basal or R-gene mediated resistance responses that act at the site of
pathogen infection, plants are also able to develop a nonspecific systemic resistance that
is effective against further pathogen attack. This phenomenon is known as induced
resistance, and can be triggered by a variety of biotic and abiotic stimuli (Bostock,
2005). The classic example of an inducible plant defense response is systemic acquired
resistance (SAR). It is principaly triggered by a localized infection with necrotizing
microbes and is manifested on the plant upon secondary challenge by otherwise virulent
microbes (Grant and Lamb, 2006). The onset of SAR is characterized in many plants
such as tobacco and Arabidopsis by local and systemic increases in endogenously
synthesized sdlicylic acid (SA) and is tightly coupled with the transcriptional
reprogramming of a battery of defense-related genes, including those encoding
pathogenesis-related (PR) proteins (Ryals et al., 1996; Maleck et al., 2000; Durrant and
Dong, 2004; Wang et al., 2005). Non-expressor of pathogenesis-related genes-1(NPR1)
is a key regulator of systemic acquired resistance (SAR) that is crucial for transducing
the SA signa to activate pathogenesis-related (PR) gene expression (Valad and
Goodman, 2004). Induced systemic resistance (ISR) is another well known inducible
plant defense response, activated by root-associated non-pathogenic bacteria (van Loon,
1997; Pieterse et al., 1998; Vallad and Goodman, 2004). Briefly, ISR depends on JA/ET
pathways which operate through a SA-independent, but NPR1-dependent system and
results consequently into the production of antimicrobial compounds (Pieterse et al.,
1998; Van Loon et al., 1998). Interestingly, plants expressing both types of induced

resistance have not shown to raise NPR1-transcript levels, indicating the constitutive
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level of NPR1 is sufficient to facilitate expression of SAR and ISR (Pieterse and van
Loon, 2004).

1.6 Arabidopsis thaliana as a model plant

A. thaliana is a small dicotyledonous species (Family Brassicaceae). It has been the
focus of intense genetic, biochemical and physiological studies over the last decades
because of several traits that make it very desirable for laboratory study. It is easy and
cheap to grow and reproduce with relatively short life cycle. Compared to other plants,
it is characterized by a small genome, genetically more tractable, high fecundity and
ease of mutagenesis. Further, it exhibits the mgjor kinds of defense responses described
in other plants. In addition, a large number of virulent and avirulent bacterial, fungal,
and viral pathogens of Arabidopsis have been collected. Therefore, it is proving to be an
ideal model system to study the host defense responses to pathogen attack (Glazebrook
et al., 1997; Felix et al., 1999; Navarro et al., 2006; Robatzek et al., 2006; Shen et al.,
2007b).

1.6.1 Defenses against Golovinomyces ssp.

Powdery mildews are Ascomycete fungi (Erysiphales) that are able to colonize about
10,000 distinct plant species (Takamatsu, 2004). They are obligate biotrophic
phytopathogens that exclusively feed on living epidermal cells and complete their
asexud lifecycle on their host plant leaf surfaces by conidiospore formation. Four
powdery mildew species are reportedly known to establish compatible interactions with
A. thaliana: Golovinomyces cichoracearum (Adam and Somerville, 1996) and G.
orontii (Plotnikova et al., 1998), as well as Oidium neolycopersici (Ba et al., 2008;
Goallner et al., 2008) and G. cruciferarum (Koch and Slusarenko, 1990).

Although resistance to powdery mildews is generally conferred by dominantly or semi-
dominantly inherited genes which provide race- or isolate specific protection against the
fungal parasite, no true race-specific resistance genes against powdery mildew in A.
thaliana have been yet identified (Gollner et al., 2008). This might be due to the fact
that Arabidopsis powdery mildew pathosystem have developed relatively recently and
didn’t have time to mature the classical Avr/R gene pairs (Micali et al., 2008).
However, the revelation of RPW8-based broad spectrum resistance in Arabidopsis may
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have eliminated the evolutionary driving force for the acquisition of prototypic R genes
conferring race-specific resistance (Xiao et al., 2001; Micai et al., 2008). The
overexpression of ADR1, an Arabidopsis R-gene, conferred resistance to G.
cichoracearum. Additionally, many examples on interactions between the closely
related Blumeria graminis and barley have been also described (Thordal-Christensen et
al., 1999; Schulze-Lefert and Vogel, 2000; Huckelhoven and Kogel, 2003). Together,
this suggests that gene-for-gene resistance responses does exist in Arabidopsis-powdery
mildew interactions and can be effective against these pathogens (Grant et al., 2003).
Salicylic acid signaling may also play a role in Arabidopsis-powdery mildew
interaction. It was shown that Arabidopsis plants bearing pad4, edsb, or npr1 mutations
displayed enhanced susceptibility to compatible G. orontii and G. cichoracearum
(Reuber et al., 1998; Glazebrook, 2005). Clearly, this indicts that SA signaling
components are crucial in limiting the growth of powdery mildews on Arabidopsis.

In addition to SA signaling, JA signaling pathway may contribute to powdery mildew
resistance. However, this pathway seems not to be important in Arabidopsis, as jarl
(Reuber et al., 1998) and coil (Zimmerli et al., 2004) mutations have no effect on
susceptibility to G. orontii or G. cichoracearum, respectively. This may be due to the
fact that JA-dependent resistance mechanisms are not induced, rather than that they are
ineffective. Indeed, G. orontii infection did not induce the JA- and ET-dependent gene
PDF1.2, suggesting that JA signaling is not activated (Reuber et al., 1998).

1.6.2 Defenses against B. cinerea

The funga pathogen Botrytis cinerea (necrotroph) is the causative agent of gray mold
diseases. It attacks a wide variety of plant crops (more than 200 species), causes serious
pre- and post harvest diseases particularly in greenhouse crops and ornamentals, leading
to enormous economic losses (Jarvis, 1977; Williamson et al., 2007; Tudzynski and
Kokkelink, 2009). Disease symptoms are characterized by gray sporulating lesions,
commonly observed under humid conditions. These lesions produce masses of conidia
which become airborne and are the primary means by which the fungus is spread
(Agrios, 2005).

Because it is highly variable (various mode of attack, diverse hosts, and survival as

mycelia, conidia or sclerotia), B. cinerea can rapidly evolved resistance against
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fungicides (Williamson et al., 2007). Apparently, due to these reasons, the use of only
one control method is unlikely to succeed. A precise understanding of host-pathogen
interaction is therefore of particular importance in the control of B. cinerea. Though
disease control of B. cinerea relies frequently on chemicals, consolidated efforts to
develop biological control strategies are increasingly successful (Kohl et al., 1995;
Elad, 1996).

Host defense reaction against B. cinerea has been studied in the model plant
Arabidopsis. Similar to other necrotrophs, B. cinerea infection was found to induce
mainly the JA and ET signaling pathways (Thomma et al., 2001; Williamson et al.,
2007). It has been observed that Arabidopsis mutations that block JA signaling pathway
such as coil and jarl exhibited a partial, sometimes dramatic increase in susceptibility
to B. cinerea (Thomma et al., 1998, 1999; Audenaert et al., 2002; Diaz et al., 2002;
Ferrari et al., 2003;). Recent studies showed that the expression of some JA-responsive
genes is controlled by the MY C transcription factor JIN1 (Lorenzo et al., 2004), and
plants bearing jinl mutations were more resistant against B. cinerea. Additionaly,
blocking of ET signaling caused by ein2 resulted into enhanced susceptibility against B.
cinerea (Thomma et al., 1999; Ferrari et al., 2003). Furthermore, overexpression of the
transcription factor ERF1 was found to increase resistance against B. cinerea (Berrocal-
Lobo et al., 2002). It islikely, therefore, that genes play an important role in B. cinerea
resistance, belong to a group co-regulated by JA and ET, and that ERF1 activates many
of these genes (Glazebrook, 2005).

B. cinerea infection is known to trigger an oxidative burst, both in the plant plasma
membrane and in the cell wall of fungal hyphae, promoting thereby plant cell death
(Govrin and Levine, 2000; Schouten et al., 2002; Tenberge, 2004). Govrin and Levine
(2000) proposed that cell death induced by B. cinerea is aform of the HR, and that this
induction of cell death is an important component of virulence. This is supported by the
findings that Arabidopsis mutations that promoted cell death increased susceptibility,
whereas those delayed cell death increased resistance against B. cinerea (Van Baarlen et
al., 2007). Furthermore, the growth of B. cinerea in Arabidopsis was suppressed in the
hypersensitive response defective mutant dndl and was stimulated by hypersensitive
response triggered by simultaneous inoculation with an avirulent bacterium (Govrin and
Levine, 2000). Together, these indicate that induction of ROl and cell death is an
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important determinant in the interaction of B. cinerea with its host plants and tolerance
to ROI may contribute to resistance.

1.6.3 Defense mechanisms against Pseudomonas syringae pv. tomato

The bacterial pathogen P. syringae pv tomato strain DC3000 is often considered as
biotroph, occasionally considered as necrotroph (Butt et al., 1998), and should probably
be a hemi-biotroph (Thaler et al., 2004). It infects through wounds and stomata and
multiplies in the intercellular spaces. In the early stages of compatible infections, host
cell death does not occur, but later stages of infection are usually associated with host
tissue chlorosis and necrosis (Buell et al., 2003). Many strains, including Pst DC3000
are known to cause bacterial speck disease on tomato and Arabidopsis and produce
effectors that contribute to pathogenicity (Bender et al., 1999; Buell et al., 2003). These
proteins are called type Il effectors and are thought to contribute to virulence,
especialy in Arabidopsis (Alfano and Collmer, 2004; Espinosa and Alfano, 2004).
Reportedly, gene-for-gene resistance is highly effective in Arabidopsis-P. syringae
interactions (Glazebrook, 2005; Nobuta and Meyers, 2005). It has been observed that
the avrRpt2- RPS2 (Dong et al., 1991; Whalen et al., 1991; Kunkel et al., 1993; Yu et
al., 1993), avrB-RPM1 (Bisgrove et al., 1994), avrRpm1-RPM1 (Debener et al., 1991),
awrPphB-RPS5  (Simonich and Innes, 1995), and awrRps4-RPSA (Hinsch and
Staskawicz, 1996) interactions exhibited remarkable reductions of bacteria titers in
infected leaves by about 100-fold relative to the isogenic virulent strain Pst DC3000.
Notably, the oxidative burst generated during gene-for-gene resistance does not seem to
play amajor rolein limiting bacterial growth (Torres et al., 2002).

SA-dependent defense responses may be potentially significant in limiting the growth of
P. syringae. Arabidopsis mutants possess defects in SA signaling, including edsl (Aarts
et al., 1998), pad4 (Zhou et al., 1998), eds5 (Rogers and Ausubel, 1997), sid2 (Nawrath
and Métraux, 1999), and nprl (Glazebrook et al., 1996; Shah et al., 1997), showed
enhanced susceptibility to virulent, and in some cases, avirulent bacterial strains. The
observation that nprl does not have a defect in resistance to an avirulent P. syringae
strain whereas eds5 allows increased bacteria growth provided evidence for SA-
dependent, NPR1-independent defense mechanisms that are active against P. syringae
(Clarke et al., 2000). Plant treatment with exogenous SA or SA analogs was shown to
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inhibit P. syringae growth, as did induction of SAR (Cao et al., 1994; Lawton et al.,
1996). In addition, overexpression of WRKY 70 increased the plant resistance against
Pst DC3000 (Glazebrook, 2005).

Besides, recognition of bacterial flagellin mediated by the receptor-like kinase encoded
by FLS2 was found to play an important role in resistance to Pseudomonas (Zipfel et
al., 2004). It activates a MAP kinase cascade that peaks in expression of the
transcription factors WRKY 22 and WRKY 29 (Asai et al., 2002). As has been reported,
plant treatment with a purified peptide derived from flagellin resulted in activation of a
large number of R genes, though the relationships between flagellin-activated signaling,
SA signaling, and JA signaling are not fully understood (Navarro et al., 2004; Zipfel et
al., 2004).

1.7 Objectives of the present study

Effective and sustained control of phytopathogens that increasingly account for severe
crop losses is one of the most important issues in modern agriculture. Over the last
decades, it has become evident that expression of genes encoding AMPs from insects in
transgenic plants represents a powerful tool for creating disease-resistant cultivars to a
wide range of bacterial and fungal pathogens (Zasloff 2002; Vilcinskas and Gross,
2005; Coca et al., 2006). In this context, we reasoned that the expression of the insect
antimicrobial peptide thanatin and the new putative peptide EtDef may have potentials
to provide a broad-spectrum disease-resistance in crop plants. In order to validate this
concept, the antimicrobial activities of the synthetic EtDef and thanatin peptides against
some phytopathogens of agronomic interest such as Fusarium culmorum, Botrytis
cinerea and Phytophthora parasitica were firstly in vitro assessed. Concurrently, it is
attempted here to establish a novel efficient production and purification strategies to
permit adequate production level of EtDef as recombinant protein in E. coil expression
system, and to evaluate its in vitro activity as a novel antifungal compound. In this
study, the questions are addressed whether the EtDef and thanatin genes could be
functionaly expressed in A. thaliana and whether expression of these peptides could
confer resistant to the economically important fungal pathogens G. orontii and B.
cinerea, and bacterial pathogen P. syringae in transgenic A. thaliana plants. Thus,

transgenic Arabidopsis plants were generated by Agrobacterium tumefaciens-mediated
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transformation using a construct encoding either EtDef or thanatin gene under the
regulation of the constitutive CaMV 35S promoter. In order to allow both peptides to
enter the secretory pathway of Arabidopsis cells, the coding sequences of complete
ORF of both EtDef (including its predicted signal peptide) and thanatin peptide (fused
to the sequence for the signa peptide of chitinase 26 from Hordeum vulgare) were
designed for plant transformation. EtDef and thanatin transgenic lines were then
molecularly characterized and their antimicrobial activities in vitro as well as in planta

were evaluated.
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2 Materialsand Methods

2.1 Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia 0 (Col-0, N1092, obtained from the European
Arabidopsis Stock Centre NASC, University of Nottingham, UK) was used to produce
the Eristalis defensin (EtDef) and thanatin transgenic plants as well as vector transgenic
plant (transgenic control).

Seeds of al transgenic Arabidopsis and wild type were first surface-sterilized with 3 %
Sodiumhypochloride (NaClO) for 20 min at room temperature. They were then washed
3 times with sterile d.d water and were germinated on half-strength MS-medium
(Murashige and Skoog, 1962) supplemented with 1.5 % sucrose, 0.4 % agar and with or
without 30 mg L™ hygromycin (Roche, Mannheim, Germany), respectively. To achieve
synchronized germination, seeds were incubated firstly at 4 °C for 24 h and then placed
in a growth chamber (Perciva scientific, Boone, lowa, USA) under photoperiodic
conditions of 16 h light (180 pmol m?s* Photon flux density), 22 °C day / 18 °C night
temperatures with 60 % relative humidity for 2 weeks. The plants were then
transplanted into pots containing a soil mixture of 1:1 sand: soil Typ ED 73
(Einheitserde- und Humuswerke Gebr. Patzer GmbH+ Co.KG, Sinntal-Jossa,
Germany). The plants were kept in a growth chamber under photoperiodic conditions of
8 h light, 22 °C day / 18 °C night temperature with 60 % relative humidity. Three to

four weeks later, plants of uniform size were selected for pathogenicity studies.

2.2 Fungal and bacterial strains

In this study, Botrytis cinerea, Fusarium culmorum and Phytophthora parasitica were
used for antifungal assays (in vitro). For in vivo assays, the fungal pathogens grey mold
B. cinerea and powdery mildew Golovinomyces orontii in addition to the bacterial
pathogen Pseudomonas syringae pv tomato strain DC3000 were used.

For antifungal assays, growth and harvesting of spores from the fungus F. culmorum
strain KF 350 (obtained from Prof. Chelkowski, Institute of Plant genetics, Poznan,
Polen) was carried out as described (Broekaert et al. 1990). Fungus was grown on PDA
(potato dextrose medium containing 15 g L™ agar, Roth, Germany) for 10 days at room
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temperature (RT). Fungal spore suspensions were prepared by flooding plates with 5 ml
sterile d.d. water and scraping gently with a sterile loop. The resulting crude suspension
was filtered through a layer of sterile cheesecloth to remove mycelia fragments.
Inoculum concentration was estimated using a Fuchs-Rosenthal counting chamber
(Roth, Germany) and then adjusted to 2 x 10* conidiamL™.

Phytophthora parasitica (obtained from Institute National de la Recherche
Agronomiqgue, France) was cultured on rye agar medium at 25 °C for 7 — 8 days. The
sporangia germination bioassay was conducted according to the method of Ali and
Reddy (2000). Sporangia were harvested from 4 weeks old cultures by rinsing the plates
with 5 mL sterile distilled water. The sporangial suspension was then incubated at 4 °C
for 4 h to induce the release of zoospores. The zoospores were 1:50 diluted in RPMI
1640 media (Sigma, Germany) and the concentration was adjusted to 2 x 10* zoospores
mL™.

B. cinerea strain B05.10 (provided by Prof. M. Hahn, Kaisersauten, Germany) was
grown on HA-Agar medium (1% Malt extract, 0.4% Glucose, and 0.4% Y east extract)
for 10 days at RT. Spore suspension (2.5 x 10* conidiospores mL™) was prepared in 12
g L™ potato dextrose broth (PDB).

Powdery mildew G. orontii (obtained from Ralph Panstruga, MPI Kdln, Germany) was
maintained on hyper-susceptible pad 4-1 Arabidopsis plants (Reuber et al., 1998) grown
under the same conditions as described (see section 2.1).

Pseudomonas syringae pv tomato (Pst) strain DC3000 (virulent) (obtained from Dr.
Schleich, RWTH Aachen, Germany) was grown at 28 °C on King's B medium (King et
al., 1954) supplemented with the appropriate antibiotics (50 mg mL™ rifampicin).

2.3 Invitro antifungal assays

2.3.1 Synthetic peptides

Amino acid sequence of mature EtDef (ATCDLLSFLNVKDAACAAHCLA-
KGYRGGYCDGRKVCNCRR) and thanatin (GSKKPVPIIYCNRRTGKCQRM)
peptides were synthesized by GL Biochem Ltd (Shanghai, China) with more than 85 %
purity. Lyophilized peptides were reconstituted in 1 mM 3-mercaptoethanol (3-ME) to a
stock concentration of 10 mM, and stored as 10 yL aiquots at -20 °C for further use.
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2.3.2 In vitro antifungal activity of synthetic peptides

In vitro antifungal activity of both synthetic EtDef and thanatin was evaluated against
fungal pathognes F. culmorum and B. cinerea by determining the number of germinated
spores in the presence of the peptides. Additionally, the cytotoxic activity of both
peptides was determined on the mycelium of P. parasitica using MTT- assay according
to Meletiadis et al. (2000).

2.3.2.1 Spor e ger mination assay

To evaluate spore germination, spore suspension (2 x 10* conidiamL™) of F. culmorum
and B. cinerea were prepared as described above in section 2.2. Spore suspensions were
incubated with different concentrations of each synthetic peptide at RT. R-ME control
was tested at the same concentrations as in the peptide dilutions except that the peptide
was omitted. The number of germinating spores was counted and the percentage
inhibition was caculated for each concentration. Germ tube morphology was also
examined microscopically using an inverted light microscope (Olympus, Japan) and
photographed with a digital camera attached to the photoport of the microscope. The

experiment was repeated twice with at least three replications of each concentration.

2.3.2.2MTT method

To examine the effect of the synthetic peptides on the viability of P. parasitica cells,
MTT colorimetric assay was conducted. This method based on the reduction of the
tetrazolium sat (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) by
reducing enzymes, e.g. mitochondrial dehydrogenases, in metabolically active cellsto a
blue formazan, which can be measured spectrophotometrically. Zoospores were
incubated at RT in microtiter plate at 100 uL of final volume in the presence or absence
of the each synthetic peptide (0.5, 1, 2, 5, and 10 pM). After the MICs (minimal
inhibitory concentration) were visually determined for each peptide, 20 uL of MTT
(Sigma Chemical, St. Louis, USA) at concentration of 5 mg mL™ was added to each
well. Incubation was continued at 37 °C for 3 h. The content of each well was removed
and 200 pL of isopropanol containing 5 % 1 M HCI was added to extract the dye. After
30 min of incubation at room temperature and gentle agitation, the optica density (OD)

was measured with a microtitration plate spectrophotometer (Tecan Deutschland
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GmbH, Crailsheim, Germany) at 595 nm. The funga growth inhibition depending on
the percentage of MTT conversion to its formazan for each well was calculated on the
following equation:

Growth inhibition % = (Asgs Of the peptid-free well- Aggs of wells that contained the
peptide) / Asgs Of the peptide-free well x 100.

MIC was considered to be the lowest concentrations of synthetic peptide showing
100 % reductions in the OD compared with that of the synthetic peptide free well. All
the experiments were run in triplicate and the reading averages, the standard errors and
coefficients of variation were calculated. Microscope images were aso collected
directly from the antifungal assay with an inverted light microscope (Olympus, Japan)
a 24 h post treatment. Images were captured with the digita camera (Leica type
DFC300FX, Germany).

2.4 EtDef recombinant protein

2.4.1 Production of EtDef recombinant protein using pCRT7/CT vector

PCR product encoding the mature peptide of EtDef (without putative signal peptide and
pro-peptide) cloned into a pCRT7/CT vector (containing His-tag and V5 epitope
sequences at C-terminal) was obtained from Dr. Altincicek (Justus-Liebig University).
Plasmid preparation was performed using the Wizard® Plus SV Miniprep DNA
Purification kit (Promega, Germany). Nucleotide sequence was determined by AGOWA
Company (Berlin, Germany) using T7-fwd primer (Table 1). E. coli BL21 (DE3)
(Stratagene, La Jolla, USA) cells for protein expression were transformed with a
plasmid with the correctly inserted and error free sequence of the EtDef transcript.
Transformed cells were grown at 37 °C in Luria-Bertani (LB) (1.0% sodium chloride,
1.0% tryptone, and 0.5% yeast extract) until they reached an ODgy Of 0.8. Expression
was then induced by the addition of 1mM isopropyl-f-D-thiogalactopyranoside (IPTG).
After 4 h of induction, cells were harvested by centrifugation at 2830 rcf for 20 min.
The pellet was resuspended in lysis buffer (50 mM sodium dihydrogen phosphate, 300
mM sodium chloride, 10 % glycine, and 1 mg mL™ lysozyme, adjusted to pH 8.0 using
NaOH) and disrupted using a French press at a pressure of 8000 Ib in™. Purification was
achieved using nickel-nitrilotriacetic acid affinity chromatography (Ni-NTA; Qiagen,

Germany), following the manufacturer’s instructions. The fractions were collected and
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Table 1. Gene-specific primers and universal primers used in this study. Incorporated
restriction enzyme site is shown in bold at the 5-end of primer. AT: Annealing

temperature.

Primers Sequence5’- 3 AT
BgllI-EtDef-start GGATCCCAACGCGAGCGCAGGACAAGC
50°C
Hindl I1-EtDef-stop GTCGACGCGGTGACGGTATCTACATG
BamH1-Chi-fwd GGATCCATGAGATCGCTCGCGGT
60 °C
Sall-than-stop GTCGACTCACATGCGCTGGCACTT
uUBQ5-fwd CCAAGCCGAAGAAGATCAAG
60 °C
UBQ5-rev ACTCCTTCCTCAAACGCTGA
BamHI-EtDef fwd GGATCCGATCCAGCTACATGTGATCTGCT
50°C
Hindll1-EtDef-rev AAGCTTCTAACGCCGGCAATTGCAGACT
T7-fwd TAATACGACTCACTATAGGG
55°C
T7- Term-rev ATCCGCATATAGTTCCTCCTTTC
PGY 1-fwd2 CGTTCCAACCACGTCTTCAA 53°C
Nos-T ATTGCCAAATGTTTGAACGA 53°
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applied to 15 % Tricine-SDS-PAGE (Schagger and Jagow, 1987). Western-blotting
analysis was performed according to the instruction manual. After electrophoresis, the
separated proteins were transferred to a nitrocellulose-membrane Protran®BA
(Schleicher and Schuell,) using a Mini Trans-Blot Electrophoretic transfer cell (Bio-
Rad, Minchen). The membrane was blocked with 0.3 % (w/v) bovine serum albumin
(BSA) in PBS buffer (containing 0.05 % Tween 20) and incubated with mouse anti-V5
antibody (Invitrogen, Germany) followed by the HRP-conjugated goat anti-mouse 1gG
(Sigma, Germany). Detection of antigen—antibody complexes was performed with
enhanced chemiluminiscence using SuperSignal® West Pico Chemiluminescent

Substrate (Pierce protein research products).

1x PBS-buffer
KCl 029
NaCl 0.8¢g

KH2PO4 0.2 g
Na,HPO, 1.15¢
Completeto 1 L with H,Odest.

2.4.2 Production of EtDef recombinant protein using pET 32a(+) vector

In order to obtain large amounts of a soluble, highly purified peptide, we used the
plasmid pET32a(+) (Invitrogen, Germany) with thioredoxin (Trx) gene as a fusion
partner of the EtDef gene. pPGEM-T easy/SP-EtDef (provided by Dr. B. Altincicek,
Justus-Liebig University, Giessen, Germany) served as template to prepare the mature
EtDef sequence by PCR. A BamHI site and codons for Asp-Pro dipeptide were added at
5" end of the forward primer BamHI-EtDef-fwd for in-frame cloning with the Trx-tag of
the vector and a Sall site and a stop codon at 5° end of the reverse primer EtDef-Hindl ||
(Table 1). Subsequently, EtDef fragment was digested with BamHI and Hindlll and
then ligated into the BamHI-/ HindIll- digested and dephosphorylated pET-32a(+), in
frame to the Trx-tag, His-tag and Stag (THS-tag). The resulting plasmid, pET32a
EtDef, was transformed into E. coli DH5a, and recombinant E. coli cells were selected
on LB solid medium (1.0 % sodium chloride, 1.0 % tryptone, 0.5 % yeast extract, and
1.5 % agar) containing ampicillin (100 mg L™) plates and screened by the colony PCR
method using EtDef specific primers (BamHI-EtDef-fwd and EtDef-Hindlll-rev) as
well as vector primers (T7-fwd and T7 terminal-rev) (Table 1). The resulting plasmid

was sequenced to ensure that the coding sequence of pET32a-EtDef was correct and in-
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frame with the THS-tag. The recombinant plasmid and the empty vector (as a control)
were used to transform electrocompetent E. coli BL21 (DE3) cells for recombinant
protein expression. For large scale protein purification, a single bacteria clone, in which
the protein production was highly inducible, was grown in LB- medium overnight at
200 rpm and 37 °C. After inoculation of 1 L medium with the overnight culture,
bacteria were allowed to grow until mid log phase (ODegy of 0.6 - 0.8) before IPTG was
added to a final concentration of 1.0 mM and further incubation for 4-5 hours. Then,
bacteria were harvested by centrifugation at 2830 rcf for 20 min at 4 °C.

2.4.3 Purification of fusion protein

The bacterial pellet was dissolved in 30 mL lysis buffer (see section 2.4.1) and cell
disruption by French press was performed two times at a pressure of 8000 Ib in®.
Subsequently, the lysate was mixed with 30 mL binding buffer (8 M urea, 100 mM
sodium dihydrogen phosphate, 10 mM Tris-HCI, pH 8.0) and incubated under shaking
for 3 h a RT. Thereafter, the cell debris was precipitated from the lysate solution by
centrifugation for 45 min in a Beckman coulter centrifuge (23700 rcf). The supernatant
containing soluble protein was collected and stored at 4 °C. To purify the fusion protein,
tagged with 6x His at the N-terminus, supernatant was applied to a Ni**-chelating
column packed with 1 mL of Ni-NTA resin (Qiagen, Hilden, Germany) that had been
previously equilibrated with binding buffer. The column was washed three times with 4
mL washing buffer (8 M urea, 25 mM imidazole, 100 mM sodium dihydrogen
phosphate, 10 mM Tris-HCI, pH 6.3). Finaly, the column was eluted three times with
elution buffer (8 M urea, 500 mM imidazole, 100 mM sodium dihydrogen phosphate,
10 mM Tris-HCI, pH 4.5). The fractions were collected and applied to 15 % sodium
dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli
(1970). After electrophoresis, gel was fixed by fixation solution (one part glacia acetic
acid, 3 parts isopropanol and 6 parts water) for 30 min. Eventualy, the gel was
visualized with colloidal coomassie blue (Roth, Karlsruhe, Germany). Staining solution
was prepared (20 mL coomassie brilliant blue stock solution, 20 mL methanol and 60
mL water) and added to the gel till the bands were clearly seen. Destaining was

performed with destaining solution (40 % methanol, 10 % glacial acid, 50 % water).
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2.4.4 Refolding of fusion protein

The purified fusion THS-EtDef protein and purified THS-tag from bacteria cell with
empty pET32a(+) vector were dialyzed against refolding buffer (10 mM Tris, pH 7.5
and 1 M [3mercaptoethanol; pH 8.0) containing 6, 4, 2, 1 and 0.5 M urea, respectively
to decrease, gradually, the concentration of urea in the protein solutions to 0.5 M, then
kept overnight at 4 °C. Finally, the fusion proteins were desalted and concentrated in 10
mM Tri-HCI (pH 7.5) using an ultra-filtrate column (VIVASPIN 6 mL concentrator)
with a cut-off at 3 kDa (Vivascience, Lincoln, UK) and stored at -20 °C. Protein
concentrations were measured by absorbance at 280 nm using ND-1000
Spectrophotometer (pegLab Biotechnologie GmbH, Erlangen, Germany). Purity of
EtDef recombinant protein was determined by separating protein aliquots using SDS-
PAGE.

2.4.5 Antifungal activity of recombinant fusion protein (THS-tag-EtDef)

Antifungal activity of fusion THS-EtDef protein was evaluated on spore germination of
B. cinerea in vitro. The purified THS-tag from bacterial cells transformed with empty
pET32a (+) vector were used as negative controls. B. cinerea Spores (2 x 10* spores
mL™) were incubated in the presence of different concentrations of fusion protein THS-
EtDef as well as purified THS-tags (0.1, 0.5, 1 and 2 uM) on microtiter plate a RT.

After 24h of incubation, the percentage of spore germination inhibition was evaluated.

2.5 Construction of expression vectorsand transgenic plants

In this study, two different genes EtDef and thanatin, isolated from Eristalis tenax
larvae and Podisus maculiventris, respectively, were transformed in A. thaliana ecotype
Col-0 using Agrobacterium tumefaciens to confer resistance against fungal and bacterial
plant pathogens.

2.5.1 Construction of plant expression vector for EtDef gene

EtDef mRNA was identified among immune-related transcripts from E. tenax larvae
expressed upon injection of microbial elicitors of innate immune responses (Gen-Bank
accession number AM706420, Altincicek and Vilcinskas, 2007). The complete open
reading frame of EtDef, including its predicted signal peptide (SP) and pro-sequence,
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was provided by Dr. B. Altincicek (Justus-Liebig University, Giessen, Germany) cloned
in pGEM-T easy vector (Promega, Germany). A 309 bp fragment containing the
complete coding region of the SP-EtDef was amplified by a PCR assay using the SP-
EtDef specific primers (Bglll-EtDef-start and HindllI-EtDef-stop) (Table 1) harboring
the Bglll and Hindlll restriction sites to facilitate subsequent cloning, ligated into
pGEM-T vector and verified by sequencing. For construction of the binary vector, the
complete EtDef sequence was excised using Bglll and Hindlll and inserted into the
respective restriction sites of the expression vector p35S-BAM (DNA Cloning service,
Hamburg, Germany) between the constitutive Cauliflower mosaic virus 35S (CaMV
35S) promoter and the Nopaline synthase terminator (nos-T). This cassette encoding
SP-EtDef gene was then subcloned into the il restriction site of the pLH6000 binary
vector (DNA Cloning Service, Hamburg, Germany), which harbors the hygromycin
phosphotrasferase (hpt) resistance cassette giving rise to the final construct pLH6000
35S::SP-EtDef::nos.

2.5.2 Construction of the chimeric thanatin gene and plant expression vectors

Immune challenge to the insect Podisus maculiventris induces synthesis of a 21-residue
peptide, named thanatin (Gen-Bank accession number 6730068, Fehlbaum et al., 1996).
In this work, the amino acid sequence of mature thanatin was re-designed to target
thanatin to the apoplast. In order to allow the thanatin to enter the secretory pathway of
the Arabidopsis cell, the sequence for the signal peptide of chitinase 26 from Hordeum
vulgare (HvChi26, Genbank L34210, Jollés and Muzzardli, 1999) was fused to the
mature thanatin gene sequence. DNA encoding thanatin including HvChi26 signal
peptide (SP-thanatin) was chemically synthesized and cloned in pPCR-script vector by
the company Sloning Biotechnology GmbH, Puchheim, Germany. A 147 bp PCR
product of synthetic SP-thanatin gene was produced using primers BamHI-Chi-fwd and
than-stop-Sall-rev (Table 1) flanked by BamHI/ Sall restriction sites. The newly created
chimeric SP-thanatin gene was cloned into the BamHI/ Sall sites of p35S-BAM under
the control of CaMV 35S promoter and the nos terminator sequences. Finally, the entire
cassette for expression of the synthetic SP-thanatin gene was cloned into the il
digested pLH6000 binary vector, resulting in plasmid pLH6000 35S::SP-thanatin::nos.

The correct insertion and full nucleotide sequence of the promoter and SP-thanatin gene
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were confirmed by DNA sequence analysis by AGOWA Company (Berlin, Germany).
Standard molecular biology procedures were carried out as described by Sambrook et
al. (1989). Cloned sequences were analyzed, and multiple sequence analysis was
performed using CLUSTALW?2 software (Thompson et al., 1994).

2.6 Agrobacterium Transformation

The binary vectors designed to express SP-EtDef and SP-thanatin genes under the
control of a constitutive promoter CaMV 35S were transferred into Agrobacterium
tumefaciens strain AGL1 (Lazo et al., 1991) through electroporation (E. coli Pulser,
Biorad, USA) according to manufacturer's instruction. As a negative control, a vector
containing only the hygromycin phosphotransferase gene conferring hygromycin
resistance in the T-DNA region was electroporated into A. tumefaciens strain AGL 1.
The transformed cells were plated on YEP agar medium containing 25 mg L*
carbenicillin, 25 mg L™ rifampicin and 50 mg L™ spectinomycin at 28 °C for 2 days.
Growing, antibiotica-resistant colonies of Agrobacteria were subcultured in liquid
medium and then screened by PCR amplification using PGY 1for2 and nos-T primers
(Table 1).

YEB (Yeast Extract Broth)- Medium

0.5% Beef extract

0.1% Yeast extract

0.5% Pepton

0.5% Sucrose

Dilutein 1L H,O

Adjust pH to 7.2 with 0.5 M NaOH

After autoclaving and cooling down, add 2 mL filter sterilized 1M MgCl, per liter.

2.7 In planta transformation of A. thaliana, selection and propagation of transgenic
plantsthrough generations

Five-week-old Arabidopsis plants (ecotype Col-0) were transformed using recombinant
A. tumefaciens strain AGL 1 by the vacuum infiltration method (Bechtold et al.,1993). A
single colony of Agrobacterium carrying the recombinant vector was inoculated into 50
mL liquid Y EP medium (containing 25 mg L™ carbenicillin, 25 mg L™ rifampicin and
50 mg L™ spectinomycin) and grown overnight on a rotary shaker at 200 rpm and 28
°C. The culture was inoculated into 250 mL YEP medium containing the same
antibiotics and grown a 28 °C for 6 h to the relative density of ODgy= 2.0.
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Agrobacterium cells were centrifuged for 10 min at 2700 xg and resuspended in a
transformation suspension consisting of 5 % sucrose, 0.4 % %2 MS-sdlts, 1x B5 vitamin,
10 uL L™* BAB, and 0.01 % silwet-L77, pH 5.8 to afinal ODggo of 1.1 — 1.3. The beaker
was then placed in a vacuum chamber. Inflorescences were dipped in bacteria
suspension and infiltrated under vacuum conditions of 530 HPa for 5 min. The
transformed plants were placed into a plastic bag and kept in the dark for 24 h with
relative humidity close to 100 %. The plants were then grown in a climatic chamber for
seed maturation. T, seeds were grown on ¥2 MS-medium containing hygromycin (30
mg L) and ticarcillin (150 mg L™) for selection. After acclimatization, the
transformants were grown in a growth chamber under controlled environmental
conditions (see section 2.1) to raise the T, plants.

Hygromycin-resistant transformants (T,) were self-pollinated, and harvested seeds of
each T, line were checked for inheritance of foreign gene by calculating ratio of the
tolerant plants to the non-tolerant plants on selection medium with hygromycin (30 mg
LY. Homozygous lines for the transgene were then selected by alowing hygromycin-
resistant T, progeny to self-pollinate and by screening for plants whose seeds were 100
% hygromycin-resistant. Homozygous lines for each gene were used for phenotype
characterization and further experiments in addition to the transgenic control plants
(empty pLH6000 vector, #14).

2.8 Molecular characterization of transgenic lines

2.8.1 Extraction of plant DNA

Stability of the cloned EtDef and thanatin gene integration in Arabidopsis genome was
analyzed for two successive generations (T1, and T,) using PCR. Genomic DNA was
extracted from fresh leaves of transformed and nontransformed (negative controls)
plants using the Extract-N-AMP Plant PCR Kit (Sigma, Germany) according to the
manufacturer’s instructions. One leaf disk (about 0.5 cm?) from the rosette leaves was
collected and extracted in 100 pL of extraction solution. The samples were then
vortexed briefly and incubated at 95 °C for 10 min. After that, 100 pL of the dilution
solution was added to each sample and vortexed. The samples were stored at 4 °C, and
used later as atemplate for PCR.
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2.8.2 Polymerase chain reaction (PCR)

PCR amplifications were carried out on a GeneAmp® PCR System 2700 thermocycler
(Applied Biosystems). Primers PGY 1-for2 and HindllI-EtDef-rev (Table 1) were used
for the amplification the fragment of SP-EtDef and primers PGY 1-for2 and Sall-than-
rev for the amplification of SP-thanatin. The reaction for both genes was carried out in
10 pL reaction mixture containing 5 — 10 ng of plant DNA, PCR Master Mix (Extract-
N-Amp Kit, Sigma, Germany), and 100 ng of each primer. The PCR program profile for
both genes was as follows: initial denaturation at 94 °C for 5 min, followed by 35 cycles
of 30sat 94 °C, 30sat 50 °C and 40 sat 72 °C. Finally, an additional elongation step
was performed for 5 min at 72 °C. The amplification products were mixed with gel
loading buffer (0,25 % (w/v) bromphenolblue and 40 % (w/v saccharose) to give afinal
sample volume of 10 to 20 pL and were then analyzed on 1.5 % (w/v) agarose gel in
Tris-Borate-EDTA (TBE) buffer containing 90 mM Tris-HCI (pH 7.5), 90 mM boric
acid, and 1 mM EDTA (pH 8) and visualized by staining with ethidium bromide (0.2
pg/ml). 1KB Plus DNA Ladder (Gibco BRL life Technologies GmH, Karlsruhe,
Germany) was used as size marker. The gel was then visualized using a UV
transilluminator (Frobel-Labortechnic) a 312 nm wavelength. The stained bands were
digitalized using digiStore software (INTAS, Gottingen) on a persona computer

connected to thermoprinter.

2.8.3 Detection of gene expression

2.8.3.1 RNA extraction

Tota RNA was extracted from 5-week-old transgenic as well as non transgenic
Arabidopsis leaves using RNA extraction buffer (Applied Gene technology System,
Heidelberg, Germany) according to the manufacturer’s instructions. Newly rosette
leaves were ground to a fine powder in a mortar with liquid nitrogen and stored at
-80 °C. About 150 - 200 mg of the homogenized samples was extracted with 1 mL RNA
extraction buffer including guanidiniumthiocyanat and phenol. The samples were then
vortexed after the addition of 200 pL chloroform and placed on shaker at RT for 15
min. After centrifugation (20800 rcf for 15 min, at 4 °C), the supernatant was collected
and purified with 850 uL chloroform and centrifuged at 20800 rcf for 15 min at 4 °C.
An equa volume of 5 M lithium chloride was added to the supernatant, and the mixture
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was kept at 4 °C overnight. The RNA was precipitated by centrifugation at 20800 rcf
for 20 min at 4 °C. The pellet was washed twice with 70 % ethanol and dissolved in 40
puL H2O pepc. The concentration of RNA was determined using NanoDrop ND-1000
Spectrophotometer (pegLab Biotechnologie GmbH, Erlangen, Germany). The quantity
and integrity of mRNA were checked on denaturing 1.5 % agarose-gel containing 5 %
formaldehyde. Samples (1 ug RNA) were mixed with loading buffer and separated at
120 V in 1 x MOPS running buffer. The gel was then visualized using a UV
transilluminator.

RNA-Extraction Buffer

Phenol in saturated buffer 38 %
Guanidin- Thiocyanat 0.8M
Amonium- Thiocyanat 04 M
Sodiumacetat, pH 5 0.1M
Glyceral 5%
H2O0perc

Aqua bidest. DEPC
Aqua bidest. and DEPC (Diethylpyrocarbonat) (0.1 % w/v) were mixed for two hours.
The solution was incubated at 37 °C overnight and finally autoclaved.

10x M OPS

MOPS 200 mM
Sodiumacetat 50 mM
EDTA 10 mM

in autoclaved A. dest pepc. and the pH was adjusted to 7.0 using NaOH (10 M)

2xX RNA- L oading puffer

Formamid 720 pL
Formaldehyde (37 %) 260 pL
10x MOPS 160 pL
EtBr (10 mg/ ml) 100 pL
Glycerin 80 uL
Bromophenol blue 80 uL
A. bidest. DEPC 100 pL

2.8.3.2 Rever setranscription-polymerase chain reaction (RT-PCR)

Expression of the EtDef and thanatin gene in transformed A. thaliana plants was tested
with RT-PCR. Total RNA was extracted from the leaves of transformed and
untransformed, control plants as described above (see section 2.8.3.1), and then treated
with RNAse-free DNAsel (Fermentas, Sankt Leon-Rot, Germany) at final concentration
of 2 units/ug of total RNA for 30 min at 37 °C. In order to obtain cDNA, mRNA was
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reverse transcribed using a One-Step RT-PCR kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. 2 ug RNA was used for cDNA synthesis in a final
volume of 20 pL according to the manufacturer’s instructions. Aliquots were amplified
in subsequent PCR reactions using gene-specific primers for EtDef (Bglll-EtDef-start-
Fwd and EtDef-HindllI-stop-rev) and gene-specific primers for thanatin (BamHI-Chi-
fwd and than-Sall-stop-rev) (Table 1). In each case, a control PCR with the constitutive
Arabidopsis ubiquitin-5 gene (UBQ5) gene was made in paralel with the primers
UBQ5-fwd and UBQ5-rev (Table 1). PCR conditions were as follows. a reverse
transcription step of 30 min at 50 °C, a denaturation step of 15 min at 94 °C, 30
amplification cycles of 30 sat 94 °C, 30 s at 50 °C (for amplification of EtDef and
thanatin gene) or at 60 °C (for amplification of Arabidopsis UBQ5), 30 sat 72 °C, and
an extension cycle of 10 min at 72 °C. The PCR products were then separated on

agarose gel and visualized using aUV transilluminator.

2.8.3.3 Quantitivereal-time PCR (QRT-PCR)

Real-time RT-PCR analysis was performed using Mx3000p thermocycler (Stratagene
Research, La Jolla, CA, USA). Transcript expression analysis for every gene was
performed in EtDef- and thanatin- transgenic lines as well as Col-0 (wild type)
Arabidopsis plants using the FullVelocity® SYBR® Green QRT-PCR Master Mix kit, 1-
Step (Stratagene), according to the manufacturer’s protocol. A non-template control was
also included for every gene. Each reaction contained 13 pL FullVelocity SYBR Green
QRT-PCR master mix, 1uL each of gene specific forward and reverse primers (Table
1), 10 ng of RNA, and 1 pL of RT/RNase block enzyme mixture, which contained
dNTPs, Tag polymerase and Reverse transcriptase. Thermocycler conditions were as
follows: 50 °C for 30 min; then 95 °C for 7 min; 40 cycles of annealing temperature for
30 s, then 72 °C for 30 s, followed by 95 °C for 1 min. The annealing temperatures are
given in Table (1). Dissociation curves were produced to confirm amplicon purity. All
reactions were repeated at least triple. From the standard curves, relative expression of
each gene was estimated compared to control using Mx3000p MxPro v3.20 software.
Cycles of threshold (Ct) vaues were generated by deducting the raw Ct values of EtDef

gene and thanatin gene from the respective raw Ct values of the Arabidopsis ubiquitin-5
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gene (UBQ5). Within each construct, transcript expression differences were statistically
determined using the 22 method.

2.8.4 Antifungal activity of leaf extracts from transgenic Arabidopsis

To evaluate the antifungal activities of EtDef and thanatin genes in Arabidopsis plants,
T3 transgenic plants overexpressing EtDef and thanatin and transgenic control plants
(#14) were used for in vitro assays. The antifungal activity of leaf extracts (protein
extracts) from 5-week-old Arabidopsis plants was assessed against B. cinerea. Protein
extracts were pestled with 1 mL precoold extraction buffer (50 mM Tris-HCI pH 7.5),
vortexed, and centrifuged (20800 rcf for 10 min at 4 °C). The supernatant was
transferred to a clean 1.5 mL microcentrifuge tube and placed on ice (Wang and
Constabel, 2004). B. cinerea was maintained on HA-agar medium and then agar blocks
with fungal mycelium were incubated in leaf extracts at 22 °C for 24 h. Subsequently,
agar blocks were transferred to fresh HA-agar plates, and outgrowth of the mycelium
was measured 24 h later. Two independent experiments with separate preparations of
each plant protein extract, and four replicas for each protein extract were performed.

2.85 Antifungal activity of intercellular washing fluids from transgenic
Arabidopsis

Intercellular washing fluids (IWFs) were obtained from Arabidopsis transgenic plants as
well as non-transgenic Col-0 (5-week-old) by centrifugation according to Lohaus et al.
(2001). The fully expanded rosette leaves were collected and immersed in a beaker
containing extraction buffer (50 mM phosphate buffer and 0.6M NaCl, pH 7.5). The
beaker was placed in a vacuum chamber and subjected to six consecutive rounds of
vacuum treatment for 2 min followed by abrupt release of vacuum. The infiltrated
leaves were dry-blotted and gently placed in a centrifuge tube on a grid separated from
the tube bottom. The IWFs were collected from the bottom of the tube after
centrifugation of the tubes at 50 rcf for 5 min at 4 °C. The amount of IWF obtained
from 1 g of tissue (fresh weight) was 0.2 to 0.3 mL. IWF extracts obtained from
transgenic and non-transgenic plants were fractionated on 15 % Tricine-SDS-PAGE
(Schagger and Jagow, 1987) and their antifungal activities were evaluated against B.
cinerea using spore germination assay. Fungal conidia (2 x 10* conidia mL™) were
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incubated in 20 pug IWF from each transgenic lines as well as non-transgenic plants in
microtiter plate a RT for 24 h and the percentage spore germination inhibition was then

evaluated for each transgenic line.

2.9 Plant resistance bioassays

To assess resistance, Tz homozygous EtDef and thanatin transgenic plants and
transgenic control plant (#14) as well as non-transformed Arabidopsis Col-0 were used.
Antifungal resistance of EtDef and thanatin transformants was evaluated by inoculation
with the obligate biotrophic fungal pathogen G. orontii causing powdery mildew and
the necrotic fungal pathogen B. cinerea causing grey mold. For antibacterial resistance

assays, transgenic plants were inocul ated with P. syringae strain DC3000.

2.9.1 Inoculation of powdery mildew

Inoculation with G. orontii was performed on 5-week-old soil-grown plants. For
inoculum preparation, leaves from heavily infested plants were cut and spores were
washed down into 0.02 % Tween solution. A spore suspension with a density of 5x10°
conidia mL™ was immediately sprayed on healthy plants. After inoculation, the plants
were moved to a growth chamber under the same growth condition as described
previoudly (see section 2.1). A total of 10 plants were used for each treatment, and the
experiment was repeated twice.

The growth of G. orontii was microscopically evaluated by counting the total number of
conidiophores per colony at 5 dpi and the number of new conidia per gram leaf fresh
weight of inoculated plant at 10 dpi. To accomplish that, rosette leaves of inoculated
plants were cut after 5 dpi and immediately immersed in destaining solution. Afterwards
they were stained using acidic blue ink for 60 seconds, mounted on slides and observed
with light microscope (Zeiss, Oberkochen, Germany). In each case, pictures of five
randomly chosen fields of view per leaf and a minimum of 10 leaves per experiment
were used to assess fungal growth. As for conidia number, 3-5 inoculated plants from
each treatment were cut, weighed and washed in defined volume of 0,01 % Tween-
solution to collect the new grown conidia. Their number were counted then using
Fuchs-Rosenthal Counting Chamber. In addition, the visible disease symptoms were
photographed at least 10 days after inoculation.
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Blue-Ink staining solution
10 % blue ink (v/v) within 25 % acetic acid

Destaining solution
Ethanol (80 %), chloroform (20 %) and 1.5 g L™ trichloroacetic acid.

2.9.2 Inoculation with grey mold B. cinerea

Botrytis inoculation was done using the detached-leaf assay (modified after Ferrari et
al., 2003). 30 rosette leaves from 10 transgenic plants as well as non-transformed plants
(5-week-old) were detached and placed in Petri dishes containing 0.5 % agar, with the
petiole embedded in the medium. Inoculation with B. cinerea was performed by placing
5 pL droplet of a spore suspension of 2x10* conidiospores mL™ in 12 g L™ potato
dextrose broth (PDB) on the middle vein. The Petri dishes were sealed by parafilm in
order to maintain a high humidity. The plates were then incubated in a growth chamber
with 16 h photoperiod and 22 / 18 °C day / night temperatures. 4 days after inoculation,
pictures of the infected leaves were taken. For assessing the progression of disease
symptom of B. cinerea, the lesion size (diameter of the lesion area, in mm) was
measured from the digital images using the free software Image] programme
(http://rsb.info.nih.gov/ij/index.html).

2.9.3 Antibacterial resistancein transgenic Arabidopsis plants

EtDef and thanatin transgenic Arabidopsis (5-week-old, soil-grown) plants were
infected with P. syringae strain DC3000. For plant trestment, bacteria were cultured at
28 °C on King’s medium B (20 g bacto proteose peptone, 15 g Ko;HPO,4, 15 g MgSO4-
7H,0, 0.8 % glycerol, 15 g agar per liter) containing 50 mg L™ rifampicin. After 2 days,
bacterial culture was collected by scraping the culture from the plates and washing
twice then with sterile 10 mM MgCl,. The bacteria concentration was brought to
ODgo=0.2, which corresponds to approximately 1x10° cfu/mL and was then pressure
infiltrated into the abaxial side of the leaves using a syringe without a needle (Swanson
et al., 1988). Inoculated plants were incubated in a growth chamber under conditions
similar to those of pre-inoculation. Four days after inoculation, levels of bacteria
growth in the leaves were determined as described (Whalen et al. 1991). Leaf disks (0.5
cm? diameter) were punched from the infiltrated area with a cork borer and ground in 1

mL 10 mM MgCl,. Bacteria populations were measured by the standard plate-dilution
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method, using King’s medium B amended with rifampicin (50 mg L™) (Whalen et al.
1991).

2.10 Statistical analysis

All data sets were analyzed using one-way-ANOV A of the SPSS for windows statistical
data analysis package (SPSS Inc., release 16, Chicago, IL, USA) to determine if
significant differences of antimicrobial activity between transgenic and non-transgenic

plants were presented with argjection limit of P < 0.05.
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3 Results

Transgenic expression of antimicrobial peptides from insects has been emerged as a
promising tool to render crops resistant to a wide range of fungal and bacterial
pathogens (Vilcinskas and Gross, 2005). Hereabout, the present work aims to introduce
genes encoding the novel antimicrobial peptide EtDef from E. tenax larvae (Altincicek
and Vilcinskas, 2007) and thanatin from P. maculiventris (Fehlbaum et al., 1996) into
Arabidopsis and to evaluate their in vitro as well as in planta antimicrobial activities

against some agronomically important phytopathogens.

3.1Invitro antifungal activity of synthetic EtDef and thanatin

Since available data on the antifungal activity of EtDef and thanatin are scarce, the
sequences of mature EtDef and thanatin peptides were chemically synthesized and their
in vitro antifungal activities were assessed against different species of phytopathogenic
fungi. These include F. culmorum and B. cinerea (Ascomycetes), and P. parasitica
(Oomycetes).

Antifungal activity of EtDef and thanatin on F. culmorum was evaluated using spore
germination inhibition assay. Fungal spores were incubated in the presence of various
concentrations of EtDef and thanatin peptides, with ICsy (peptide concentration which
leads to reduce the conidia germination by 50 %) and MIC (minima inhibitory
concentration) values being determined after 24 hours of incubation (Table 2).
Increasing concentrations of both synthetic EtDef and thanatin resulted into a marked
reduction in the spore germination and hyphal growth of F. culmorum (Fig. 2 and 3).
This effect was much obvious for synthetic EtDef, with 1Cs, observed at approximately
2 UM. Regarding thanatin, 1Cso was dightly higher being 2.6 uM (Fig. 3 and Table 2).
MICs for both EtDef and thanatin were, however, comparable and averaged between 5
— 10 uM (Fig. 3 and Table 2). Light microscopical analyses showed clearly that EtDef
with its 1Csp concentration (2 uM) resulted into some abnormalities in the fungal germ
tube morphology, such as swelling, shortening, increasing in cell wall thickness (Fig.
2B). Nevertheless, this effect was not observed for thanatin (Fig. 2E).
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R-ME -control low concentrations high concentrations
EtDef
4.4 um 4.4 um 44 um
thanatin
18.2 um 182 ym
H H 8.7 um

Fig. 2. In vitro spore germination of. culmorumin the presence of 1M «-ME (as
control) (A and D); syntheti&tDef at final concentrations of 2 and M (B andC,
respectively);synthetic hanatinat final concentrations of 5 and BM (E andF,
respectively after 24 h incubation Note the swlling of spores and the growt
abnormalities of the germabe of the germinated spores treated vtidef (B).

(A) (B)

Fig. 3: In vitro antifungal activityof syntheticEtDef (A) and thanatin (B) onspore
germination ofF.culmorum The effect of both peptides on spore germination \
microscopically investigated and the % spore germination inhibition was eval
24 h after incubationEach value repreats the mean of three reéghtes of two
succesive experiments SE
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High concentrations of both synthetitDef and hanatin completely abolished the
spore gernmation ofF. culmorum(Fig. 2C and F respectively.

The antifungal properties dtDef and hanatin were also studied with respectBto
cinereaconidial germinationB. cinereaconidia wasincubatedwith either EtDef or
thanatin at different concentrions and observed microsaoglly after 24 h of
incubation Irrespective of peptide concentration, spore germinatio. afinereawas
generally more sensitive to baglhintheticEtDef and hanatin compared . culmorum
Microscopic examination of spogermination ofB. cinerea(Fig. 4) revealed that low
EtDef and hanatin concentrations significantly reduced the spore germination as well as
the growth of germ tube oB. cinereacompared with the corresponding controls,
whereas high concentratiomghibited completely the spore germinatidihis inhibitory
effect wasgenerallymuchpronouncedor thanatinas compared t&tDef. The 1G, was
0.5 and 0.1 M, whereas MIGranged froml to 2 andfrom 0.5 tol, M for EtDef and
thanatin respectivelfFig. 5 andTable?2).

Becauset was difficult to evaluate tha vitro antifungal activity ofsyntheticEtDef
and hanatin againsP. parasiticausing spore germinatioimhibition assay antifungal
activity of bothpeptideswasassessedsing MTT assayin which the effect of various
concentrations of synthetietDef andthanatin on the viability oP. parasiticacells was
colorimetric determine@seesection 2.3.2.2 Firstly, the zoospores were incubated with
various concentrations of each synthetic peptide fdn 48RT. Spore germination and
hyphal growth were then microscopicainvestigated. Photomicrograph@ig. 6)
demonstrated that mycelia growth Bf parasiticawas clearly inhibited aktDef and
thanatin concentrations increased compared to the relativeeolsorFurthermore,
thanatin presented comparatively stronger activity thdtDef, as moderate
concentrations of this peptide (5 pM) inhibited completely the mycelia growth (Fig.
6C). Additionally, no mycelial growth was noted at the highefdef and haratin
concentrationg10 pM) (Fig. 6). These observations wemipportedby the results
obtained fromMTT assay which shoved that mycelial growth and cell viability of P.
parasitica were distinctly reducedwith increasingconcentratioa of both EtDef and
thanatin (Fig. 7). ICso was observed at concentratioh aboutl uM for EtDef and
ranged between and2 uM for thanatin(Fig. 7 and Table?).
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R-ME -control low concentrations high concentrations

EtDef

thanatin

Fig. 4: In vitro spore germination dB. cinereain the presence of-ME (as control) at
final concentrations of 2 and€M (A and D, respectively); synthetEtDef at final
concentration of 0.5 and€M (B and C respectively), and synthetianatin at final
concentration of 0.1 and€M (E and F, respectivelyMicrograghes were taken 24 |
after incubationBars = 4.4 pm.

(A) (B)

Fig. 5: The effect of synthetiEtDef (A) andthanatin (B) on spore germination®f cinerea
in vitro. The influence of both peptides on spore germination was microscopic
investigated and the %pare germination inhibition was evaluated 24 h after incubat
Each value repreats the mean of three reghtes of two successive experimentSE
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R-ME EtDef thanatin

10€M

S5€M

0.5€M

Fig. 6: Hyphal growth inhibition ofP. parasiticatreated with different concentrans of (3
ME (as a control)syntheticEtDef, and tanatin Micrographs were taken 48 h aft
incubation Magnification 100x.

(A) (B)

Fig. 7. Effect of various concentrations of synthdfiDef and hanatin on mycedil growth and
cell viability of P. parasitica The percentage of growth inhibition Bf parasiticaafter
incubation ofzoospores with each synthetic peptide for 48 h at RT. Cell viability
determined by MTJcolorimetric assay. The MT3derived formazanproduced during ar
additional 4 h MTTincubation was measured. Percentage inhibition was computed
mean absorbance values, as detailed in the material and method (see section 2.3.2.2
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MIC for EtDef rangedbetween5 € 10 uM, while that of hanatinwas attained at
comparativelyjower concentration2€ 5 uM) (Fig. 7 and Table?).

3.2Expression and purification of recombinant proteinEtDef

One of the major concerns regarding #pplication of synthetic AMPs itheir hich
production costsThus it wasattempted in this study &stablish a method to permit the
production ofrecombinanE&tDef protein inE. coli in large quantities with low castTo
accomplishthat,the expression vector pCR/IIT (containing Histag and \b epitope at
C-terminal) was usedirstly to produce the recombinagitDef proteinin the E. coli
BL21 (DE3) expressiorsystem.The obtainedargetrecombinanpCRT7%EtDef protein
was purified usingNi-NTA column (see section 2.4.3) Tricin-SDSPAGE analysis
(Fig. 8) showed thathe target protein was successfully expressed in insoluble form
after 1 mM IPTG induction, although, withlittle amountThe expression and purity of
the targetfusion proteinwerefurtheranalyedby Westerrblotting analyss with mouse
antr V5 antibody.As shown in Fig9, a band wth molecular weight of about 7lDa
(corresponding tdhe expected molecular mass fakion proteinpCRTZEtDef) was
detectedTogether withthe results offricin-SDSPAGE analysisthis confirms thatthe
PCRT-EtDef could besuccessfly expressed iffc. coli expression systen®nly small
amountof peptide could be expressed and purified

In order to improve the production leyé&itDef gene wagused with the protein partner
Trx-tag under theantrol of T7 promoter, usingET32a(+) expression vectoAll steps

of EtDef gene synthesis and the recombinant vector pEE3Raf construction are
illustrated inFig. (10). With the designed primers (PBamH-EtDef-fwd, and P2:
Hindlll -EtDef-rev), DNA fragment with a size of 141 bp (corresponding to the mature
peptide coding region ditDef gene) was amplified by PCR from pGEMasyEtDef
(Fig. 11A). SubsequentlyEtDef fragment wagligested withBamH and Hindlll and
then ligated into pET3Z&) to constuct the recombinant expression vector pEF32a
EtDef. The positive clones were verified by colony PG&ng EtDef specific primers
(P1 and P2) as well as the vector primers P3f{id) and P4 (T#termrev) (Fig. 11B),

andthenconfirmed by sequencing ansiy.
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Fig. 8. Tricin-SDSPAGE (15 %) showing expression and ANITA purification of
recombinant PCRTFEtDef under denaturatg conditiors. Lane 1,BenchMark™ pre
staned protein marker (Invitrogén lane 2, reprgents uninducecE. coli BL21/
PCRT*#EtDef; lanes3 and 4, represent total protein from induced BL21 c
containing recombinanPCRTZEtDef after 1 and 4 h of IPTG induction; lane
represents the inclusion bodies containing fudREERT#EtDef after Frerch press;
lanes 6 and 7, represent flow through; lanes 8, 9, and 10, represent washing stey
11, 12, and 13, represent elution stépegal refers to the purified recombindCRT7#
EtDef of 7.6 kDa.

7.6 kDa

Fig. 9: Western blot analysis of thexpressionand NiNTA purification of
recombinat PCRTZEtDef protein using Antv5 antibody.Lane 1, showsotal
protein expression from induced BLPURTZEtDef after 4 h of IPTG
induction; lane 2, represents the inclusion bodies containing fURORT #
EtDef, lane 3, represents flow through; lanefilst washing step; lane 5, firs
elution step.
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Fig. 10: Schematic represetiian of theEtDef gene synthesis and the construction
expression gctor pET32&tDef with a fusion partner TrxAdlis-S-tags. P1,
BamHHIEtDef fwd; P2,Hindlll -EtDef rev; P3, TAwd; P4, T#term rev.

141 bp

Fig. 11: EtDef gene amplified from pGEMT ea&tDef (A), PCR colony check foi
the recombinant plasmid pET3EdDef in E. cdi DH5f (B). Lane 1 and 2
represent PCR producusing EtDef specific primers; Lane 3 and 4, PC
productsusing vector primers; M, 1 KBlus DNA ladder (Invitrogen)
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In apreliminaryexperimentE. coli BL21 (DE3) containing either empty pET32a0r
pET32aEtDef was culturedjnduced by0.4 mM IPTG (for 2, 4, and 6 h)andthen
analyzed by SD®AGE (Fig. 12). The maximum inductiorof THS-taggedEtDef (Trx-
His-S-tag EtDef) was observed afterldwith no considerable variation afterwardbe
recombinant proteifHS-taggedEtDef was found tdhave a molecular weight o&bout
22 kDawhich corresponds to trealculated size dEtDef (5 kDa) and 17 kDa THE&gs
region of pET32a vectdFig. 12).

The THS-TaggedEtDef was expressed in both the solulated insoluble(inclusion
bodies)fractiors of the bacterial lysateAfter purification, the purity of protein was
much better when purified from the inclusion bodi€serefore the pellet fraction of
THS-taggedEtDef inclusion bodies wagpurified by NiNTA chromatography under
denaturahg condition. The purity of the HIS-TaggedEtDef proteinwas analyzed on
SDSPAGE (Fig. 13). After Ni-NTA purification, the targetfusion protein HS-EtDef
was eluted from the column with 250 mM imidazole. Not all fusion peptides could be
bound to the matrix (some were removed from the column by the primary salhgyash
but large arount ofproteinwaseluted with 250 mM imidazole. The purity of the fusion
protein THStaggedEtDef was around 8%6. Subsequently,he fusion proteinTHS-
taggedEtDef was refoldedsee section.2.4) and used for furthein vitro antifungal

assays.

3.3In vitro antifungal activity of fusion protein THS- EtDef

Antifungal activity of the fusion proteiftHS-EtDef was evaluated againBt cinerea
using spore germination inhibition assay in a 96 well microtiter plate. The activity of
THS-EtDef on spore germin@ain was assessed by incubating fungal spores for 24 h in
the presence of varioyseptideconcentration (0.1, 0.5, 1 and 2 puM)Solutionsof
purified THStags from bacterial cells wittempty pET32a(+)vector in similar
concentrationsvere used as negatigentrols.

Microscopic observationgFig. 14) revealedthat low concentrations othe fusion
protein THS-EtDef causeda marked reduction ithe hyphal growth andelongation

with most observedyphaeexhibited various signs of characterishcanchng. The
grown hyphae appearg¢agged rough with dense granulated cytoplagntontentsand

thick cell walls compared to wetlevelopedungalmycelia in empty vector controls
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kDa

36

22 KDa

16
6

4

Fig. 12: Coomasie stained SDBAGE analysis for the expression of $thgged
EtDef fusion proteinM, low molecular weight protein marker; laneuhinduced
E. coli BL21/pET32aEtDef; lanes 2, 3and 4, total protein from induced BL2

cells containing recombinapET32-EtDef 2, 4, and 6 h after induction with
mM IPTG.

kDa

50

36

16

Fig. 13: SDSPAGE analysis of the expression andN\IA purification of THS
taggedEtDef fusion protein.Lane 1, uninduced BL21/pET3Z&Def; lane 2,
total protein expression from induced BL21//pETEiBef by IPTG induction
(4h); lane 3, flow through; lanes 4, 5 and 6, washing steps; larngsad 9,
elution steps; M, low molecular weight protein marker.
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(A) (C)
0.5 uM
8.7 um 8.7 um
(B) (D)
\ 2uM
a8
44pum 4.4 pum

Fig. 14: Effect of variousconcentrations of TH&gs (A and B), andHS-EtDef (C
and D) onspore germination oB. cinereain vitro, 24 h afterincubation. Arrows
indicate extruded cytoplasmic matds surrounding the collapsed spores upc
exposure to THEtDef at a concentration of 2 uM.

Fig. 15: In vitro antifungal activity of various concentrations of fusiprotein
THS-EtDef on the spore germination 8 cinerea Each value represents tt
mean of three replicates. Bars repeesthe standard error.

52



RESULTS

(Fig. 14C). As little as 0.5 uM othe THS-EtDef fusion proteinwas sufficient to inhibit
the conidial germination by 5% (ICso), which is similar tothe ICs, observed for
syntheticEtDef peptide The highest concentration @HS-EtDef fusion protein used in
this study (2 uM) was able to inhibit about 90 % of spore germination (E).
Microscopical analysis divulged clearly thaese poresappearedswollen somewhat
with different plasmolysisdegreesand release of cytoplasnmeaterialswas observed
surroundig the sporeqFig. 14D). Although some conidia (less than 5%) germinated at
the highesiTHS-EtDef concentratiorf2 M), ther germ tube stopped to grovehortly

after the germinatian

3.4 Transformation of A. thaliana with AMP-encoding genes and chacierization

of transgenic plants

To test whether the inseEtDef andthanatinpeptidescan be functionally expressed in
transgenic plantsand targeted to the apoplastey were transformeito Arabidopsis
because of the ease and rapidity with whi@nsgenic plants can be obtained in this
species.

The nucleotide sequences encodihg complete ORF oEtDef (including its signal
peptidg andthe chimericthanatin(including HvChi26 signal peptideFig. 16 and17)
were inserted into plant expressioactor (35SBM) under the control of enhanced
CaMV 35S promoteland nosterminator. Both expression cassettes were introduced
into Arabidopsis via Agrobacteriimediated transformation using the hygsam
resistance gene aselectable markdsee sectio2.6). The transformation experiments
yielded 15 hygromychmesistant Arabidopsis primary transformants) {ith the vector
pLH6000 35SEtDef for EtDef expression(Lines 391€ 405) and 9 hygromycin
resistant lines with the vector pLH6000 35%anatin fo thanatin expression (linef7

€ 415. The integration ofEtDef and bhanatin genes into Arabidopsis genome was
confirmed by PCR analysis with primedgsigned to amplify the promotgansgene
region for each constructAmplicons of 464 bp and 3Q bp wee observed in the
putative transformants overexpressingetDef and hanatin, respectively. No
amplification was observed in ndransformed Arabidopsis Gl plant

EtDef and hanatin transgenic plants did not show any phenotypic and/or growth

behavior diferences relative to their wild type plag@ol-0).
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(A)

B
GGATCQTGCGTGCCAGTATCGCAATAACTTTTCTGTTCGGACTCGCCCTGTéC)GTTGT
GTGTTCAGCCGTGCCCGTGGTGGATCCGGAAGCAGCTGCCGAACTCGAATTTGTTGGTC
AGCATGATCTGGAAGCAGTCGCCGACGGAACTGGACTCCGTCARRNXGRGEGT
GATCTGCTAAGTTTCTTGAATGAAGGATGCTGCTTGTGCTGCTCATTGCTTAGCGAA
GGGATACAGAGGAGGATACTGTGACGGCAGGAAAGTCTGCAATTGEMI®RITST
1T

(©)
MRASIAITFLFGLALCVVCSAVPVVDPEAAAELEFVGEHDLEAVADGTGLRUJKI®OL
LSFLNVKDAACAAHCLAKGYRGGYCDGRKVCNCRR

Fig. 16; Schematic diagram of the-DNA construct used foEtDef plant transformation
(A), cassette of thgpLH6000EtDef vector for EtDef expression. (B), uctleotide
sequence foEtDef ORF (ignal peptidepropeptide, and mature peptide)th EtDef
sequence underlinedlote that thencorporatedrestriction enzyme sigeare shown in
italic. (C), whole amino acid sequence EtDef peptide, withsignal peptide (yellow),
propeptide (turquoise) andmature peptide (underlined. RB, right border; LB, left
border; 35S, promoter from Cauliflower Mosaic Virus (CaMWOST, nopaline
synthase terminator; hphygromycin phosphotransferase gesmferring hygromycin
resistanceThe asterislsign indicatestopcodon.

(A)

(B)
GGATCGGATCCATGAGATCGCTCGCGGTGGTGGTGGTAGTCGACGGTGGCCAT
GGCCATGGCACGGCGCGCGGCTCCAAGAAGCCGGTGATCATCTACTGCAACC
GCCGCACCGGCAAGTGCCAGCGUBSIGBCGAC

MRSLAVVVAVVATVAMAIGTABSKKPVPIIYCNRRTGKCQRM ©)

Fig. 17. Schematic diagram of the -DDNA construct used forthanatin plant
transformation (A), cassette of theLH6000thandin vector forthanatinexpression
(B), nucleotide sequence of thév-chitinasesignal peptidgHvChi26)thanatinopen
reading frame, withthanatin sequence underlinedNote that the ncorporated
restriction enzyme sigeare shown initalic. (C), whole anno acid sequence o
HvChi26-thanatin with maturethanatinsequence underlined. RB, right border; L
left border; 35S, promoter from Cauliflower Mosaic Virus (CaMNPS-T, nopaline
synthase terminator; hgtygromycin phosphotransferase geoaferringhygromycin
resistanceThe asterisk sign indicates stop codon
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Inheritances of both transgenes were studied by testing the germination of seeds
obtaired from T, selfpollinated plants of each construcn media containing
hygromycin. A 3:1 segregation for resistance to hygromycin antibiotic was observed in
most of the progenies of each construct indicating a single copy insertion. After self
pollinationof the T lines, six EtDef transgenidines (394, 395, 396, 398, 401, and 405),

and four thanatin transgenidines (407, 408, 410, and 4l1lyere selected as

homozygous lines from the; Generation for further investigations.

3.5 Expression pattern of EtDef and thanatin genes in transgenicArabidopsis
plants

Expression analyses &tDef and hanatin were performed by a reverse transcriptase
PCR (RFPCR) using RNA from T hygromicin resistant plants for each construct.
Resultsshownin Fig. 18A and B(upperpanes) revealed thaEtDef and hanatin genes
are efficiently transcribed into an mRNAy detecting specific amplicons dhe
expected siz&(301 and 149 bp, respectivelp)theirtransgenidinesat different levels.
Specific ubiquitin (UBIiQ5) transcrpt amplification was detected in all plants as an
internal control for cDNA synthesis (Fify8A and B,lower paned).

To quantify the levelof EtDef and hanatin transcripts generated from the CaMV 35S
promoter, six EtDef and five hanatin transgenic lise(T;) were analyzed using
quantitative real tilm RT-PCR and used for ssbquent bioassayS&ompared to the
housekeeping gene UBIQ5, thré&tDef transgenic lines, namel§95, 396 and 405
exhibited noticeably high mRNA level (Fi§j9A). As forthanatinthe highesttranscript
level wasobserved in the transgenic line 411 followedibg 410 (Fig. 19B).The same
trend of MRNA expression level of bd#tDef and hanatinwas also observed in thg T

homozygous transgenic lines

3.6 In vitro antifungal activity of leaf extracts and intercellular washing fluids
(IWFs) of Arabidopsis transgenic plants

The estimation of spore germination miycelia growth using crude protein extracts
from transgeni@lants is commonly used in determining the antifungal act{li&ngen
et al, 2006)
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> 0 9 3 8 8 338 3 8§ 8 < A
® M M ® ®m o »® o, ¥ T o =
301 bp
(B)

Fig. 18: Expression ofEtDef and hanatin genes in transgenic Arabidopsis plants.
PCR specific for different transqois were performed with sets of specific prime
(see section 2.8.3.2from leaf total RNA of T; transgenic Arabidopsis plant
transformed with (AEtDef and (B) hanatin(upper paneltompared with expressio
level of housekeepingeneUbiQ5 (lower panel)Wt: Col-0, numbers: respective Nc
of transgenic lines.

(A) (B)

Fig. 19: gRT-PCR analysis oEtDef (A), andthanatin (B)of T; transgenic Arabidopsis
EtDef and thanatin expressions under the control of -B&B/V promoterwere
analyzed in independent transgenic linge. specific amplification mduct could be
detected in the wild type (Wt) Arabidopsis. Each value represents the mean o
replicates + SE.
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In this studyeaf extracts fromb-weekold transgenic plantél';) overexpressingither
EtDef or thanatin were evaluated agaifstcinereain vitro. Fungalmyceliagrown on
agar blocks we incubatedwith leaf extracts from each construct for 24 h.
Subsequently, the agar blocks were transferred to fresh agar plates and the outgrowth of
the mycelium was measured 24 h latesultsof this investigationrevealed lhat leaf
extracs from EtDef transgeniclines did not show significant reduction in mycelial
growth of B. cinereacompared to thé&ransgeniaontrol (#14) (Figs. 20, 21).However,
leaf extracts fromthanatintransgenic line showedcomparativelyhigher depressive
effectonthe mycelal growth ofB. cinereathanEtDef, resulting into 4%%6 reduction in
the mycelial growth compared to transgenic control (RRgand21).

To verify the secretion dEtDef andthanatin into the apoplast of each transgenic line,
IWF extracts were preparddm the leaves of transgenamd nortransgenic control
plants(seesection2.8.5 and separated by TriclBBDSPAGE. After silver staining, an
additional band corresponds to the calculated sizbasfatinwas detected only in the
IWF of the transgenicine 410, whereas no signal was found in the IWFotter
transgeni@andnontrangjeniccontrolas well (data not shown)

The antifungal activity of IWEextracted from homozygous transgenic lines expressing
eitherEtDef or thanatinas well as from notransgenicArabidopsisCol-0 was assessed
againstB. cinereausingsporegermination assayicroscopical investigationshowed
that IWFs from bothEtDef and hanatin transgenicries led to considerable alterations
in the conidial germinationf B. cinereaas compared with their relative contrgisig.

22). These alterations include a complete germinatbibition of spores (Figs. 22 D
andG), growth abnormalities in the germ tube of the germinated spores (Bigsard

H), and reduced hyphal growth an@mjationassociated witlincreasingdichotomous
branching (Figs. 2 Fandl), compared with thin, welkklongated and extendéyphae
treated with IWF frormontransgenic ontrol Col-0 (Fig. 22A-C). Interestingly,among

all transgenic plants, IWFsom lines with highesmRNA expression level oEtDef
(396, 395, and 40%and hanatin(411, 410, and 4Q7showed distinctly the strgest
inhibitory effecton spore germination &. cinerea(Fig. 23 A and B).
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Fig. 20: In vitro antifungal activity of leaf extrastfrom Arabidopsis transgenic contrc
plants#14 (A), EtDef transgenidines (B), andthanatin transgenikines (C) againstB.
cinerea. Agar blocks with fungal mycelium werincubated for 24 h witleaf sap and
transferred afterwards to new agar plates. The hyphal growth retardation was ev
24 h later.

Fig. 21. Growth inhibition of B. cinereamycelia upontreatmentwith leaf extracts
prepared from TEtDef andthanatin transgenic lisecompared to transgenic contr
(#14). Two individual transgenic lines were pooled and extracted for each treat
Values represent the mean and the standard errors of six replicae24fh
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(A) (B) ©)
(D) (E) (F)
(G) (H) ()

Fig. 22: Representative irographs oB. cinereaconidia after 24 h incubain with IWFs
(20 pg/uL)from nontransgenic plants Cdl (A-C), EtDef transgeni@lants(D-F), and
thanatin transgeniglants(G-1). Bars = 4.4 um.

Fig. 23: Percentage of germination inhibitionBf cinereaspores after 24 h incubation wit
intercellular washing fluid IWFs) (atproteinconcentration of 2Qug/pL) obtained from
leaves of T homozygous transgentetDef lines (A), andhanatin lines (B) compared t
nontransgenic CeD (Wt). Values represent the mean of three replicas and tre
representhe standard errors.
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3.7 Evaluation of disease resistance in transgenic Arabidopsis plants

To determine whether the constitutive expressiorEtiief and hanatin couldconfer
resistance again&. orontii (biotrophicfungug, B. cinerea(necrotrophicfungug, and
P. syingae in Arabidopsis,six independent 3 homozygousEtDef transgenic lines
(394, 395, 396, 398, 40and 405) and four homozygousanatin transgenic lines (407,
408, 410 and 411) werevaluatedPlantstransformed witlthe pLH60®@ empty vector

(#14)aswell as nortransgenic planfCol-0) were used as controls.

3.7.1In planta resistanceagainstG. orontii

A total often T3 homozygousb-weekold soil-grown Arabidopsis plantsverexpressing
eitherEtDef or thanatinwere challenged with a suspension®f orontii conidial spore
(5x10° conidia mLY) to evaluate theesistancedegreemediatedby expressing each
gene.Ten days after themoculation, the disease symptoms were recorded. On average,
the spread ohyphae as well as the conidial sporulation wesmarkably declined on
the rosette leaves of alitDef (Fig. 24) and hanatin (Fig. 26) transgenic lines in
comparison to themontransgeniccontrok (Col-0). The resistance of transgenic plants
was further determined by counting the number of conidiophimmsed per fungal
colony, 5dpi and by counting spore numbers produced on infeldades at 10 dpi.
Data inFig. 25A indicate that the number of conidiophores formed fongal colony
wassignificantly P, 0.05)reducedn all EtDef lines relative to Ae0 (wild type). This
effect was @companiedvith a marked reduction in the number of spores fororethe
leaves ofall EtDef transgenic lines compared with the sitansgenic plants at 10 dpi
(Fig. 25B)

Regarding hanatin, the transgenic lines 407, 4l 411 exhibited significantl¢P ,,
0.05)lower numbers of conidiophores per fungal colony as comparadrdransgenic
and transgenic contro(&ig. 27A). Additionally, the number of spordermedwas also
significantly (P ,, 0.05)reducedn these trasgenic lines compared with ndrangenic

and transgenic contro(&ig. 27B)
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Fig. 24: Powdery mildew development on rosette leaves oftrexmsgenic control
Col-0 (Wt), and differentEtDef transgenic lines 10 dpi with conidial spores
G. orontii.

(A) (B)

bc bc

bc bc

Fig. 25: In plantaassay of antifungal activity &tDef Arabidopsis transgenic lines agair
powdery mildew (A), evaluation of conidiophore numbers after 5 dpi, and (B) coni
numbers after 10 dpi witks. orontii. Means are ratings déingal development on 1i
plants. Bars represent teendarcerror. Different letters indicate data sets significan
different atP ,, 0.05.
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Fig. 26. Powdery mildew development on rosette leaves oftremmsgenic control
plant (Wt), transgenic contro#(4), and differenthanatin transgenic lines 1
dpi with conidialspores of5. orontii.

(A) a (B)

ab ab

ab @&

Thanatin transgenic lines Thanatin transgenic lines

Fig. 27: In planta assay of antifungal activity ahanatin Arabidpsis transgea lines
against powdery mildewA), evaluation of conidiophore numbeaster5 dpi, and (B)
conidial numbers after 1@pi with G. orontii. Means are ratings of fungal developme
on 10 plants. Bars represent te@ndarderror. Different letters indicate data se
significantly different aP,, 0.05.
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3.7.2In planta resistanceagainstB. cinerea

B. cinereais the causal agent of grey mold on a brepdctrum of host plas. To
assess whethethe expression ofEtDef and hanatin in homozygoustransgenic
Arabidopsis couldmproveresistance again&. cinereadetached leaves fromBeek

old Arabidopsisplants overexpressingeither EtDef or thanatinas well as frommon
trarsgenic (Col0) and transgenic contro#{4) were inoculated withB. cinereaconidia
suspensior(2x10* conidiospores mt) according toFerrariet al (2003) The dsease
symptomg(i.e. necrotic lesions and leaf yellowing to different degrets}ed to apear
three days after the inoculatiomhe lesion diameter wacaded 5 days after the
inoculation.Expectedly, nostransgenic contrsl(Col-0) showed the typical symptoms
on all inoculatedleaves (Fig.28). Similarly, all EtDef transgenic lines showebetse
typical symptoms except for the transgenic line 405, where the diameters of necrotic
lesions were significantly ,, 0.05) lowest (Fig. 28 and 29A). As for thanatin
transgenidlines, typical necrotic lesions were formed on the leaves of all tramsgeni
lines under the study. However, the transgenic lines d@i@ 411 exhibited lesions of
distinctly smaller size which remained for longer than 5 days without any further

increase in their diameters (Bi@8 and29B).

3.7.3In planta resistanceagainstP. syringaepv tomato

Resistance of selected homozygodsweekold soilgrown Arabidopsis plants
expressingitherEtDef or thanatin against thieacterialpathogerP. syringagov tomato
DC3000 (Psf) was evaluated.All transgeniclines, nontransgenic (CeD) and
transgenic control (# 14Wwere inoculated by syringe infiltration ith bacterial
suspensionl(x1C cfu mL™). Typical necrotic lesions with chlorosis spreading out from
lesions in areas of inoculation were noted on the leaves efransgenic CaD plants
transgenic control plants (#149nd all EtDef transgenic lineg days after infectian
except forplants ofline 405which showed rarely mild chlorosifkegarding hanatin,
the transgenic lines 407, 41and 411showed comparatively mild chlorodiowever,

no difference in disease symptoms between transgenic plants of line 408 and their

relative controls was observed
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Wit
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EtDef<
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410
thanatin <
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\

Fig. 28: Disease symptoms &:. cinereaevaluated 4 days afténe inoculation on
nonttransgenic controArabidopsisCol-0 (Wt), representative tragenic lines
expressingetDef (lines396 and 405), andhanatin [nes410 and 411).
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(A) (B)

ab a a

Fig. 29: In plantaantifungal activity ofEtDef and banatin againsB. cinereainoculation.
Mean necrotidesionson the leaves of differeiitDef Arabidopsis transgenic lines (A
and thanatin transgenic lines (B) as compared to-tansgenicCol-0 (Wt) and
transgenic control (#14) 5dpiThe results are from one representative of 1
experiments and are averages of 30 leaves from 10 plants peDiffezent letters
indicate dataets significantly different & ,, 0.05.

(A) ¢ (B)
ac

ab ab

Fig. 30: In plantaantibacterial activity oEtDef and hanatin agains®. syringaepv tomato
DC3000Q Bacterial cell numbersvas measured in leaf tissues of Arabidopsis transg
lines overexpresng EtDef (A) and hanatin (B) comared to nortransgenicCol-0 (Wt)
and transgenic control (#14) 4 diiach value repreats the mean of fiveeplicates + SE.
Each experiment was repeated twigdfferent letters indicate data sets significan
different atP ,, 0.05.
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The number of bacterial cells in the injectedjions was additionally quantifigdee
section 2.9.3).As shownin Fig. 30, bacterial cell numbers at 4 dpi were not
significantlychanged in alEtDef transgenic lines in respecthioth controlsexcept for
the transgenic line 405 where the bactecell numbers wer&5 % and 48% lower
compared to notransgeni@and transgenicontrolsrespectively(Fig. 30A). Concerning
thanatin transgenic lines, the bacterial cell numbers were signifi¢@ntl9.05) lowest
in line 410 followed by 411 and 40The transgenic line 41@isplayedabout 66 %
and 72% reductionin the bacterial populatiomompared with nottransgenicand

transgenic controjsespectively (Fig. GB).
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