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ABSTRACT
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Dr. P. H. Goodwin

To explore the use of defensins for transgenic plant disease resistance, expression by
agroinfiltration of plants, stable transformation of plants and stable transformation of
yeast were tested for porcine β-defensin 1 (pbd-1) and Nicotiana tabacum defensin 1
(Ntdef1). Attempts to screen constructs by agroinfiltration of Nicotiana benthamiana
leaves revealed that agroinfiltration alone induced localized resistance against
Colletotrichum destructivum. A comparison of Agrobacterium tumefaciens strains
showed that the induced resistance required the transfer of type IV effectors into plant
cells and was independent of salicylic acid or ethylene signaling. Stable expression of
pbd-1 in N. tabacum and Pichia pastoris showed that PBD-1 purified from P. pastoris
had varying degrees of antimicrobial activity against a broad range of microbes,
including P. syringae pv. tabaci, C. destructivum and C. orbiculare, but in transgenic N.
tabacum, the protein could not be detected and resistance increased only slightly to P.
syringae pv. tabaci but not to C. destructivum or C. orbiculare. Stable expression of
Ntdef1 in P. pastoris yielded a protein with no or little antimicrobial activity, and stable
expression in N. tabacum did not result in detectable Ntdef1 or increased resistance to
those pathogens. Although PBD-1 had strong antimicrobial activity against plant

pathogens, plant disease resistance likely did not increase because of the low level of the
protein in the plants, whereas resistance did not increase with Ntdef1 likely because of
low antimicrobial activity and low levels of the protein in the plant. This research
demonstrates that agroinfiltration is not appropriate for testing genes for antimicrobial
activity in planta, while the P. pastoris expression system is useful for producing protein
for in vitro tests of a gene prior to its transfer to plants.
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Chapter 1. Literature Review
1. Host defence mechanisms
Innate immunity is defined as a universal and ancient form of host defense against
infection (Janeway and Medzhitov, 2002). Innate immunity was previously called
nonspecific immunity because of the nature of its microbial recognition, which relies on
limited germ line-encoded receptors that evolved to recognize conserved products of
microbial metabolism present only in invading microorganisms but not in the host. These
conserved products are known as pathogen-associated molecular patterns (PAMPs)
(Janeway and Medzhitov, 2002). Innate immunity is found in all multicellular eukaryotic
organisms including fungi, plants, invertebrates and vertebrates suggesting its long
evolutionary history as part of host defenses (Pancer and Cooper, 2006). In contrast,
adaptive immunity involves defense mechanisms mediated primarily by lymphocytes
evolving to recognize detailed molecular structures of a pathogen and is found only in
vertebrates (Janeway and Medzhitov, 2002; Pancer and Cooper, 2006). Although
adaptive immunity provides more effective protection against some recurring pathogens
for vertebrates, it takes several days to develop, while innate immunity provides a faster
response as a first line of host defense (Pancer and Cooper, 2006).
Plants have innate immunity but lack adaptive immunity. Their innate immunity
can take two forms: PAMP-triggered immunity (PTI) based on recognition of PAMPs,
and effector-triggered immunity (ETI) based on recognition of microbial virulence
effector molecules (Boller and Felix, 2009). One important element of PTI and ETI is
the production of various antimicrobial compounds, such as lytic enzymes, secondary
metabolites, and antimicrobial peptides (AMPs) (Nürnberger et al., 2004; Dodds and
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Rathjen, 2010). Expression of AMPs can either be constitutive or inducible suggesting
that they are not only a part of PTI and ETI but are also a part of a preformed/constitutive
defense system of plants.
Innate immunity in vertebrates serves as an early response to infection and is also
essential for activation and guidance of the adaptive immune response (Medzhitov and
Janeway, 1997). Like plant innate immunity, vertebrate innate immunity relies on the
recognition of PAMPs to distinguish self from non-self. The recognition of these
molecules leads to host responses, such as opsonization, activation of complement and
coagulation cascades, phagocytosis, activation of proinflammatory signaling pathways,
and activation of apoptosis (Janeway and Medzhitov, 2002). AMPs contribute to various
aspects of these responses, as they are present in epithelial tissues and on their surfaces,
in glandular structures and in phagocytic cells (Ganz, 2003a). AMP can also function as
a regulatory molecule that modulates activities of innate and adaptive immunity (Ganz,
2003a; Bowdish et al., 2005). Expression of AMPs can be either constitutive or induced
by pathogens.
2. Antimicrobial peptides (AMPs)
AMPs are small polycationic, amphipathic molecules that range in size from 10 to
100 amino acids, but their amino acid sequences are highly diverse, a feature believed to
be due to adaptations of host organisms to the unique collection of potential microbial
pathogens in their environment (Broekaert et al., 1997; Zasloff, 2002; Hancock and Sahl,
2006). AMPs found in prokaryotes are generally known as bacteriocins, and are small,
heat-stable peptides active against other bacteria but not against the producer which has
developed specific immunity against its own bacteriocins (Cotter et al., 2005). The
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production of bacteriocins allows a bacterium to gain a competitive advantage over other
bacteria occupying the same environment (Riley et al., 1998). Bacteriocins are extremely
diverse as they are produced by all classes of bacteria and may be active against closely
related bacteria or unrelated bacteria (Cotter et al., 2005).
In animals, AMPs can be broadly classified into four different groups based on
their three-dimensional structures, amino acid composition, and number of disulphide
bonds. These groups are the α-helical peptides, β-sheet peptides, extended peptides and
loop peptides (Boman, 1995; Hancock and Lehrer, 1998; Hancock and Sahl, 2006). The
first two groups are the most common AMPs found in animals. Animals usually produce
multiple peptides from these different groups to perform overlapping or supporting
functions to defend against a range of possible pathogens in different tissues (Hancock
and Diamond, 2000).
Members of the α-helical peptide group have an α-helical structure with a slight
bend in the centre of the molecule as a distinguishing structural feature (Powers and
Hancock, 2003). They include cecropins from insects as well as their analogs in the
porcine intestine known as porcine cecropin P1, magainins from frog skin, and cathelinassociated peptides from the blood cells of humans, cattle, pigs, mice, rabbits and sheep
(Hancock and Lehrer, 1998). The β-sheet peptide group is distinguished by a β-sheet
structure and sometimes a minor helical structure held together by two to four disulphide
bonds (Powers and Hancock, 2003). They include defensins from various vertebrates,
and invertebrates, protegrins from pigs and tachyplesins from horseshoe crabs (Hancock
and Lehrer, 1998; Hancock and Sahl, 2006). Members of the extended peptide group
have no distinct secondary structure but can be distinguished by their amino acid
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sequence and being rich in certain amino acids, such as glycine, proline, tryptophan,
arginine and /or histidine (Powers and Hancock, 2003). This group includes indolicidin
from bovine neutrophils and PR39 from pig blood cells (Hancock and Lehrer, 1998;
Zasloff, 2002). The loop peptide group is distinguished by having only one disulfide
bond which acts to form the loop structure (Powers and Hancock, 2003). This group
includes bovine bactenecin isolated from cow neutrophils, and brevinins, esculentins and
ranalexin from the skin of frogs in the family Ranidae (Boman, 1995; Hancock and Sahl,
2006).
Plant AMPs all share the common features of an overall positive charge and the
presence of disulfide bonds (Broekaert et al., 1997; Hammami et al., 2009). They can be
classified into seven families based on their primary structure, which are the thionins,
defensins, lipid transfer proteins, hevein-like proteins, knottins, snakins and cyclotides
(Broekaert et al., 1997; Hammami et al., 2009). Unlike animals, plants do not have linear
α-helix AMPs. Thionins are characterized by either eight or six cysteines, and they have
been found in most plant families (Broekaert et al., 1997). Plant defensins are
characterized by eight or more cysteines with a distinct spacing and predicted disulphide
bonds that are different from thionins but more similar to insect defensins (Terras et al.,
1995). Plant defensins differ from thionins in that thionins have two α-helices and two
β-strands, while plant defensins contain one α-helix and three β-sheets (Broekaert et al.,
1997). Lipid transfer proteins (LTPs) are larger molecules of 90 to 93 amino acids with
eight cysteine residues (Broekaert et al., 1997). The thionins, defensins and lipid transfer
proteins groups of plant AMPs have been relatively well studied compared to the heveinlike proteins, knottins, snakins and cyclotides. Hevein-like AMPs and knottins are
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distantly related peptides with six or eight cysteine residues that have a chitin-binding
property (Broekaert et al., 1997). Snakins are characterized by 12 conserved cysteines
with similarity to a protein encoded by a gibberellic-acid-stimulated transcript from A.
thaliana (Padovan et al., 2010). Cyclotides are smaller cyclic peptides of 27 to 37 amino
acids characterized by a combination of a cyclic peptide internally linked by three
disulphide bonds to form a cysteine-knot (Padovan et al., 2010). In addition to these,
there are plant AMPs that do not fit into these groups. The four cysteine-type AMPs,
which are some of the smallest AMPs ever found, include MBP-1 from maize and IbAMP from Impatiens balsamina (Broekaert et al., 1997). Like animal AMPs, the variety
of AMPs in a plant allow them to work synergistically in the same tissues and
complimentarily in different tissues or at different times, which can extend plant defenses
to cover a broader range of microbes (Padovan et al., 2010).
Despite their diversity, all AMPs appear to function by targeting microbial
membranes by exploiting the AMP’s cationic amphipathic structure. Generally,
positively charged eukaryotic AMPs are attracted to negatively charged prokaryotic
membranes, which lack cholesterol and are rich in anionic phospholipids, unlike
eukaryotic membranes, which contain neutral phospholipids (Bevin et al., 1999). Their
amphipathic nature allows them to be inserted into the microbial membranes, and this
may directly cause membrane disruption due to pore formation, membrane thinning
and/or changes in membrane permeability. Changes in membrane permeability may act
indirectly by allowing AMPs to enter the microbial cell and to interact with intracellular
targets (Zasloff, 2002; Hancock and Sahl, 2006). Some of these intracellular targets are
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DNA, RNA and cellular proteins, and their binding with AMPs is believed to inhibit their
synthesis (Powers and Hancock, 2003).
3. Defensins
Defensins are members of the β-sheet peptide group and are found in many kinds
of eukaryotes. They are not products of a metabolic pathway like conventional
antibiotics but are directly produced through transcription and translation of a gene
(Bevins et al., 1999). Multiple defensin genes are often found in a single species. For
example, the Sus scrofa genome has 13 putative defensin genes (all β defensins), the
human genome has 45 defensin genes (6 α defensins and 39 β defensins) (Sang and
Blecha, 2009), the Arabidopsis thaliana genome has 15 defensin genes (Thomma et al.,
2002) and 317 defensin-like genes (Silverstein et al., 2005), and rice has 93 defensin-like
genes (Silverstein et al., 2007).
Nucleic acid and amino acid sequences of different defensins are quite different
but share a β-sheet with three to four disulphide bonds as a common feature in their threedimensional structures. Different sizes and number of disulphide bonds are often
characteristic for an organism (Figure 1.1). For example, all vertebrate defensins have
three disulphide bonds, whereas invertebrate defensins can have 3 or 4 disulphide bonds
and all plant defensins have four or more disulphide bonds. These differences in
structure and number of disulphide bonds are also related to function. For example, most
vertebrate defensins are active against bacteria, whereas most plant defensins are active
against fungi.
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A
ACYCRIPACIAGERRYGTCIYQGRLWAFCC

B
NSVSCLRNKGVCMPGKCAPKMKQIGTCGMPQVKCCKRK

C
GFCRCLCRR

RTCICRCVG
D
DCLSGRYKGPCAVWDNETCRRVCKEEGRSSGHCSPSLKCWCEGC
E
DKLIGSCVWGAVNYTSDCNGECKRRGYKGGHCGSFANVNCWCET

F
RTCESQSHRFKGPCSRDSNCATVCLTEGFSGGDCRGFRRRCFCTRPC

G
GFGCNGPWDEDDMQCHNHCKSIKGYKGGYCAKGGFVCKCY

Figure 1.1 Conserved disulphide bonds present in different families of defensins.
Examples are human neutrophil defensin (HNP-1) in the vertebrate α-defensin class (A),
porcine β-defensin 1 (PBD-1) in the vertebrate β-defensin class (B), rhesus θ-defensin
1(RTD-1) in the vertebrate θ-defensin class (C), drosomycin from Drosophila
melanogaster in the 4-disulphide bond invertebrate defensin class (D), and heliomicin
from Heliothis virescens in the 3-disulphide bond invertebrate defensin class (E), tobacco
defensin 1(Ntdef1) in the plant defensin class (F) and plectasin from Pseudoplectania
nigrella in the fungal defensin class (G). Solid black line connecting cysteines (C in red)
represents disulphide bond and blue curve indicates continuation in the amino acid
sequence forming a cyclic molecule. (modified from Wilmes et al., 2011 and Bulet et al.,
2004)
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3.1 Animal defensins
Animal defensins fall into four classes based on their structure and antimicrobial
activity. These are the invertebrate defensins and the α, β and θ vertebrate defensins.
Invertebrate defensins are the most diverse group of defensins and contain 33 to 46 amino
acids characterized by a cysteine-stabilized α-helix β-sheet motif (CSαβ) that are also
found in many modulators of membrane potential, such as scorpion toxins, plant
defensins and some human β defensins (Cornet et al., 1995; Froy and Gurevitz, 1998;
Bulet and Stocklin, 2005). They have been isolated mostly from the haemolymph of
arthropods and granular hemocytes of mollusks (Wong et al., 2007). Most insect
defensins contain three disulphide bonds, which stabilize the one α-helix and two
antiparallel β-sheet conformations (Figure 1.1) (Broekaert et al., 1995). An exception is
drosomycin from
Drosophila melanogaster, which has four disulphide bridges and an additional Nterminus β-sheet structure (Wong et al., 2007). Most mollusk defensins contain the same
secondary structures as insect defensins but with four disulphide bonds that are believed
to increase protein stability in seawater (Wong et al., 2007; Wilmes et al., 2011).
However, the mussel (Mytilus edulis) defensin only contains three disulphide bonds
(Wong et al., 2007).
Both α and β vertebrate defensins are linear molecules of 30 to 40 amino acids
with six cysteines that form three intramolecular disulphide bonds, but the α defensins
have disulphide bonds between C1and C6, C2 andC4 and C3 and C5, whereas the β
defensins have disulphide bonds between C1 and C5, C2 and C4 and C3 and C6 (Figure
1.1) (Bevins et al., 1999). The α defensins are most abundant in the neutrophils and
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Paneth cells of the small intestine, while β defensins are found in the epidermal and
epithelial tissues (Lehrer, 2004). The θ vertebrate defensins are the 18 amino acid cyclic
molecules with three intramolecular disulphide bonds derived from heterodimeric
splicing of two α defensin-like precursors (Tang et al., 1999). Thus far, they have only
been isolated from leukocytes of rhesus monkeys (Tang et al., 1999; Tran et al., 2002).
The invertebrate defensins are highly active against gram-positive bacteria but
less active against gram-negative bacteria, filamentous fungi and yeasts (Bulet and
Stocklin, 2005). However, α, β and θ vertebrate defensins have activity against gramnegative bacteria, gram-positive bacteria, filamentous fungi, yeast, and viruses (Wilmes
et al., 2011). Other than direct antimicrobial activity, primate α and β defensins can also
possess functions such as modulators of the host innate immune response by enhancing
phagocytosis, promoting neutrophil recruitment, enhancing the production of
proinflammatory cytokines, suppressing anti-inflammatory mediators and up-regulating
expression of genes involved in regeneration of epithelial cells (Yang et al, 2002;
Bowdish et al., 2005). Furthermore, they may have roles in host adaptive immunity as
they have chemotactic activity for monocytes, T cells and dendritic cells (Yang et al,
2002). As most mammalian AMPs, including defensins, have weak antimicrobial
activity under physiological conditions, their more prominent roles are probably to
modulate host immune responses (Hancock and Sahl, 2006).
3.2 Pig defensins
The only type of defensins found in pigs (Sus scrofa) thus far are β-defensins,
which are encoded by 13 different genes based on sequence homology to existing βdefensins (Sang et al., 2006; Sang and Blecha, 2009). These porcine β-defensins show
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different tissues-specific expression patterns with most being expressed in multiple
tissues in different quantities. For example, porcine β-defensin 1(pbd-1) is expressed
most abundantly in tongue epithelia with lower levels in the respiratory and digestive
tracts as well as many other organs (Zhang et al. 1998; Sang et al., 2006). Study of
expression of ten other defensins by Sang et al. (2006) showed that pbd-2 and pbd-3 are
expressed in bone marrow among other tissues, and pbd-3 is expressed most abundantly
in lymphoid tissues. All porcine β-defensin genes are expressed to some degree in male
reproductive tissues, but the highest levels of expression of most porcine β-defensin
genes are either in the lung or skin.
Inducible expression of porcine β-defensins has not been well characterized, but
expression of pbd-1 and pbd-2 in a porcine epithelial cell lines was induced by
Salmonella typhimurium infection but not by S. choleraesuis (Veldhuizen et al., 2009).
However, in vivo expression of pbd-1 and pbd-2 in porcine intestine did not change due
to infection with S. typhimurium (Veldhuizen et al., 2007). Thus far only PBD-1 and
PBD-2 have shown evidence of antibacterial activity. PBD-1 is active against
Escherichia coli, Salmonella typhimurium, Listeria monocytogenes, Candida albicans
and Bordetella pertussis (Shi et al., 1999; Elahi et al., 2006). PBD-2 is active against S.
typhimurium, L. monocytogenes, and Erysipelothrix rhusiopathiae (Veldhuizen et al.,
2008).
3.3 Plant defensins
Plant defensins were originally considered to be a class of thionins, referred to as
γ-thionins, but later were named defensins based on the arrangement of their cysteine
residues and disulphide bond pairings resulting in a structure similar to insect defensins
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(Terras et al., 1995). Plant defensins are small, cationic peptides of about 45 to 54 amino
acids in length with an approximate size of 5 kDa (Broekaert et al., 1995). Nucleotide
and amino acid sequences of different plant defensins show very limited homology to
each other, whereas the three dimensional structure is conserved among plant defensins
because of the three antiparallel β-sheets and one α-helix stabilized by the four
intramolecular disulphide bonds (Figure 1.1) (Garcia-Olmedo et al., 1998; Thomma et al.,
2002). Like invertebrate defensins, plant defensins have a CSαβ motif (Thomma et al.,
2002).
Plant defensins can be classified into two groups. The first group has an Nterminus signal peptide domain for extracellular secretion followed by a mature peptide
domain (Carvalho and Gomes, 2009). The second group, which is transcribed only in
flower or fruit tissue of solanaceous plants, has an N-terminus signal peptide domain for
secretion followed by the mature peptide domain and an additional C-terminal acidic
domain, which is later removed from the defensin mature peptide (Lay et al., 2003).
Both groups of defensins contain the four conserved disulphide bonds in the mature
peptide domain but some members of the second group, namely petunia defensins PhD1
and PhD2, also contain an additional disulphide bond due to two extra cysteine residues,
one is located after the conserved C1 and the other after the conserved C3. The presence
of an extra disulphide bond does not change the structure of PhD1 and PhD2 and has no
effect on their activity (Janssen et al., 2003; and Lay et al., 2003).
Defensins are found ubiquitously in plants. Examples are radish (Terras et al.,
1995), petunia (Karunanandaa et al., 1994; Lay et al., 2003), alfalfa (Gao et al, 2000),
arabidopsis (Epple et al., 1997a), tomato (Milligan and Gasser, 1995; van den Heuvel et
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al., 2001), pepper (Meyer et al., 1996), potato (Stiekema et al., 1988) and tobacco (Gu et
al., 1992; Li and Gray, 1999; Takemoto and Kawakita, 1999; Atnaseo 2003). Within a
plant species, defensins are encoded by multigene families, the members of which differ
in expression pattern, such as induction by abiotic and biotic stresses, organ specific,
developmentally regulated or constitutive (Epple et al., 1997a; Broekaert et al., 1997;
Thomma et al., 2002; Bahramnejad et al. 2009).
Plant defensins have been isolated from all parts of plants including seeds, pods,
fruits, flower parts, leaves, tubers, roots and stems (Lay and Anderson, 2005), and some
are found only in certain portions of plant tissues, often the peripheral cell layers, such as
guard cells, the inner surface of vascular tissue and the epidermis of cotyledons, leaf
primordia and petals (Moreno et al. 1994; Broekaert et al., 1997; Epple et al., 1997a).
Most plant defensins have antifungal activity and/or occasionally antibacterial activity,
but some defensins have not yet been found to have any antimicrobial activity (Thomma
et al., 2002). Bacterial pathogens are less affected by plant defensins than fungal
pathogens (Broekaert et al., 1997). However some plant defensins have antibacterial
activity, such as CtAMP1from Clitoria ternatea, which is active against Bacillus subtilis
(Osborn et al., 1995), and the So-D2, So-D6 and So-D7 defensins from Spinacia
oleracea, which are active against Clavibacter michiganensis and Pseudomonas
solanacearum (Segura et al., 1998). The antimicrobial activity of plant defensins
suggests a role in plant innate immunity (Thomma et al., 2002; Nürnberger et al., 2004).
Apart from antimicrobial activity, plant defensins have also been shown to have
other activities, such as an α-amylase inhibitor (Pelegrini et al., 2008; Zhang et al., 1997;
Bloch and Richardson, 1991), protease inhibitor (Wijaya et al., 2000; Melo et al., 2002),
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protein translation inhibitor (Chen et al., 2004; Chen et al., 2005; Mendez et al, 1990;
Mendez et al, 1996), growth inhibitor of roots of parasitic plants (de Zélicourt et al, 2007)
and ion channel blockers (Kushmerick et al., 1998). These activities are believed to
contribute to plant defenses (Lay and Anderson, 2005). Furthermore some plant
defensins may also have a role in plant growth and development as some defensins,
namely Medicago sativa defensin (MsDef1, MsDef2) and Raphanus sativus defensins
(Rs-AFP2) have been shown to inhibit A. thaliana root growth in vitro (Allen et al.,
2007). In addition, transgenic tomato plants with overexpression or suppression of
endogenous defensin gene (DEF2) showed altered morphology, reduced pollen viability
and reduced seed production (Stotz et al., 2009a).
3.4 Tobacco defensins
In the Plant Gene Index (http://compbio.dfci.harvard.edu/tgi/) for N. tabacum, 12
genes are annotated as defensins, while in the Plant Gene Index for N. benthamiana, 11
genes are annotated as γ thionins and four genes are annotated as defensins. Defensins
described from N. tabacum are a flower-specific thionin (FST) (Gu et al., 1992; GenBank
accession number Z11748), a flower style defensin-like protein gene (NTS13) (Li and
Gray, 1999; GenBank accession number X99403), a thionin-like protein (TLP)
(Takemoto and Kawakita, 1999; GenBank accession number AB034956), and N.
tabacum defensins 1, 2, 3 (Ntdef1, Ntdef2, and Ntdef3) (Atnaseo, 2003). NTDef1 is
identical to TLP, while NTDef2 and NTDef3 share 93% and 85% amino acid identity
with FST, respectively. NTS13 and TLP (Ntdef1) are members of the first group of
defensins, and FST, Ntdef2, and Ntdef3 are members of the second group with the unique
C-terminal acidic domain. However, NTDef3 deviates from the signature pattern of
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cysteins of plant defensins because one of its eight cysteines is not located in a conserved
position. In the N. tabacum Gene Index, NTDef3 was found to have the same cysteine
pattern as TC156528, but despite the unusual cysteine pattern, TC156528 is tentatively
annotated as a flower-specific defensin.
TLP (Ntdef1) was found to be expressed in both leaf and flower tissues, whereas
Ntdef2 was only expressed in flowers (Atnaseo, unpublished). Flower-specific
expression was also shown for FST, which is typical of the expression patterns of
defensins with the C-terminal acidic domain (Gu et al., 1992). Expression of FST was
higher specifically during flower development and declined as the flower matured (Gu et
al., 1992). Inducible expression of tobacco defensins has not been reported but according
to information given in the gene entry, TLP (Ntdef1) was inducible by a fungal elicitor
(Takemoto and Kawakita, 1999).
3.5 Mode of action of defensins
A number of models have been proposed for the mode of action of AMPs,
including defensins, which generally involve disruption of microbial membranes
facilitated by electrostatic interactions between the positively charged AMP molecule
with the negatively charged microbial phospholipid membrane (Kagan et al, 1990; Ganz,
2003b). This is supported by the finding that the antimicrobial activity of most defensins
is reduced by increasing ionic strength/salt concentration suggesting that electrostatic
interactions are important (Thomma et al., 2002; Ganz et al., 2003b; Bulet and Stocklin,
2005). The carpet-wormhole model was proposed for activity of animal defensins, which
involves an initial interaction with a target cell membrane through their cationic
properties followed by the formation of a carpet resulting from an electrostatic adsorption
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of defensins into the membrane, which is facilitated by the amphipathic property of
defensins. Once defensin accumulation reaches a threshold, defensins change their
arrangement in the membrane to form membrane wormholes leading to disruption of
membrane integrity and entry of the defensin and /or other normally excluded molecules
into the cell, subsequently causing cell death (Lehrer et al., 1993; Ganz, 2003b). With
this model, the level of specificity of defensins to target membranes is determined by the
charge and concentration of defensin, as well as membrane potential and the lipid
composition of the target membrane (Huang, 2000). This model explains, in part, the
ability of defensins to distinguish microbes from eukaryotic host cells because eukaryotic
membranes are relatively neutral compared to prokaryotic membranes (Bevins et al.,
1999). It also suggests a direct physical disruption of microbial membranes by defensins
as well as a non-specific binding target.
However, many defensins have been found to target specific receptors on
microbial membranes. Receptor binding has been shown for fungal defensins (Schneider
et al., 2010), oyster defensins (Schmitt et al, 2010) and human defensins (De Leeuw et
al., 2010). The receptor model suggests that while antimicrobial activity may start with
charge attraction between defensins and the negatively charged lipid patch on a microbial
membrane, physical membrane disruption might not occur at low concentrations of
defensin; instead the microbe is killed by interaction of a defensin with a specific receptor
(Wilmes et al., 2011). For example, defensins can target lipid II in gram-positive bacteria
having a direct antimicrobial effect by blocking lipid II availability for bacterial cell wall
synthesis (Wilmes et al., 2011).
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The receptor of antifungal defensins from insects and plants may be fungal
sphingolipids or a structurally related glucosylceramide (Wilmes et al., 2011). A number
of antifungal plant- and insect- defensins target fungal sphingolipids or glucosylceramide,
such as the plant defensins DmAMP1 from Dahlia merckii (Thevissen et al., 2003) and
RsAFP2 from Raphanus sativus (Thevissen et al., 2004) and the insect defensin
heliomicin from Heliothis virescens (Thevissen et al., 2004). Binding of defensins with
fungal sphingolipids could either activate endogenous signal transduction components
leading to activation of existing ion channels or transporters, or it could serve as an
anchor for defensins to insert into the membrane and form pores themselves. Either case
would result in K+ efflux and Ca2+ influx of fungal hyphae (Thevissen et al., 1997).
Changes in ion flux are believed to cause fungal growth inhibition as the level of growth
inhibition is correlated with the ability to cause Ca2+ influx (De Samblanx et al., 1997).
Receptor binding of defensins to fungal surfaces also induces accumulation of reactive
oxygen species (ROS) and apoptosis (Aerts et al., 2008).
4. Genetic engineering of AMPs and defensins
Genetic engineering of plants expressing AMPs has been developed as a means of
creating disease resistant plants with an ability to kill a broad spectrum of microbes
(Hancock and Lehrer, 1998). Furthermore, it is believed that AMPs are less vulnerable to
the development of microbial resistance as they do not interfere with microbial
biochemical pathways like conventional antibiotics, but instead physically disrupt
microbial membranes (Tan et al., 2000).
AMPs from both plants and animals have been used to generate many disease
resistant plant species (Tables 1.1 and 1.2). Invertebrate defensins used for this purpose
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Table 1.1 Summary of genetic engineering of plants with genes for antimicrobial
peptides (AMPs) from animals
AMP

Source for
AMP

Transgenic Signal
plant
sequence

tachyplesin I horseshoe
crabs

Potato

cecropin A

giant silk
moth

tobacco

MB39

synthetic

tobacco

cecropin B

giant silk
moth

tobacco

cecropin B

giant silk
moth

Rice

sarcotoxin
IA

flesh fly

tobacco

attacin E

giant silk
moth

Pear

D4E1

synthetic

tobacco

MB39

synthetic

Apple

MSI‐99

synthetic
Banana
analog of frog
magainin 2
synthetic
Tomato
analog of frog
magainin 2

MSI‐99

MSI‐99

synthetic
tobacco
analog of frog
magainin 2
Greater wax
gallerimycin moth
tobacco
Galleria
mellonella

Protein
level
0.003%
CaMV 35S of total
barley α‐
acid‐
hordothionin
extractable
protein
0.0026%
cecropin B
CaMV 35S of total
protein

barley α‐
amylase

Promoter

PiII

ND

Pathogens/pests
Reference
1
tested
slight increase in
Allefs et al.,
resistance to Erwinia 1996
spp.

no significant increase
in resistance to
Pseudomonas
syringae pv. tabaci
Pseudomonas
syringae pv. tabaci

no protein no significant increase
CaMV 35S detected
in resistance to
Pseudomonas
syringae and
Pseudomonas
solanacearum
Xanthomonas oryzae
rice chitinase E7ΩIn
ND
pv. oryzae
barley leaf
thionin

0.002%
Pseudomonas
of total leaf syringae pv. tabaci
weight
and Erwinia
carotovora
Erwinia amylovora
attacin E
2XCaMV35 ND
S
Aspergillus flavus and
not specified D35S
ND
Verticillium dahliae
barley α‐
Erwinia amylovora
amylase
OSMp
ND
tobacco PR
protein

E12Ω

pea vicilin

Arabidopsis
ubq 3
ND

pea vicilin

CaMV35S
ND

expressed in
chloroplast

16S rRNA
promoter

gallerimycin

inducible ND
mannopine
synthase
promoter

17

ND

Fusarium oxysporum
and Mycosphaerella
musicola
Pseudomonas
syringae pv. tomato
but not to
Phytophthora
infestans or Alternaria
solani
P. syringae pv tabaci
ATCC 17914 and C.
destructivum
Erysiphe
cichoracearum and
Sclerotinia minor

Hightower
et al., 1994

Huang et al.,
1997
Florack et
al., 1995

Sharma et
al., 2000
Ohshima et
al., 1999

Reynoird et
al., 1999
Cary et al.,
2000
Liu et al.,
2001
Chakrabarti
et al., 2003
Alan et al.
2004

DeGray et
al., 2001
Langen et
al., 2006

heliomicin

Heliothis
virescens

tobacco

tobacco PR1a D35S

human β‐
defensin 2

human

A. thaliana plant defensin CaMV35S
‐DmAMP1

maximum
of 0.1%
total
protein
lower than
0.1% total
protein
0.05‐0.65%
TSP

drosomycin Drosophila
tobacco
melanogaster

tobacco PR1a D35S

rabbit α‐
defensin

rabbit

tobacco

ND

not reported CaMV35S

slight resistance to
Banzet et
Cercospora nicotianae al., 2002

Botrytis cinerea

Aerts et al.,
2007

slight resistance to
Ralstonia
solanacearum

Fu et al.,
1998

slight resistance to
Banzet et
Cercospora nicotianae al., 2002

Note : CaMV = Cauliflower Mosaic Virus, E12Ω = the 5’ enhancer sequence from CaMV35S promoter +
omega sequence from TMV, E7ΩIn = synthesized high expression vector, D35S = double CaMV35S +
omega sequence from TMV, FMV = Figwort Mosaic Virus, PiII = promoter from proteineaseII inhibitor
gene, OSMp = osmotin promoter, ND = Not Determined, TSP=total soluble protein, 1the transgenic plant
displayed increased resistance to the tested organisms unless otherwise specified.
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Table 1.2 Summary of genetic engineering of plants with genes for antimicrobial
peptides (AMPs) from plants
AMP
BrD1

Source for
Transgenic
defensin
plant
Brassica rapa rice

RsAFP2

radish

wheat

RsAFP2

radish

rice

1

Reference

Signal
Promoter
sequence
BrD1
rice
cytochrome
C
RsAFP2
maize
ubiquitin

Protein
level
ND

RsAFP2

maize
ubiquitin

0.45 ‐
Magnaporthe oryzae,
0.53% TSP Rhizoctonia solani

Dm‐AMP1 Dahlia merckii rice

Dm‐AMP1 maize
ubiquitin

0.43% ‐
Magnaporthe oryzae,
0.57% TSP Rhizoctonia solani

MsDef1

MsDef1

CaMV 35S

ND

Fusarium oxysporum

NmDef02 Nicotiana
Tobacco
megalosiphon

NmDef02 CaMV 35S

ND

Phytophthora parasitica, Portieles et
Peronospora hyoscyami al., 2010

NmDef02 Nicotiana
Potato
megalosiphon

NmDef02 CaMV 35S

ND

Phytophthora infestans,
Alternaria solani

Portieles et
al., 2010

WjAMP‐1 wasabi

Melon

WjAMP‐1 CaMV 35S

ND

cdef1

chili

Tomato

cdef1

CaMV 35S

ND

Fusarium oxysporum,
Alternaria solani
Fusarium sp.,
Phytophthora infestans

Ntui et al.,
2010
Zainal et al.,
2009

BjD

mustard

Peanut

BjD

CaMV35S

ND

Phaeoisariopsis
personata, Cercospora
arachidicola,

Swathi
Anuradha et
al., 2008

alfalfa

tomato

ND

Pathogens/pests tested
Nilaparvata lugens
(brown planthopper
insect)
Fusarium graminearum,
Rhizoctonia cerealis

Choi et al.,
2009
Li et al.,
2011
Jha and
Chattoo,
2010
Jha et al.,
2009
Abdallah et
al., 2010

Dm‐AMP1 Dahlia merckii Papaya

Dm‐AMP1 D35S

0.05 to
Phytophthora palmivora
0.08% TSP

Zhu et al.,
2007

alfAFP

alfalfa

Potato

alfAFP

FMV35S

maximum Verticillium dahliae
2.3 ppm

Gao et al.,
2000

DRR206

pea

Canola

DRR206

CaMV 35S

ND

Wang et al.,
1999

RsAFP2

radish

Tobacco

RsAFP2

wasabi
defensin

wasabi

rice

wasabi
defensin

MiAMP1

Macadamia
integrifolia

Canola

MiAMP1

slight increase in
resistance to
Leptosphaeria maculans
CaMV 35S maximum Alternaria longipes
2.4 μg/mL
total leaf
protein
Ubiquitin‐1 ND
Magnaporthe grisea
E12Ω

ND

Leptosphaeria maculans

Terras et al.,
1995

Kanzaki et
al., 2002
Kazan et al.,
2002

Note : CaMV = Cauliflower Mosaic Virus, E12Ω = the 5’ enhancer sequence from CaMV35S promoter +
omega sequence from TMV, D35S = double CaMV35S + omega sequence from TMV, FMV = Figwort
Mosaic Virus, ND = Not Determined, TSP=total soluble protein, 1 the transgenic plant displayed increased
resistance to the tested organisms unless otherwise specified.
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are cecropin from giant silk moth (Jaynes et al., 1993; Hightower et al, 1994; Florack et
al., 1995; Huang et al., 1997; Osusky et al., 2000; Sharma et al., 2000), tachyplesin from
horseshoe crabs (Allefs et al., 1996), attacin E from giant silk moth (Reynoird et al.,
1999) and sarcotoxin IA from flesh fly (Ohshima et al., 1999). Vertebrate AMPs used for
this purpose are human β-defensin 2 (hBD-2) expressed in A. thaliana to confer increased
resistance to B. cinerea (Aerts et al., 2007) and rabbit defensin (NP-1) expressed in
tobacco for slightly increased resistance to Ralstonia solanacearum (Fu et al., 1998),
poplar with in vitro activity against E. coli and Fusarium oxysporum (Zhao et al., 1999)
and tomato with in vitro activity against B. subtilis (Zhang et al., 2000).
Plant defensins have been transferred generally to heterologous hosts (Table 1.2),
for example radish defensin (RsAFP2) in tobacco giving increased resistance to
Alternaria longipes (Terras et al., 1995), Dahlia merckii defensin (Dm-AMP1) in
papaya giving increased resistance to Phytophthora palmivora (Zhu et al., 2007), alfalfa
defensin (alfAFP) in potato providing greater resistance to Verticillium dahliae (Gao et
al., 2000), and wasabi defensin in rice giving increased protection against Magnaporthe
grisea (Kanzaki et al., 2002). In addition to defensins, other AMPs have been used such
as an A. thaliana thionin in A. thaliana against Fusarium oxysporum (Epple et al.,
1997b), an AMP from Macadamia integrifolia (MiAMP1) in canola against
Leptosphaeria maculans (Kazan et al., 2002) and an alfalfa defensin in potato against V.
dahliae (Gao et al., 2000).
Although small AMPs have been used successfully to generate disease-resistant
plants, the synthesis of AMPs in plants for therapeutic use has not been achieved for
small cationic AMPs despite their potential activity against human fungal pathogens,
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such as Candida albicans (Thomma et al., 2003; Thevissen et al., 2007). Only the larger
AMP, human lactoferrin, a multifunctional glycoprotein from milk with both nutritional
and therapeutic properties, has been expressed in plants, specifically in potatoes (Chong
and Langridge, 2000) and tobacco (Salmon et al., 1998) for animal use. In both cases,
transgenic plants contained a relatively high level of lactoferrin (0.1 to 0.3% of total
extracted protein), and at least in potato, the peptide appeared to be biologically active
against E. coli and Salmonella paratyphi (Chong and Langridge, 2000).
5. Obstacles and possible solutions for expression of AMPs in plants
Attempts to produce high levels of foreign proteins in plants can be limited by
low levels of expression, degradation, or a combination of these two factors. Some
researchers have concluded that the most important obstacle to expressing a foreign gene,
particularly an animal gene in a plant, is the lack of protein stability and resulting
degradation in host tissue (Sharma et al., 2000; Obembe et al., 2010; Doran, 2006).
Similarly protein degradation is believed to be a reason why many AMP-transformed
plants have not shown any significant increase in disease resistance. Examples are
cecropin A in tobacco (Hightower et al., 1994), cecropin B in tobacco (Florack et al.,
1995) and cecropin B in potato (Allefs et al., 1995). To enhance expression of foreign
genes in plants, various strategies have been employed, such as developing more efficient
promoters, changing codon usage to optimize for plant expression and modifying the
5’untranslated sequence to increase the level of transcription (Doran, 2006). These
strategies could increase mRNA levels but to date have provided limited improvements in
the amounts of foreign protein, suggesting that transcription of the transgene is not the
main obstacle (Doran, 2006).
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Fusion of AMPs with other proteins is a possible solution to enhance AMP
accumulation by protecting them from post-translational degradation as well as limiting
their toxicity to the host plant (Piers et al., 1993). An example of this approach is the
fusion of an anionic coding sequence with a cationic AMP thereby allowing the two
components to interact to form a stable intramolecular unit (Piers et al., 1993). This
process resembles many biologically active peptides, which are synthesized as an inactive
propeptide before being processed into an active form when needed by the organism;
however, this approach is potentially problematic for the biological activity of the hybrid
molecule.
In addition, AMPs can be modified to improve their efficacy as well as their
resistance to plant proteases. Most of this work has been done with small insect AMPs.
For example, Shiva-1 is a modified form of cecropin B, but exhibited higher toxicity to
Pseudomonas solanacearum than the native form in extracts from transgenic tobacco
(Jaynes et al., 1993). Another cecropin analog, MB39, exhibited higher stability in
intercellular fluid from various plants, such as potato, maize, tobacco peach, but not rice,
than naturally occurring cecropin (Owen and Heutte, 1997). A cecropin-melilittin
chimera, CEMA, exhibited strong antimicrobial activity against various fungal pathogens
of potatoes (Osusky et al., 2000). A synthetic 17-amino-acid antimicrobial peptide,
D4E1, was resistant to degradation by proteases of tobacco and cotton leaf (DeLucca et
al., 1998; Cary et al., 2000).
Fusion of AMP genes with appropriate signal peptide sequences to be secreted
into the intercellular space may also reduce AMP proteolysis in the cytosol (Sharma et
al., 2000). Plant signal peptides have been used to enhance levels of sarcotoxin IA in
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tobacco (Ohshima et al., 1999) and cecropin B in rice (Sharma et al., 2000). Although
fusion of cecropin B with a plant signal sequence resulted in more mRNA than fusion
with an animal signal sequence or without a signal sequence, it did not result in
detectable protein (Florack et al., 1995) suggesting that extracellular proteolytic
degradation also occurred (Gouka et al., 1997; Owen and Heutte 1997).
The levels of a transgenic protein can be enhanced in plants by targeting them to
subcellular compartments, such as the endoplasmic reticulum (ER), plastid and vacuole
(Conrad and Fiedler, 1998). The ER is attractive due to the presence of molecular
chaperones, and protein disulfide isomerase in the ER is thought to facilitate correct
protein folding leading to increased protein stability and accumulation (Conrad and
Fiedler, 1998). Production of an anti-Hepatitis B virus surface antigen (HBsAg) in
tobacco leaves was about 7-fold higher when localized to the ER than to the apoplast or
vacuole, and no HBsAg was detected when localized to the cytosol (Ramirez et al.,
2002). Similarly, production of Lt-B in maize seed vacuoles gave 20,000-fold more
protein than in the cytosol, 6-fold more than in the apoplast and 200-fold more than in the
ER (Streatfield et al., 2003).
Enhanced expression of an AMP may be achieved by expression in the
chloroplast following integration of the transgene into the genome of that organelle
(Daniell et al., 2001). For example, somatotropin accumulation in transformed
chloroplasts of tobacco was over 300-fold higher than with a similar somatotropin
construct integrated into the nuclear genome (Staub et al., 2000). Expression of an AMP
gene coding for a magainin 2 analog integrated into the chloroplast genome resulted in
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increased resistance of tobacco to P. syringae, Aspergillus flavus, Fusarium moniliforme
and Verticillium dahlia (DeGray et al., 2001).
6. Expression of AMPs in plants using Agrobacterium tumefaciens
6.1 A. tumefaciens infection process
A. tumefaciens is a gram-negative bacterium found to cause crown gall disease in
dicotyledonous plants (Smith and Townsend, 1907). Crown gall disease can lead to
reduction of yield and vigor in an infected plant, but it has a relatively small impact in
agriculture as monocots are not hosts for A. tumefaciens (Escobar and Dandekar, 2003).
Crown gall disease is a result of the integration of a set of genes (T-DNA) located on the
tumour-inducing (Ti) plasmid of A. tumefaciens into the plant nuclear genome (Chilton et
al., 1977; Thomashow et al., 1980). An outline of the infection process is shown in
Figure 1.2. T-DNA also contains oncogenes, which are responsible for uncontrolled
proliferation of infected cells, and opine-related genes, which provide specific nutrients
for A. tumefaciens inside the gall (Escobar and Dandekar, 2003). Expression of these
integrated foreign genes is mediated by the host cell systems of transcription and
translation in the same manner as that of plant genes in the plant genome.
In addition to T-DNA, the Ti-plasmid also contains essential genes for virulence
of A. tumefaciens, collectively called vir genes (Escobar and Dandekar, 2003). Sensing
the presence of phenolic compounds and sugars released by wounded plant cells induces
autophosphorylation of VirA transmembrane receptor kinase which in turn donates its
phosphate to the cytoplasmic VirG. Phosphorylated VirG functions as the transcription
factor that activates expression of other vir genes (Escobar and Dandekar, 2003;
Pitzschke and Hirt, 2010). The production of vir gene products leads to transfer of
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A. tumefaciens
5

Plant cell

Figure 1.2 Steps in T-DNA transfer from A. tumefaciens to a plant cell 1) Perception of
phenolic compound from plant wound sites activates VirA to phosphorylate VirG. 2)
Phosphorylated virG molecule induces the expression of vir operon genes. 3) VirD1 and
VirD2 cleave the single-stranded T-DNA/T-strand from the T-plasmid at the border
region and VirD2 remains bound to the 5’ of the T-strand. 4) T-DNA/VirD2 and VirE2,
VirE3, VirD5, and VirF transport across a T-pilus made of different VirB subunits and
VirD4. 5) T-complex formed by coating of T-strand with VirE2. 6) T-complex interacts
with plant proteins, i.e. VIP1 and importin α, to facilitate its transport into plant nucleus.
7) VirF removes VirE2 and VirD2 from T-DNA allowing it to be integrated into plant
genome. 8) T-DNA integrates into plant genome with the aid of a plant DNA-repairing
machinery. NPC= the nuclear pore complex (figure adapted from Citovsky et al., 2007)
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T-DNA into host cells. This process involves excision of the T-DNA as a singlestranded DNA (T-strand) from the Ti-plasmid by the activity of VirD1 and VirD2
proteins (Gelvin, 2003). VirD2 remains bound to the 5’ end of the T-strand while being
transported to plant cells through a type IV secretion system (T4SS).
The T4SS is a complex of 11 VirB proteins and VirD4, which form a channel
across the bacterial membrane (Fronzes et al., 2009). Assembly of the T4SS complex, as
well as transfer of substrates through this channel are driven by VirB4, VirB11 and
VirD4, which are ATPases (Fronzes et al., 2009). The T4SS involves a pilus, which
contains VirB2 subunits as a major component and VirB5 and VirB7 as minor
components (Fronzes et al., 2009). In addition to VirD2/T-strand transportation, the
T4SS is also responsible for transporting other Vir proteins involved in A. tumefaciens
virulence, including VirE2, VirE3, Vir D5 and VirF (Vergunst et al., 2005).
Once inside the plant cell, the VirD2/T-strand is coated by VirE2 proteins
forming a T-complex, which then interacts with plant proteins for movement into the
plant nucleus (Lacroix et al., 2006). Both VirD2 and VirE2 contain nuclear localization
signals. VirD2 has been shown to interact with members of the Arabidopsis importin α
family (Deng et al., 1998; Bako et al., 2003; Bhattacharjee et al.. 2008). Because
importin α is a part of a host nuclear transport system that binds to the nuclear
localization signal of VirD2 (Bhattacharjee et al., 2008), interaction of VirD2 with
importin α may result in T-complex nuclear import (Ballas and Citovsky, 1997). VirE2
interacts with tobacco VirE2 interacting protein (VIP1), which then facilitates VirE2
binding to importin α-1 (Tzfira et al., 2002). VIP1 function in nuclear transport can be
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partially complemented by VirE3 as VirE3 can also bind VirE2 and importin α-1
(Lacroix et al., 2005).
Within the nucleus, the T-complex is targeted to host chromatin by interacting
with plant proteins involved in DNA repair (Bako et al., 2003) and by VIP1 and another
VirE2 interacting protein, VIP2 (Tzfira et al., 2000). To be integrated into the host
genome, the T-complex is uncoated by the activity of an F-box protein, VirF, which
targets proteolysis of VIP1 possibly destabilizing VirE2 by the host enzyme complex
(Schrammeijer et al., 2001; Tzfira et al., 2004). Integration of T-DNA into the host
genome is facilitated by the host DNA repair machinery (Citovsky et al., 2007). Another
vir gene product delivered into the host cell by the T4SS is VirD5, which is transported
into the host nucleus due to the presence of a nuclear localization signal but its function is
not known, although it has homology to plant transcription factors (Schrammeijer et al.,
2000).
A. tumefaciens is unique in its use of the T4SS to deliver T-DNA and effector
proteins instead of the type III secretion system (T3SS) used by most bacterial pathogens
to deliver virulence effector proteins. T3SS effectors generally act to suppress PTI by
interfering with PAMP perception or PAMP responses via suppression of PAMP-induced
signal transduction or transcription, which leads to suppression of defense-related gene
expression in plants during biotrophic growth of hemibiotrophic bacteria, such as P.
syringae and Xanthomonas campestris (Espinosa and Alfano, 2004; Hann et al., 2010).
Without a T3SS, A. tumefaciens, which is a biotrophic plant pathogen, would presumably
not be able to suppress PAMP-induced signal transduction or transcription, unless some
T4SS effectors were also capable of doing this.

27

Although effector proteins that are able to suppress PTI have not been identified
in A. tumefaciens, studies in various plant systems including Ageratum conyzoides cell
cultures (Ditt et al., 2001; Ditt et al. 2005), N. tabacum cell cultures (Veena et al., 2003),
A. thaliana cell cultures (Ditt et al. 2006) and agroinfiltrated N. benthamiana leaves
(Goulet et al., 2010) have shown that A. tumefaciens can alter expression of defenserelated and general stress response genes during the infection process in the host.
Although induction of defense-related genes, such as in A. conyzoides cell cultures,
appeared to be a general responses to bacteria as this was also observed in the presence of
Escherichia coli (Ditt et al., 2001), other responses appear to be more specific to the A.
tumefaciens infection. For example, suppression of plant defenses by A. tumefaciens
occurred in an attachment-dependent manner in A. conyzoides cell cultures by 48 h (Ditt
et al., 2005), and attachment of A. tumefaciens to the plant cell wall is the first step in the
infection process (McCullen and Binns, 2006). In N. tabacum cell cultures, increased
defense gene expression was triggered at 3 to 12 h after inoculation with A. tumefaciens,
but expression of these genes was suppressed by 24 to 36 h, which coincided with
integration of T-DNA and Vir proteins (Veena et al., 2003). In contrast, exposure of A.
thaliana cell cultures to A. tumefaciens showed that gene expression did not change
significantly at 24 h, but at 48 h the majority of defense-related genes were activated
while a smaller set of genes were repressed (Ditt et al. 2006). The defense-related
proteins increased in the N. benthamiana leaf apoplast at 6 days following
agroinfiltration, indicating that T-strand transfer had resulted in accumulation of these
proteins (Goulet et al., 2010). These studies show that A. tumefaciens is able to induce
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and suppress host defenses possibly by exposure to PAMPs and secreted effectors during
infection, but this may not be the same for all plants.
Induction of defense-related gene expression by A. tumefaciens is due to
perception of PAMPs, such as elongation factor Tu (EF-Tu) (Zipfel et al., 2006), coldshock protein (Felix and Boller, 2003) and peptidoglycan (Erbs et al., 2008). Perception
of bacterial PAMPs by host plants activates PTI, which constitutes plant innate immunity
and can also trigger other defensive mechanisms, such as systemic acquired resistance
(SAR) and RNA silencing (Dafny-Yelin et al. 2008; Citovsky et al., 2007). In A.
thaliana lacking the EF-Tu receptor, there is enhanced sensitivity to A. tumefaciens,
which suggests that PAMP from A. tumefaciens can induce PTI (Zipfel et al, 2006).
Salicylic acid (SA), a signaling molecule of SAR, has a direct growth inhibition
effect on A. tumefaciens, and can reduce susceptibility of N. benthamiana to A.
tumefaciens upon SA treatment, which is believed to be due to inhibition of vir gene
expression by SA (Anand et al., 2008). Furthermore, silencing of N. benthamiana genes
involved in SA synthesis and signaling enhanced susceptibility to A. tumefaciens.
Together with the finding that benzo-(1,2,3)-thiadiazole-7-carbothioic acid (BTH), a SAR
inducer, can reduce gall formation, this suggests that both SA and SAR play roles in
suppressing infection by A. tumefaciens (Anand et al., 2008). Although SAR may be able
to protect plants from damage caused by A. tumefaciens, it might not be able to inhibit A.
tumefaciens once plant transformation has been initiated since A. tumefaciens has been
shown to suppress SA accumulation and expression of SA-dependent genes in A.
thaliana after T-strand integration (Gaspar et al., 2004).
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Other plant signaling molecules, ethylene (ET) and indole-3-acetic acid (IAA),
also interfere with plant infection by A. tumefaciens. IAA inhibits growth of A.
tumefaciens and expression of its vir genes by competing with VirA/VirG signaling for
the plant phenolic compounds (Liu and Nester 2006). ET does not inhibit A. tumefaciens
but it indirectly inhibits vir gene expression as shown by the treatment of melon plants
with the ET precursor, 1-aminocyclopropane-1-carboxylic acid (ACC), which results in
lowered transformation efficiency, whereas ET-insensitive A. thaliana shows enhanced
transformation efficiency (Nonaka et al., 2008). This antagonistic effect of these
signaling molecules is intercepted by A. tumefaciens as A. tumefaciens infection leads to
IAA production which in turns stimulates ET synthesis and accumulation in the galls
(Wachter et al., 1999) to turn off vir gene expression as part of a feedback inhibition
(Yuan et al., 2008).
A. tumefaciens can inhibit RNA silencing mediated by short interfering RNAs
(siRNA) to aid in successfully infecting the host (Dunoyer et al., 2006). MicroRNA
(miRNA)-mediated RNA silencing is required for gall formation as miRNA-deficient
plants were resistant to gall formation (Dunoyer et al., 2006). As RNA silencing was
only detected in the galls, this process may require phytohormones encoded by the
oncogenes (Dunoyer et al., 2006). Two miRNAs (miR393 and miR167) involved in
regulating auxin signaling suppression are repressed in the galls suggesting that their
suppression promotes auxin activity, which in turn promotes RNA silencing (Dunoyer et
al., 2006). In contrast, agroinfitrated leaves of N. tabacum have miR393 but not miR167
induced by oncogenic strains of A. tumefaciens (Pruss et al., 2008).
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6.2 Agrobacterium–mediated stable transformation
The ability of A. tumefaciens to transfer DNA into plant cells has been extensively
exploited for plant transformation (Twyman et al., 2003). Efficient transfer of foreign
genes into plants was made possible by the development of a binary vector system which
separated the Ti plasmid into two plasmids, a vir helper plasmid and a binary plasmid
(Hoekema et al., 1983; de Frammond et al., 1983; Lee and Gelvin, 2008). The vir helper
plasmid retains the vir region but without the T-DNA region. Laboratory strains of A.
tumefaciens used for transformation that carry the vir helper plasmid are called
“disarmed” strains of A. tumefaciens as they cannot induce tumour formation in plants
but are capable of gene transfer provided that a binary vector is present. The binary
vector is capable of replicating in both E. coli and Agrobacterium allowing for
engineering of the gene (Hoekema et al., 1983; de Frammond et al., 1983). In the binary
vector, the tumour generating genes have been removed from the T-DNA, leaving only
the left and right border direct repeats, required for recognition and excision of the Tstrand. Genes for resistance to antibiotics or other agents are also incorporated into the
binary vector to facilitate the selection of transformed tissues together with the
incorporation of various restriction sites for insertion of the foreign DNA (Lee and
Gelvin, 2008).
The Agrobacterium-mediated plant transformation process starts with
cocultivation of A. tumefaciens with plant tissues, usually leaf discs, followed by
selection of the transformed tissues and regeneration of transformed plants from callus.
Agrobacterium-mediated plant transformation has been used widely as a means for
transferring foreign genes into plants for both basic and applied research. Most research
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involving AMP transgenes have utilized this technique to create stably-transformed
plants (e.g., Ohshima et al., 1999; Kanzaki et al., 2002; Aerts et al., 2007). Although
stable transformants can give stable expression levels especially for long-term or field
studies, they are time consuming to make due to a lengthy period of selection and
regeneration.
6.3 Agroinfiltration
Another option for synthesizing foreign proteins in plants is agroinfiltration, a
transient expression system wherein the foreign protein can be detected 24 to 48 h after
the introduction of A. tumefaciens into plant tissue. Regeneration of transgenic plants
from callus is not required (Kapila et al., 1997). This technique also enables gene
expression in plant species where stable transformation or plant regeneration protocols
have not been developed (Kapila et al., 1997; Wydro et al., 2006). With this method, a
binary vector with an expression cassette, identical to those used for stable
transformation, is used. The method for agroinfiltration generally includes preparation of
an A. tumefaciens suspension culture carrying a binary vector with the gene of interest
and delivering the culture to the intercellular space of detached or intact plant tissues by
direct injection with a syringe or vacuum infiltration (Kapila et al., 1997; Voinnet et al.,
2003; Wydro et al., 2006). The A. tumefaciens suspension culture is prepared in a buffer
containing acetosyringone for induction of vir gene expression to allow for the delivery
of the T-strands into plant cells (Voinnet et al., 2003; Wydro et al., 2006).
Agroinfiltration is an ideal method for testing constructs and producing protein
for functional analysis prior to making stable transgenic plants because transient
expression has a much shorter turnover time than stable transformation (Twyman et al.,
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2003). Also, as genome integration is not required, expression is not affected by the
location of T-DNA integration in the plant genome (Kapila et al., 1997). Agroinfiltration
has been used in many applications, such as the expression of a functional tumor-specific
antibody, T84.66, in tobacco leaves, which gave a yield of protein comparable to stable
transformation (Vaquero et al., 1999) or even slightly higher for the T84.66/GS8 diabody,
which is a bispecific antibody (Vaquero et al., 2002). Other applications of
agroinfiltration include screening a bacterial toxin gene and a plant proteinase inhibitor
gene for their anti-insect activities (Leckie and Stewart Jr., 2011), and delivery of virusinduced gene silencing (VIGS) vectors (Velasquez et al., 2009).
The usefulness of agroinfiltration, however, is limited by the rapid decline of
transgene expression after a short peak period at 60 to 72 h post-infiltration (Voinnet et
al., 2003). Post-translational gene silencing (PTGS) is believed to be one of the factors
responsible for this decline (Johansen and Carrington, 2001). Co-infiltration with a
construct expressing a viral protein suppressor of PTGS, such as p19 (19 kDa protein),
effectively enhances transient protein expression by agroinfiltration. For example, the
level of green fluorescent protein (GFP) in N. benthamiana was 50 times higher in the
presence of P19 (Voinnet et al., 2003), and production of a bacterial antigen, GS60 from
Mannheimia haemolytica, in N. benthamiana was higher with p19 compared to
agroinfiltration without p19, but the level of protein increase was not stated (Lee et al.,
2008a). P19 is a pathogenicity factor of the tomato bushy stunt virus (TBSV) that helps
it to systemically invade the host (Scholthof et al., 1995).
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7. Pichia pastoris expression system
P. pastoris is a methylotrophic yeast widely used as an expression system for
recombinant proteins (Cereghino et al., 2002). Because of P. pastoris’s ability to
metabolize methanol, it was originally exploited as a means to convert methanol to a
protein source for animal feed, but as the cost of methanol increased and soybean prices
decreased, such use became uneconomical (Cregg et al., 2000). P. pastoris was then
developed into a protein expression system. Methanol metabolism of P. pastoris is
initiated by the activity of alcohol oxidase (AOX), which is coded by the AOX1 and
AOX2 genes (Cregg et al., 2000). AOX1 expression is tightly regulated as it is repressed
in cells grown on glucose and most other carbon sources but induced by methanol
(Cereghino et al., 2002). The AOX1 promoter was incorporated into the P. pastoris
expression vector for inducible expression of foreign genes (Cregg et al., 2000). Later a
constitutive expression vector was developed utilizing the promoter of the
glyceraldehyde-3-phosphate dehydrogenase gene (GAP) (Cereghino et al., 2002).
Foreign proteins produced with P. pastoris can accumulate inside the cell or be secreted
into the growth medium. Extracellular production elimination the need for cell lysis, and
because P. pastoris secretes low levels of native proteins, recovery of foreign proteins is
simplified (Macauley-Patrick et al., 2005). The most commonly used secretion signal
sequence is the Saccharomyces cerevisiae α-factor secretion peptide although native
secretion signals have also been used (Cereghino et al., 2002). However, secretion of
foreign proteins has not always been achieved or proteins that were secreted were not
always correctly processed. Such outcomes are not necessarily determined by the choice
of secretion signal alone, but likely by the combination of the signal peptide and the
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foreign protein being secreted (Cereghino et al., 2002). The best combination of
secretion signal for a particular protein cannot be predicted and therefore relies on trial
and error so that many expression studies report the use of multiple constructs.
Stable transformants of P. pastoris are generated through homologous
recombination between the linearized expression vector and the P. pastoris genome
(Cregg et al., 2000). Higher levels of expression are generally achieved by inserting
multiple copies of genes (Clare et al., 1991). The P. pastoris expression system has been
used for expression of proteins from all origins and functional groups including plant and
animal defensins, for example corn defensin (Kant et al., 2009), peach defensin
(Wisniewski et al., 2003), human α-defensin 5 (HD5) (Hsu et al., 2009), sheep β-defensin
1 (sBD-1) (Zhao and Cao, 2011) and PBD-1 (Jiang et al., 2006). The frequent use of P.
pastoris is due to its advantages of being easily manipulated genetically, having inducible
and constitutive expression, choice of intracellular or extracellular protein production,
and ability to perform eukaryotic protein modifications, such as glycosylation and
disulfide-bond formation (Cregg et al., 2000).
8 Plants and pathogens
8.1 Nicotiana tabacum
The genus Nicotiana is a member of the nightshade or Solanaceae family and
contains 76 species originating from North America, South America, Australia and
Africa (Chase et al., 2003; Knapp et al., 2004). N. tabacum is an amphidiploid
/allotetraploid species in the genus with 48 chromosomes originally generated from
hybridization between N. sylvestris and either N. tomentosiformis Goodspeed or N.
otophora Grisebach whose origins are all in South America (Lewis and Nicholson, 2007;
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Kitamura et al., 2001). In plant research, N. tabacum has been used extensively as a
model plant due to its high biomass, low maintenance and high seed production. In plant
pathology, studies with N. tabacum have contributed to our understanding of the
interaction between the tobacco mosaic virus (TMV) and the plant hosts, particularly in
relation to the development of SAR (Ross 1961; Vallad and Goodman, 2004).
Transformation protocols for N. tabacum are well established allowing for the
development of transgenic plants with traits designed specifically for the study of plantmicrobe interactions. Examples are N. tabacum cv. Xanthi containing bacterial gene
coded for salicylate hydroxylase (nahG), which converts SA to catechol resulting in the
inability of the plant to accumulate salicylic acid (Gaffney et al., 1993) and N. tabacum
cv. Samsun containing a mutated Arabidopsis etr-1 gene encoding a defective ethylene
receptor resulting in a plant with ethylene insensitivity (Knoester et al., 1998).
Transgenic N. tabacum has also been used to produce foreign proteins, such as antiHepatitis B virus surface antigen (HBsAg) (Ramirez et al., 2002), human interleukin-10
(Menassa et al., 2001), somatotropin (Staub et al., 2000) and the AMP, magainin 2 analog
(DeGray et al., 2001). In this respect, an advantage of using N. tabacum includes
existing large-scale processing technology and the fact that it is not a food/feed crop
(Twyman et al., 2003).
8.2 Nicotiana benthamiana
N. benthamiana originated from Australia and is an amphidiploid species with 38
chromosomes (Goodspeed, 1954). N. benthamiana may have resulted from hybridization
between N. suaveolens and N. debneyi (Goodspeed, 1954). N. benthamiana has been
used extensively in the area of plant virology because of its susceptibility to a wide
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variety of viral pathogens as a result of a mutation in its RNA-dependent RNA
polymerase gene (Yang et al., 2004). As a result, it has become a model system for plant
genetics as one can silence plant genes through the virus-induced gene silencing (VIGS)
technique, and is especially useful for transiently expressing genes via agroinfiltration
(Goodin et al., 2008). Furthermore, N. benthamiana can be transformed with high
efficiency and easily maintained due to its short stature, short regeneration time and high
seed production (Goodin et al., 2008).
8.3 Pseudomonas syringae pv. tabaci
P. syringae pv. tabaci is a gram-negative hemibiotrophic bacterium that is the
causal agent of wildfire in N. tabacum but it can also infect other Nicotiana species
(Shew and Lucas, 1991; Hann and Rathjen, 2007), soybeans and field beans (Nyvall,
1989). Wildfire disease of tobacco is likely to occur in seedbeds under wet conditions
and can cause death in young seedlings. Field tobacco infected by P. syringae pv. tabaci
through stomates or wounds start to develop water-soaked spots, which eventually
become necrotic with characteristic chlorotic halos around the spots (Nyvall, 1989; Shew
and Lucas, 1991). The presence of the chlorotic halo is a result of ammonia
accumulation due to inhibition of glutamine synthetase by tabtoxin produced by P.
syringae pv. tabaci (Thomas et al., 1983). A related strain of P. syringae pv. tabaci is P.
syringae pv. angulata, which does not produce tabtoxin, but causes angular leaf spot of
tobacco, which is less severe than wildfire (Nyvall, 1989; Shew and Lucas, 1991).
P. syringae pv. tabaci has been used to study plant-microbe interactions. Effectors
from the type III secretion pathway, such as AvrPto and HrpW in P. syringae pv. tomato
DC3000 (Ronald et al., 1992; Charkowski et al., 1998), AvrPphE /HopX from P.
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syringae pv. phaseolicola (Mansfield et al., 1994; Lindeberg et al., 2005) have been
examined. Furthermore, the genomic sequence of P. syringae pv. tabaci 11528 is
available (Studholme et al., 2009). Sequence analysis showed that this strain contains for
the most part genes similar to those found in previously sequenced P. syringae genomes
of pv. tomato, phaseolicola and syringae but also contains unique sequences making up
5.72% of the predicted genes. P. syringae pv. tabaci 11528 is missing two of the core set
of the Hrp (Hypersensitive response and pathogenicity) Outer Protein genes that are
conserved in other sequenced P. syringae genomes, but it possesses three unique Hop
effectors not found in any of the other sequenced P. syringae genomes, which could
contribute to its difference from other pathovars. Availability of the genome sequences
of P. syringae pv. tabaci allows for the identification of genes of probable impact on its
host, such as type III secretion system effectors, making it a useful model for studying
plant-microbe interactions.
8.4 Colletotrichum species
Colletotrichum is an ascomycete fungus that is the causal agent of anthracnose or
blight in various plants including soybean, cowpea, alfalfa and tobacco (Nyvall, 1989;
Perfect et al., 1999). Infection by Colletotrichum species is commonly initiated by direct
penetration of the plant surface by means of appressoria (Bailey et al., 1992). Following
penetration, infection by different Colletotrichum species assumes different modes
(Bailey et al., 1992). Many Colletotrichum species are classified as intracellular
hemibiotrophic pathogens characterized by a two-stage infection. Infections start with a
symptomless biotrophic phase during the initial establishment of the pathogens in the
plant, followed by a necrotrophic phase, when host cells are damaged and lesions are
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visible. Other Colletotrichum species are classified as subcuticular intramural species.
These are characterized by initial hyphal growth under the cuticle within the cell walls,
followed by dissolution of the wall structure resulting in visible disease symptoms.
Some Colletotrichum species exhibit a combination of both infection types. Their
hemibiotrophic life style and ability to grow easily in culture makes several
Colletotrichum species preferred model pathogens for studies of fungal-plant interactions
(Perfect et al., 1999; Bailey et al., 1992).
C. destructivum and C. orbiculare are both intracellular hemibiotrophic species
which cause anthracnose in N. tabacum and N. benthamiana (Shen et al., 2001a, Shen et
al., 2001b). The main difference between C. destructivum and C. orbiculare is that
during the biotrophic phase, C. destructivum hyphae are restricted to the initial infected
epidermal cell, while C. orbiculare hyphae grow into the adjacent epidermal cells (Shen
et al., 2001a, Shen et al., 2001b). As a result, C. destructivum has a biotrophic phase that
lasts for only 60 h compared to C. orbiculare that has a biotrophic phase that lasts for 7296 h. Hyphae of the necrotropic phase appear as thin secondary hyphae and develop
from side branches and the tips of the biotrophic large primary hyphae for C. orbiculare
and the tips of the biotrophic multi-lobed infection vesicles for C. destructivum.
Eventually, masses of conidia borne in acervuli are released from the plant surface by
splashing water.
In tobacco, anthracnose causes lesions, which appear as water-soaked spots on
leaves (Shen et al., 2001a). These spots expand in wet weather, and the infected leaves
later dry out and become wrinkled, distorted and may eventually die (Nyvall, 1989; Shew
and Lucas, 1991). Anthracnose is primarily a seedling disease, and it can cause death in
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small seedlings under favorable conditions (Nyvall, 1989; Shew and Lucas, 1991). C.
destructivum tolerates a wide temperature range (18 to 32°C) and prefers high humidity
for disease symptoms to develop (Nyvall, 1989). Humidity is considered the major factor
determining the appearance and development of tobacco anthracnose (Shew and Lucas,
1991).
Both SA and ET appear to have important roles during infection of C.
destructivum and C. orbiculare. Infection with C. destructivum results in ET
accumulation in N. tabacum, and etr-1 tobacco that is ET-insensitive was more
susceptible to C. destructivum than wild type plants (Chen et al., 2003). Infection by
either C. destructivum or C. orbiculare induces the expression of ET-dependent plant
defense genes in N. benthamiana (Dean et al., 2005). Application of (2R,3R) butanediol
activated ET/ jasmonic acid (JA)-dependent induced systemic resistance (ISR), induced
ET-dependent gene expression and increased resistance to C. orbiculare (Cortes-Barco et
al., 2010). Infection by either C. destructivum or C. orbiculare can induce the expression
of SA-dependent plant defense genes in N. benthamiana (Dean et al., 2005), and
application of acibenzolar-s-methyl (1,2,3-benzothiadiazole-7-thiocarboxylic acid-smethyl-ester) activates SAR, induces SA-dependent gene expression and increases
resistance to C. orbiculare (Cortes-Barco et al., 2010). Thus, infections by C.
destructivum or C. orbiculare are a good model system for studying different types of
induced resistance in plant-microbe interactions.
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Chapter 2. Agroinfiltration induced resistance against Collectotricum destructivum
1. Introduction
Agrobacterium tumefaciens is a gram-negative bacterium which causes crown
gall disease in various plant species with symptoms of tumour-like growth of the infected
tissues (Smith and Townsend, 1907). Virulent strains of A. tumefaciens contain a Tiplasmid, which encodes virulence (Vir) proteins for processing, transfer and integration
of the transferred DNA (T-DNA) into the plant genome (Stachel et al., 1985). The vir
genes are normally not expressed except for a two component-regulatory system encoded
by virA and virG that activates expression of the other vir genes after sensing phenolic
compounds and sugars released by wounded plant cells (Stachel and Nester, 1986).
Processing of the T-DNA results in excision of single-stranded T-DNA (T
strands) with the VirD2 protein attached to the 5’ end (Stachel et al., 1986; HerreraEstrella et al., 1988). Together with VirD2 proteins, the T strands are delivered into a
plant cell by a T4SS, which is regulated and encoded by 11 genes in the virB operon and
the virD4 gene (Christie, 2004). After the T-DNA is incorporated into the plant genome,
oncogenes and opine genes on the T-DNA result in the production of the phytohormones
auxin and cytokinin resulting in gall formation, and synthesis and secretion of opine into
the apoplast (Klee et al., 1984; Lichtenstein et al., 1984; Guyon et al., 1980). The Ti
plasmid can be 'disarmed' by deletion of the tumour-inducing genes turning A.
tumefaciens into a delivery system for transforming plants.
A. tumefaciens can be used to introduce foreign genes into plants through both
stable and transient expression (Twyman et al., 2003). Stable transformation allows for
expression of the gene of interest throughout the life of the transgenic plant, but the
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process of creating a stably transformed plant is time consuming as the plant tissue has to
go through selection for the transgene, regeneration from callus and usually selection for
homozygous lines. Agroinfiltration is an alternative where transient transformation
occurs when a culture of A. tumefaciens containing an expression cassette with the gene
of interest is introduced directly into the plant leaves (Kapila et al., 1997). For
agroinfiltration, A. tumefaciens is grown in liquid culture, resuspended and incubated in a
buffer containing acetosyringone and then infiltrated into intact plant tissue by direct
injection with a syringe or vacuum infiltration (Kapila et al., 1997; Voinnet et al., 2003;
Wydro et al., 2006). The plant cells surrounding the infiltrated A. tumefaciens receive the
T-DNA, and multiple copies are integrated into the plant genome, as in stable
transformation, and/or remain as single T-DNA strands in the plant nucleus (Kapila et al.,
1997; Wydro et al., 2006; Pitzschke and Hirt, 2010). The foreign protein is then
expressed from the integrated or non-integrated T-DNA.
Since the transformed cells do not need to be regenerated into entire transgenic
plants, foreign gene expression can be detected in the infiltrated area within 2 days of
agroinfiltration (Kapila et al., 1997). This method has been utilized for many
applications, such as production of antibodies (Vaquero et al., 1999), infection of cloned
plant viruses (Annamalai et al., 2008), introduction of tagged proteins to detect their subcellular localization and interaction (Goodin et al., 2002), expression of fungal avirulence
genes (such as Avr9 and Avr4) and expression of plant resistance genes (such as Cf-9 and
Cf-4) (Van der Hoorn et al., 2000).
Agoinfiltration can also affect plant-pathogen interactions. Robinette and
Matthysse (1990) reported that infiltration of tobacco leaves with A. tumefaciens
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inhibited the hypersensitive response (HR) to P. syringae pv. phaseolicola and suggested
that this was due to the presence of additional auxin produced from genes on the T-DNA.
Agroinfiltrated tobacco leaves also had a reduced HR-associated necrosis due to avirulent
P. syringae pv. tomato but were more resistant to infection by virulent P. syringae pv.
tabaci, and these effects were purportedly due to interference by agroinfiltration with the
typical P. syringae-elicited SA and abscisic acid (ABA) in the plant (Rico et al., 2010).
Similarly, agroinfiltrated tobacco leaves were more resistant to subsequent infection by
TMV, perhaps due to induction of SA-dependent defense responses (Pruss et al., 2008).
Such changes may be related to alterations by A. tumefaciens of plant defense gene
expression. Arabidopsis cell cultures inoculated with A. tumefaciens showed upregulation and down-regulation of different sets of defense-related genes (Ditt et al.
2006). Similarly, defense-related proteins increased, while cell wall modifying proteins
decreased in the N. benthamiana leaf apoplast after agroinfiltration (Goulet et al., 2010).
Activation of plant defenses by plant pathogenic bacteria can be due to
recognition of PAMPs, and this form of resistance is known as PAMP-triggered
immunity (PTI). Thus far, PAMPs identified in A. tumefaciens are elongation factor Tu
(EF-Tu) (Zipfel et al., 2006), cold-shock protein (Felix and Boller, 2003) and
peptidoglycan (Erbs et al., 2008). However, a typical PAMP in other plant pathogenic
bacteria, flagellin, did not induce defense responses for A. tumefaciens when added to
tomato tissue culture cells (Felix et al., 1999). PAMPs may be important in inducing
plant gene expression by A. tumefaciens since defense gene up-regulation in Ageratum
conyzoides cell cultures by A. tumefaciens was non-specific because it also occurred with
Escherichia coli (Ditt et al., 2001).
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Another form of resistance is effector-triggered immunity (ETI) that is activated
by recognition of effectors that are normally secreted by pathogens to manipulate the host
to promote development of disease. Effectors of A. tumefaciens secreted by the T4SS are
VirD2 attached to the T-strands, VirD5, VirE2, VirE3 and VirF (Gelvin, 2010). Inside
plant cells, VirD2 acts in nuclear localization of the T-complex (Howard et al., 1992),
VirD5 contains a nuclear localization signal and eukaryotic DNA binding motif acting as
a plant transcriptional activator to optimize T-DNA transport or integration
(Schrammeijer et al., 2000), VirE2 forms a complex with the single T-strand for
interaction with plant proteins and integration into the plant genome (Ward and
Zambryski, 2001), VirE3 may interact with VirE2 to mediate its transfer to the nucleus as
well as act as a plant transcriptional activator to induce gene expression for tumour
formation (Lacroix et al., 2005; Garcia-Rodriguez et al., 2006), and VirF is an F-box
protein tagging protein for proteolysis to remove proteins from T-complexes
(Schrammeijer et al., 2001; Tzfira et al., 2004).
Although the roles of these T4SS effectors in plant cells are not well understood,
all are believed to interact directly or indirectly with the T-DNA/VirD2 complex to
facilitate its transport to the nucleus and integration into the genome (Gelvin, 2010).
However, the T4SS effectors may also be important in affecting plant gene expression.
Although defense genes in tobacco cell cultures were first activated upon exposure to A.
tumefaciens, they were later suppressed during the transfer of T-DNA (Veena et al.,
2003).
PTI and ETI can cause a localized response but can also induce a systemic
response that is mediated by the signaling molecules of SA for SAR, and ET with JA for
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ISR (Vallad and Goodman, 2004). Activation of these defense mechanisms could
provide protection against subsequent infections by a broad range of microbial pathogens.
Furthermore, such defense responses could also include priming, a process which
potentiates the infected plant to be ready to ward off subsequent infection by other
pathogens (Conrath et al., 2006)
To examine the effects of A. tumefaciens on induction of defense responses,
agroinfiltration of N. benthamiana leaves was performed followed by inoculation with C.
destructivum, the causal agent of anthracnose (Nyvall, 1989), to determine the timing of
resistance, changes in plant gene expression, the localized versus systemic nature of the
resistance, and the potential role of plant-signaling molecules. Factors from A.
tumefaciens, such as PAMPs, T-DNA, T4SS and effectors, were examined to assess their
contribution to inducing resistance, as well as the significance of this induced resistance
to the use of agroinfiltration as a technique to test foreign genes, such as animal
defensins, for their ability to increase plant disease resistance.

2. Materials and methods
2.1 Plant materials
Seedlings of Nicotiana benthamiana and Nicotiana tabacum cv. Xanthi and cv.
Samsun were transplanted 2 and 3 weeks respectively after germination to individual 6 x
8-cm pots, and grown at a constant temperature of 21 °C under artificial light with a 12-h
photoperiod and photon flux density of 150 µmol/m2/s. Liquid fertilizer (20-8-20 (N-PK)) was provided weekly thereafter until the plants were 5 to 7 weeks old. A mutant line,
N. tabacum cv. Xanthi with nahG, that cannot accumulate salicylic acid (Gaffney et al.,
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1993) and another mutant line, N. tabacum cv. Samsun, etr-1, that is insensitive to
ethylene (Knoester et al., 1998) were grown under the same conditions.
2.2 Bacterial and fungal inoculations
The A. tumefaciens strains used in this study are listed in Table 2.1. To isolate the
E2 strain from Euonymus, galls were collected from stems on a bush growing in Guelph,
Ontario and surface sterilized with 20% bleach, then rinsed three times with sterile
distilled water before being peeled and cut into approximately 2-mm pieces. The pieces
were incubated in sterile distilled water for 1 h, and then the liquid was collected, diluted
and plated onto LB, PDA (Bioshop, Burlington, ON), and Nutrient agar (Difco,
Mississauga, ON) supplemented with 0.01% yeast extract (Bioshop). Plates were
incubated at 28 °C for 48 h. Single colonies were streaked onto LB agar, and then again
on LB until the colonies appeared uniform.
To test for virulence, selected bacterial colonies were grown at 28 °C for 2 days in
liquid LB media, centrifuged at 4900 xg and resuspended at 2 x 109 CFU/mL in 10 mM
MgCl2 with 150 µg/mL acetosyringone. The cell suspension was incubated at room
temperature for 3 h, and 25 μL was pipetted onto a wounded leaf of Kalanchoe
daigremontiana. Gall formation was monitored for 1 month after inoculation, and strain
E2 was selected because it consistently formed galls on K. daigremontiana. To evaluate
the level of virulence of A. tumefaciens strains A348, E2, UGAt-biotype I and UGAtbiotype II, N. benthamiana stems were wounded by needle and bacterial inoculum
prepared as above was injected into the wound. Gall formation was monitored weekly,
and gall fresh weight was determined 6 weeks after inoculation after excision from stems
of three N. benthamiana plants.
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Table 2.1 Agrobacterium tumefaciens strains used in this research. Wild-type/virulent
strains are able to cause tumors. Disarmed strains are common laboratory strains used for
transformation, and cannot cause tumors, but can transfer T-DNA. There is no binary
vector in these described strains. Mutant strains were derived from either strain A348 or
C58 and contain mutation in vir genes or genes involved in formation of the pilus or
flagella.
Category

Strain

Description

Reference or source

Wild-type/
virulent

E2

Virulent on Kalanchoe

UGAt
Biotype I

Virulent on Kalanchoe

UGAt,
Biotype II

Virulent on Kalanchoe

A348

C58 background, pTiA6NC Ti plasmid, virulent

Isolated from galls on
plants of Euonymus spp.,
Guelph, ON
Pest Diagnostic Lab,
Laboratory Services
Division, University of
Guelph, Guelph, ON
Strain was isolated in
Quebec
Pest Diagnostic Lab,
Laboratory Services
Division, University of
Guelph, Guelph, ON
Strain was isolated in
Quebec
Garfinkel et al., 1981

C58C1

C58 background, pMP90 Ti plasmid,
gentamycin resistant

Koncz and Schell., 1986

GV3101

C58 background, pMP90 Ti plasmid,
gentamycin resistant

Holsters et al., 1980

LBA4404

Ach5 background, pAL4404 Ti plasmid,
streptomycin resistant

Hoekema et al., 1983

EHA101

C58 background, Ti plasmids are derivative of
pTiB6, pTiC58, and pTiBo542,
kanamycin resistant
C58 background, Ti plasmids are derivative of
pTiB6, pTiC58, and pTiBo542,
kanamycin resistant
A348 with deletion of the virB operon on
pTiA6NC

Hood et al., 1993

C58 with deletion of the virB1 on pTiC58;
involved in pilus formation and T-complex
transport but not absolutely required.
C58 with deletion of the virB2 on the pTiC58
VirB2 is a major pilin subunit.

Schmidt-Eisenlohr et al.,
1999b

PC1004

A348 with deletion of virB4 from pTiA6NC
virB4 provides energy for T-complex transport.

Berger and Christie,
1993

CB1005

C58 with deletion of the virB5 on the pTiC58
virB5 is an extracellular component of the Tpilus

Schmidt-Eisenlohr et al.,
1999a

Dis-armed

EHA105
Mutant

PC1000
CB1001
CB1002
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Hood et al., 1993
Fernandez et al., 1996a

Aly et al., 2008

PC1007
WR5000

CB2004

PC2000
NT1REB

A348 with deletions of virB7
virB7 is important for T-pilus assembly.
A348 derivative with replacement of virE2 with
nptII gene from Tn5.
virE2 protein (together with virD2) forms
complex with T-DNA and contains nuclear
localization signal. Kanamycin resistant
C58 with deletion of the virD4 on the pTiC58
virD4 protein is required for intercellular
translocation but not involved in T-pilus
biogenesis.
A348 with a tatC null mutation;
attenuated virulence, flagellation and mobility,
but no affect on T-DNA transfer
C58 derivative with deletion of flaABC, contian
pJK270 (pTiC58trac::Tn5) Ti plasmid
Non-motile, no flagella (bald), erythromycin
resistant
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Berger and Christie,
1994
Dombek and Ream, 1997

Aly and Baron, 2007

Ding and Christie, 2003
Chesnokova et al., 1997

For infiltration of N. benthamiana and N. tabacum leaves, A. tumefaciens strains
were grown in liquid LB media overnight for 18 to 20 h at 28°C starting from stocks on
LB agar. Subcultures were then transferred to fresh liquid LB media, grown overnight,
and cells collected by centrifugation at 4900 xg for 10 minutes at room temperature. The
bacteria were then washed twice with 10 mM MgCl2 containing150 µg/mL
acetosyringone, and resuspended in the same solution used for the washing. Wildtype/virulent and disarmed strains of A. tumefaciens (Table 2.1) were adjusted to OD600 =
1 (2 x 109 CFU/mL), and mutant strains (Table 2.1) were diluted to 2 x 106 cells/mL. The
suspensions were incubated for 3 h at room temperature and then infiltrated with a
needle-less syringe into the underside of the first fully matured leaf of a N. benthamiana
plant until the entire leaf had a dark, water-soaked appearance.
Colletotrichum destructivum, strain N150, was grown on sodium chloride-yeast
extract agar sucrose (SYAS) medium, consisting of 0.5% NaCl, 0.3% yeast extract, 2%
agar, and 1% sucrose (Manandhar et al., 1986) under constant fluorescent light for 9 to 12
days to induce spore formation. Spores were scraped from the media surface with a
spatula, suspended in sterile water and incubated for 20 min to allow media and hyphae
to settle out. Spore concentrations were determined with a haemocytometer, adjusted to
1 x 106 spores/mL for N. benthamiana and 5 x 104 spores/mL for N. tabacum. The spore
suspension was applied to leaves until run-off by an air pressure sprayer, and then plants
were incubated under high humidity in the dark for 72 h. The numbers of lesions on each
leaf were counted, and the leaf area was measured by a LI-3100 area meter (Li-Cor Inc.,
Lincoln, NE) to calculate the number of lesions per cm2.
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2.3 Induction of resistance to C. destructivum N150 by infiltration with A.
tumefaciens
Three plants with one leaf per plant were infiltrated with each A. tumefaciens
strain. The controls were non-infiltrated leaves and leaves infiltrated with 10 mM MgCl2
and 150 µg/mL acetosyringone. After a period of 96 h after infiltration, leaves were
inoculated with C. destructivum. The experiment was repeated 3 to 5 times. To test for
systemic resistance, the first fully expanded N. benthamiana leaf was infiltrated with A.
tumefaciens strains A348 and PC1000. At 4 or 7 days after infiltration, the leaf above the
infiltrated one was inoculated with C. destructivum N150, and the number of lesions per
cm2 was determined. To test for localized resistance, half of the leaf lateral to the
midvein was infiltrated with A. tumefaciens strains A348 or PC1000, and then 96 h later,
the whole leaf was sprayed with C. destructivum N150. The number of lesion/cm2 was
determined for each half of the leaf by cutting the leaf along the midvein before using the
LI-3100 area meter.
To evaluate the role of SA and ET in induced resistance by A. tumefaciens
infiltration, the entire first fully expanded leaves of the N. tabacum nahG and etr-1
mutant plants were each infiltrated with 2 x 106 cells/mL of either A. tumefaciens strain
A348 or PC1000. After 96 h, the infiltrated leaves were inoculated with C. destructivum
N150, and 72 h later the number of lesions per cm2 was determined.
2.4 Effect of infiltration with A. tumefaciens on leaf area and chlorophyll content
A suspension of 2 x 106 CFU/mL of A. tumefaciens A348 or PC1000 was
prepared as mentioned above and infiltrated into the lateral half of the first fully
expanded leaf of N. benthamiana. The non-infiltrated half of the same leaf was used as
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the control. The areas of both halves of the leaves were measured daily for 7 days by
tracing the margin of the infiltrated and non-infiltrated halves of the leaf onto clear plastic
sheets, which were later photocopied onto paper. The image of the leaf on the paper was
excised and used for leaf area measurement with the LI-3100 area meter. Leaf colour
was assessed each day by a chlorophyll meter (Soil Plant Analysis Development (SPAD)502, Minolta, Osaka, Japan). An average of three readings from different areas on each
side of the leaf was recorded. For each A. tumefaciens strain and control, one leaf per
plant and three plants were used.
2.5 Gene expression
Infiltration with A. tumefaciens strains A348 or PC1000 was performed on N.
benthamiana as previously described, but the entire leaf was infiltrated. One leaf each
from two plants was collected at 0, 12, 24, 48, 72, 96 hpi. At 96 hpi, plants were
inoculated with C. destructivum N150, and leaf samples were collected at 6, 24, 48 h
after infection (102, 120, 144 hpi). Leaves from non-infiltrated plants and leaves
infiltrated with 10 mM MgCl2 and 150 µg/mL acetosyringone were also collected at the
same time to serve as controls. All samples were stored at -80°C prior to RNA
extraction.
For RNA extraction, approximately 100 mg of the leaf tissue was homogenized in
1 mL of TRIzol Reagent® (Invitrogen), and RNA extraction was performed according to
the manufacturer’s instructions. The final RNA pellet was dissolved in 25 μL sterile
DMPC (dimethyl pyrocarbonate)-treated water (1 mL DMPC dissolved in 50 mL of 95%
ethanol plus deionized water to 1000 mL).
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RNA quality was evaluated on a 1.2% formaldehyde-agarose gel and was
quantified with a Spectramax a 384 Plus spectrophotometer (Molecular Devices,
Sunnyvale, CA). The RNA concentration was adjusted to approximately 1 μg/μL. RNA
samples were then treated with RQ1 RNase-Free DNase A (Promega, Madison, WI)
following the manufacturer’s instructions.
2.6 Relative RT-PCR
First strand cDNA synthesis was performed with Moloney Murine Leukemia
Virus (MMLV) reverse transcriptase according to the instructions provided by the
manufacturer (Invitrogen, Burlington, ON). Approximately 3 μg of RNA was used for
cDNA synthesis with 0.1 nmoles oligo (dT)18 (Fermentas, Burlington, ON).
The primers used for this study are listed in Table 2.2. Multiplex PCRs with two sets of
primers were done with primers for the gene under study and primers for the NbEF-1α as
a constitutive control (Dean et al., 2002); 250 ng of cDNA and 1.5 units of Taq DNA
Polymerase (New England BioLabs, Pickering, ON) were added to each 15-μL PCR
reaction: 1x PCR buffer (Invitrogen), 2.33 mM MgCl2, 0.33 mM dNTPs (Promega).
Primer concentration was 0.67 µM of each primer, except for 0.33 µM TobefA and
TobefS357 for NbEF-1α. A Tpersonal thermocycler (Biometra, Goettingen, Germany)
was used for PCR with the lid temperature set at 105°C. The reaction was started with a
denaturing step at 94°C for 5 min followed by 30 cycles of 94°C for 30 s, an annealing
temperature specific for each set of primers (Table 2.2) for 1 min, 72°C for 1 min and 5 s,
and a final elongation step at 72°C for 5 min. As a control, PCR was also performed
using TobefA and TobefS375 primers with RNA instead of cDNA as a template. PCR
products were separated in a 1.2% agarose TAE gel, and after staining, the images were
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Table 2.2 Primers used for relative RT-PCR of N. benthamiana genes in leaves
infiltrated with A. tumefaciens strains. Primers sequences are obtained from CortesBarco et al., 2010. S= G and C, R= A and G
Primer pairs and sequences

Co-amplification
partner/annealing
temperature

internal control-375
TobefA:
5’-CTTCGTGGTGCATCTCAAC-3’
TobefS375 :
5’-CTCCAAGGCTAGGTATGATG-3’
internal control-700
TobefA:
5’-CTTCGTGGTGCATCTCAAC-3’
TobefS700:
5’-CAAGTATGCCTGGGTGCT-3’
NbPR1aF:
5’-TGGSATTTRTTCTCTTTTCAC-3’
NbPR1aR:
5’-CCTGGAGGATCATAGTTGC-3’
NbPR5F164:
5’-GGCAGGCAGCTCAACTCG-3’
NbPR5R817:
5’-CGAACAAGAGAATCTGACCCAC-3’

NbPR5/60°C

NbPR2F:
5’-CATCACAGGGTTCGTTTAGGA-3’
NbPR2R:
5’-GGGTTCTTGTTGTTCTCATCA-3’
NbPR1b-1b-F20:
5’GTTGCTTGTTTCATTACCTTTGC-3’
NbPR1b-1b-R431:
5’-GGTGGATCATAATTGCATGTT-3’
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Target gene
and
product
size (bp)
NbEF-1α
375

NbPR1a, NbPR2,
NbPR1b-1b
/53°C or 60°C

NbEF-1α
700

internal control-700/
53°C

NbPR1a
478 bp

internal control-375/
60°C

acidic
NbPR5
653 bp

internal control-700/
53°C

basic
NbPR2
442 bp

internal control-700/
60°C

NbPRb-1b
(TC7078)
411 bp

captured as tiff files for analysis by Scion Image software version 4.0.3.2 (Scion
Corporation, MD). The expression levels of the gene of interest were determined by the
band intensity of the gene of interest divided by the band intensity of the PCR product of
NbEF-1α in the same lane.

3. Results
3.1 Induced resistance to C. destructivum N150 infection following infiltration
with A. tumefaciens C58C1
Infiltration of the first fully mature leaf of N. benthamiana with A. tumefaciens
C58C1 that is disarmed (i.e. lacking T-DNA but containing the Ti plasmid) caused the
infiltrated leaf to curl downward and yellow slightly in 2 to 3 days following infiltration.
Lesion numbers due to C. destructivum N150 infection relative to the non-infiltrated
control gradually declined after infiltration, which became significant by 48 h after
infiltration (Figure 2.1A and B). This reduction continued to increase up to 96 h post
infiltration, at which point the number of lesions was only 10% of the number on the noninfiltrated control. In comparison, the lesion number on leaves infiltrated with MgCl2
was always approx. 80% of that of the non-infiltrated leaves. Based on these results, 96 h
post-infiltration was the time point chosen to infect the leaves with C. destructivum N150
for subsequent experiments.
The lesion number following infection with C. destructivum was evaluated at 66
HPI (Figure 2.1A) or 72 HPI (Figure 2.1B). As lesions were easier to count at 72 HPI
than at 66 HPI, lesions were counted at 72 HPI in all subsequent experiments.
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infiltrated leaf
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Figure 2.1 Severity of C. destructivum N150 infection on N. benthamiana leaves which
were previously infiltrated with A. tumefaciens C58C1 or MgCl2 for 2, 24, 48, 72 and 96
h. Lesion number on infiltrated plants is presented as a percentage of lesion number on
non-infiltrated control leaves assessed at 66 h (A) or 72 h (B) after N150 infection. The
concentration of C58C1 used for infiltration was 2 x 109 CFU/mL, and N150
concentration was 1 x 105spores/mL. Hour post infiltration is the time between when N.
benthamiana leaves had been infiltrated with A. tumefaciens C58C1 or MgCl2 and then
inoculated with C. destructivum N150. Standard error bars were calculated from six
replications. (
= C58C1 and
= MgCl2)
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3.2 Induced resistance to C. destructivum N150 by infiltration with wild type and
disarmed strains of A. tumefaciens
Leaves infiltrated with wild-type strains (i.e. containing Ti-plasmid with
oncogenic T-DNA) showed lesion numbers ranging from 28% to 77% of those found on
the MgCl2 control (Table 2.3). Leaves infiltrated with wild-type A. tumefaciens strain
A348 became so necrotic that the level of infection with C. destructivum could not be
evaluated. Leaves infiltrated with strain UGAt-biotype II had the highest number of
lesions, and which was not significantly different from that of the MgCl2 control.
Infiltration with strains UGAt-biotype I and E2 significantly increased resistance to C.
destructivum N150 compared to infiltration with MgCl2.
To test for virulence, inoculation of K. daigremontiana leaves with strains A348 and E2
at 2 x 109 CFU/mL were performed, which resulted in visible galls by 14 days, but
inoculation of UGAt-biotype I and II at the same concentration did not result in any
visible galls even after 30 days. Stem inoculation of N. benthamiana also gave similar
results with A348 producing visible galls in 1 week after inoculation, while strain E2
produced much smaller galls, which enlarged but remained smaller than those of A348 by
2 weeks after inoculation. UGAt-biotypes I and II produced small galls by 2 to 4 weeks
after inoculation, similar in size to that of E2 at 1 week after inoculation. The galls
produced by the UGAt-biotype II developed earlier and were larger than those produced
by the UGAt-biotype I. The total fresh weight of the galls from three stems taken 6
weeks after inoculation was 2.72 g for strain A348, 0.59 g for strain E2, 0.054 g for
UGAt-biotype I, and 0.302 g for UGAt-biotype II. According to the gall fresh weight,
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Table 2.3 Severity of C. destructivum N150 symptoms on N. benthamiana leaves preinfiltrated with wild-type strains of A. tumefaciens or pre-infiltrated with A. tumefaciens
A348 or MgCl2. N. benthamiana leaves were infiltrated with 2 x 109 CFU/mL of each A.
tumefaciens strain for 96 h before inoculation with about 1 x 105 spores/mL of C.
destructivum N150. The number of lesions per cm2 leaf area was assessed 72 h after the
infection. Non-infiltrated N. benthamiana leaves and N. benthamiana leaves infiltrated
with MgCl2 served as control treatments.

Treatment

Number of lesions/cm2 1,3

% of MgCl2 2,3

Non-infiltrated

11.3 a

135 a

MgCl2

8.7 b

100 b

UGAt-Biotype II

6.9 bc

77 bc

UGAt-Biotype I

5.2 c

61 c

E2

2.7 d

28 d

A348

ND

ND

1

Disease severity was measured as the number of lesions/cm2 caused by C. destructivum
N150.
2
Disease severity was expressed as the percentage of lesions/cm2 compared to MgCl2
control.
3
Data represent the average of four replicates. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS (SAS Institute Inc., version 9.1.3, Cary, NC) Proc GLM at p = 0.05.
ND - lesion count could not be determined after infiltration with A. tumefaciens A348 at a
concentration of 2 x 109 CFU/mL as the infiltration itself led to the development of leaf
necrosis.
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symptoms caused by strain E2, UGAt-Biotype I and II was found to be 22%, 2%, and
10%, respectively of the gall fresh weight on stems infected with strain A348.
As A. tumefaciens strain A348 caused necrosis when infiltrated at 2 x 109
CFU/mL, different concentrations of A. tumefaciens strain A348 (2 x 109, 2 x 108, 2 x
107, 2 x 106, 2 x 105 , 2 x 104, 2 x 103, 2 x 102 CFU/mL) were infiltrated, which showed
that yellowing and curling of the leaves as well as the amount of necrosis declined as the
concentration of infiltrated bacteria decreased. Infiltration of this strain at 2 x 106
CFU/mL induced leaf curling and yellowing but did not produce necrosis. However, it
still induced resistance to fungal infection, demonstrating that necrosis was not necessary
for the induced resistance. At lower concentrations (2 x 105 to 2 x 102 CFU/mL), induced
resistance was not observed (data not shown). This concentration was used in further
experiments with A. tumefaciens strain A348 and all mutant A. tumefaciens strains.
All leaves infiltrated with disarmed strains of A. tumefaciens showed significant
reductions in the number of C. destructivum N150 lesions compared to the two controls
(Table 2.4). Among these disarmed strains, C58C1 induced the highest level of
resistance. These results indicate that the induced resistance did not require T-DNA to be
transferred.
Agroinfiltration appeared to suppressed the hypersensitive response of N.
benthamiana leaves that were infiltrated with P. syringae pv. tomato strain 06T2
resulting in a hypersensitive response within 24 h. Leaves of N. benthamiana infiltrated
with A. tumefaciens strain A348 at 2 x 106 CFU/mL or strain C58C1 and strain PC1000,
virB operon mutant, at 2 x 109 CFU/mL followed 4 days later by inoculation with
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Table 2.4 Severity of C. destructivum N150 symptoms on N. benthamiana leaves preinfiltrated with different disarmed strains of A. tumefaciens, which do not contain T-DNA
on the Ti-plasmid, or pre-infiltrated with A. tumefaciens A348 or MgCl2. N.
benthamiana leaves were infiltrated with 2 x 109 CFU/mL of each A. tumefaciens strain
for 96 h before inoculation with about 1 x 105 spores/mL of C. destructivum N150. The
number of lesions per cm2 leaf area was assessed 72 h after the infection. Non-infiltrated
N. benthamiana leaves and N. benthamiana leaves infiltrated with MgCl2 served as
control treatments.
Treatment

Number of lesions/cm2 1,3

% of MgCl2 2,3

Non-infiltrated

9.8 a

109 a

MgCl2

9.1 a

100 a

EHA101

6.5 b

71 b

EHA105

5.9 b

66 b

LBA4404

4.9 c

52 c

GV3101

2.9 d

31 d

C58C1

2.1 d

22 d

1

Disease severity was measured as the number of lesions/cm2 caused by C. destructivum
N150.
2
Disease severity was expressed as the percentage of lesions/cm2 compared to MgCl2
control.
3
Data represent the average of three replicates. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
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P. syringae pv. tomato strain 06T2 resulted in a visual suppression of necrosis due to
hypersensitive response so that only approximately 40 to 70% of the area was necrotic
compared to complete necrosis in the infiltrated area of the MgCl2 infiltrated control
(data not shown).
3.3 Induced resistance to C. destructivum N150 by infiltration with mutant strains
of A. tumefaciens
Two PAMP mutant strains of A. tumefaciens were examined to determine if
agroinfiltration-induced resistance in the leaves of N. benthamiana infiltrated with A.
tumefaciens is dependent on certain PAMPs. These strains were PAMP mutants,
NT1REB (flaABC), which has a deletion in genes involved in flagellum synthesis,
(Chesnokova et al., 1997), and the attachment mutant, PC2000 (tatc), which has a
mutation in the twin-arginine translocation (TAT) system required for flagella formation
and chemotactic responses (Ding and Christie, 2003). These mutants induced the same
level of resistance as wild-type strain A348 indicating that the flagella did not play a role
in the induced resistance (Table 2.5).
In addition, mutants affecting the T4SS and the effectors that enter the plant cell
through the T4SS were examined to determine if agroinfiltration-induced resistance in
the leaves of N. benthamiana infiltrated with the bacteria is dependent on the T4SS.
These mutants were derived either form strain C58 or A348 (Table 2.1). The T4SS
related mutants were PC1000 with a deletion of the entire virB operon, which forms the
structural components of T4SS (Fernandez et al., 1996a), CB2004 with a deletion of
virD4, which encodes an ATPase necessary for substrate transport through the T4SS (Aly
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Table 2.5 Severity of C. destructivum N150 symptoms on N. benthamiana leaves preinfiltrated with mutant strains of A. tumefaciens or pre-infiltrated with A. tumefaciens
A348 or MgCl2. N. benthamiana leaves were infiltrated with about 2 x 106 CFU/mL of
each A. tumefaciens strains or with the control treatments for 96 h before the treated
leaves were infected with about 1 x 105 spores/mL C. destructivum N150. N150 lesions
were assessed 72 h after the infection. Mutant strains used are either unable to transfer TDNA or lacking known bacterial elicitors.
Treatment

Number of lesions/cm2 1,2

% of MgCl2 2,3

Non-infiltrated

10.1 a

130 a

MgCl2

8.3 b

100 bc

WR5000 (virE2)

8.7 ab

114 ab

PC1000 (virB)

8.6 ab

107 ab

CB2004 (virD4)

8.1 b

105 b

NT1REB (flaABC)

5.8 c

78 c

PC2000 (tatc)

4.5 c

53 d

A348

4.3 c

52 d

1

Disease severity was measured as the number of lesions/cm2 caused by C. destructivum
N150.
2
Disease severity was expressed as the percentage of lesions/cm2 compared to MgCl2
control.
3
Data represent the average of five replicates. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
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and Baron, 2007), CB1001 with a deletion of virB1, which participates in assembly of the
T-pilus but is not required for substrate transport (Schmidt-Eisenlohr et al., 1999b),
CB1002 with the deletion of virB2, which encodes a major extracellular structural
component of the T-pilus (Aly et al., 2008), PC1004 with a deletion of virB4, which
encodes an ATPase required for substrate translocation across T4SS and stabilization of
other VirB proteins during T-pilus assembly (Berger and Christie, 1993), CB1005 with
the deletion of virB5, which encodes a minor extracellular structural component of the Tpilus (Schmidt-Eisenlohr et al., 1999a), and PC1007 with the deletion of virB7, which
encodes a lipoprotein of the bacterial outer membrane forming part of the extracellular
component of T4SS required for T-pilus assembly and function (Berger and Christie,
1994; Fernandez et al., 1996b). Another mutant, WR5000, with a deletion of virE2,
which encodes an effector protein which passes through T4SS and interacts with T-DNA
and host proteins (Dombek and Ream, 1997) was also tested. Most of these strains had
been created from A. tumefaciens strain A348 except for CB2004 and NT1REB, which
were created from a wild-type C58 (Table 2.1). All leaves infiltrated with mutants in the
virB operon, virB2, virB4, virB5 and virB7 and virD4, and the effector protein that passes
through T4SS, virE2 lost the ability to induce resistance, and thus displayed the same
levels of disease (expressed as the number of lesions/cm2) as the non-infiltrated and
MgCl2-infiltrated leaves (Tables 2.5 and 2.6). However, the virB1 mutant, which is the
only mutant not required for T4SS transport, did not lose the ability to induce resistance.
This shows that the T4SS and at least one effector that passes through it are critical for
induced resistance. This type of resistance was named T4SS-dependent agroinfiltration
induced resistance.
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Table 2.6 Severity of C. destructivum N150 symptoms on N. benthamiana leaves preinfiltrated with different virB mutant strains of A. tumefaciens, strain A348 or MgCl2. N.
benthamiana leaves were infiltrated with about 2 x 106 CFU/mL of each A. tumefaciens
strain or with the control treatments for 96 h before the treated leaves were infected with
about 1 x 105 spores/mL C. destructivum N150. N150 lesions were assessed 72 h after
the infection. virB mutant strains lack different elements for T-pilus assembly or T-DNA
transfer.

Treatment

Number of lesions/cm2 1,2

% of MgCl2 2,3

Non-infiltrated

9.9 a

124 a

MgCl2

8.0 b

100 a

PC1004 (virB4)

9.3 ab

120 a

PC1007 (virB7)

9.2 ab

118 a

PC1000 (virB)

8.6 ab

110 a

CB1005 (virB5)

8.5 ab

109 a

CB1002 (virB2)

8.1 b

102 a

CB1001 (virB1)

5.1 c

65 b

A348

4.1 c

52 b

1

Disease severity was measured as the number of lesions/cm2 caused by C. destructivum
N150.
2
Disease severity was expressed as the percentage of lesions/cm2 compared to MgCl2
control.
3
Data represent the average of four replicates. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
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3.4 Systemic versus localized induced resistance to C. destructivum N150 with A.
tumefaciens in N.benthamiana
To test for systemic resistance, the upper leaves of the plant were inoculated with
C. destructivum N150 at 96 or 168 h after a leaf at one to two leaf positions lower had
been infiltrated with A. tumefaciens strains A348 or PC1000. The upper leaves displayed
the same fungal lesion numbers regardless of the different treatments on the lower leaves
indicating that the induced resistance was not systemic under the conditions tested (Table
2.7).
Infiltration was also performed on a half-leaf lateral to the midvein on a N.
benthamiana plant 96 h prior to fungal inoculation. The numbers of lesion/cm2 on the
non-infiltrated half of a treated leaf were not different from untreated leaves or leaves
treated with buffer or strain PC1000. In contrast, lesion numbers on the half of the leaf
that was infiltrated with A. tumefaciens A348 were reduced by more than 50% (Table
2.8). These results show that the induced resistance is highly localized, not spreading
across the mid-vein of the leaf by 96 h.
3.5 Effect of infiltration with A. tumefaciens on the appearance of N. benthamiana
leaves
Infiltration of leaves of N. benthamiana showed that the size of the infiltrated half
leaf was larger and more yellow than the non-infiltrated half, and infiltrated leaves curled
downward (Figure 2.2). To quantify these changes, half leaves were infiltrated with A.
tumefaciens strains A348, PC1000 or MgCl2, and the leaf area and chlorophyll content
were measured and expressed as percentages of the non-infiltrated half of the same leaf
(Figures 2.3 and 2.4). The leaf halves infiltrated with A. tumefaciens strain PC1000 and
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Table 2.7 Assessment of systemic spread of resistance induced by infiltration with A.
tumefaciens strains A348 and PC1000. N. benthamiana leaves were infiltrated with 2 x
106 CFU/mL of each A. tumefaciens strain; control leaves were non-infiltrated or
infiltrated with MgCl2. After infiltration, an upper leaf (one or two leaves above the
infiltrated leaf) was infected with about 1 x 105 spores/mL C. destructivum and disease
symptoms were evaluated 72 h after the infection.
Treatment

Number of lesions/cm2
(4 days) 1,2,4

Number of lesions/cm2
(7 days) 1,3,4

Non-infiltrated

10.7 a

5.8 a

MgCl2

9.6 a

6.1 a

PC1000

10.4 a

5.3 a

9.6 a

5.4 a

A348
1

Disease severity was measured as the number of lesions/cm2 caused by C. destructivum
N150.
2
Data represent the average of four replicates of lesions/cm2 taken from upper leaf
inoculated with C. destructivum N150 at 4 days after the lower leaf has been treated of
four replicates.
3
Data represent the average of five replicates of lesions/cm2 taken from upper leaf
inoculated with C. destructivum N150 at 7 days after the lower leaf has been treated of
four replicates.
4
Numbers designated with different letters were significantly different from each other
accordingto Fisher’s protected LSD test as calculated by SAS Proc GLM at p = 0.05.
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Table 2.8 Assessment of localized resistance within a leaf induced by infiltration with A.
tumefaciens strains A348 and PC1000. One lateral half of N. benthamiana leaves were
infiltrated with 2 x 106 CFU/mL of each A. tumefaciens strain; the other control halves
were non-infiltrated. Four days after infiltration the whole leaves were inoculated with 1
x 105 spores/mL of C. destructivum N150 and disease symptoms were evaluated 72 h
after the inoculation for each leaf side. Disease severity (lesions/cm2) was evaluated for
each treatment between the infiltrated and non-infiltrated halves. For the non-infiltrated
control, both sides of the leaf were not infiltrated.

Treatment

Lesions/cm noninfiltrated 1,2

Lesions/cm
treated 1,2

Ratio lesions/cm2on untreated : lesions/cm2
treated (%) 2,3

Non-infiltrated

5.6 a

5.9 a

100 b

MgCl2

5.7 a

5.4 a

110 b

PC1000

5.7 a

5.1 a

110 b

A348

5.8 a

2.5 b

250 a

2

2

1

Disease severity was measured as number of lesions/cm2 caused by C. destructivum
N150.
2
Disease severity was measured as lesions/cm2 and expressed as a percentage of the
ratios between symptoms on the non-infiltrated side and symptoms on the infiltrated side.
3
Data represent the average of seven replicates. Numbers designated with different
letters were significantly different from each other according to Fisher’s protected LSD
test as calculated by SAS Proc GLM at p = 0.05.
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Figure 2.2 Appearance of an N. benthamiana non-infiltrated leaf and leaf infiltrated with
MgCl2, or A. tumefaciens strains A348 or PC1000 at 7 days after infitration. A = noninfiltrated control, B = whole leaf infiltrated with strain A348, C = whole leaf infiltrated
with strain PC1000, D = half leaf infiltrated with MgCl2, E = half leaf infiltrated with
strain A348, F = half leaf infiltrated with strain PC1000. The infiltrated side is labelled.
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Figure 2.3 Area of the treated half leaf relative to the non-infiltrated half leaf of N.
benthamiana. One lateral half of the leaf was infiltrated with 2 x 106 CFU/mL of a A.
tumefaciens strain or a control treatment (non-infiltrated or MgCl2). The leaf area of each
half of the leaf was measured each day over the period of 7 days after infiltration.
Relative leaf area was calculated as (leaf area on treated side/ leaf area on non-infiltrated
side of the same leaf) x 100%. Data represent the average of five replicates. Lines with
significantly different slopes (b value) were designated with different letters according to
Fisher’s protected LSD test. LSD was calculated from a standard error of 0.3063
generated by SAS Proc MIXED at p = 0.05. (Treatments were
= A348,
= PC1000,
= non-infiltrated).
= MgCl2,
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Figure 2.4 Estimated relative chlorophyll content of the treated half leaf relative to the
non-infiltrated half leaf of N. benthamiana. One lateral half of each leaf was infiltrated
with 2 x 106 CFU/mL of a A. tumefaciens strain or a control treatment (non-infiltrated or
MgCl2). Intensity of leaf colour was measured using chlorophyll meter on each half of
the leaf each day over the period of 7 days after infiltration. Chlorophyll content was
estimated from SPAD readings and calculated as (SPAD units on treated side/ SPAD
units on non-infiltrated side of the same leaf) x 100% ( = A348,
= PC1000,
=
MgCl2,
= non-infiltrated). Data represent the average of four replicates. Lines with
significantly different slopes (b value) were designated with different letters according to
Fisher’s protected LSD test. LSD was calculated from a standard error of 0.3056
generated by SAS Proc MIXED at p = 0.05. (Treatments were
= A348,
= PC1000,
= non-infiltrated).
= MgCl2,
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MgCl2 underwent a slight decrease in size compared to the non-infiltrated control, but the
two treatments were not different from each other (Figures 2.3). The leaf halves
infiltrated with A. tumefaciens strain A348 were significantly larger in size over time than
those of other treatments or the non-infiltrated controls. In addition, the chlorophyll
content of the half leaves infiltrated with A. tumefaciens strain A348 showed a significant
decrease over time compared to the non-infiltrated control (Figures 2.4). These results
demonstrate that induced resistance is associated with leaf growth promotion and a loss
of photosynthetic pigment.
3.6 Expression of genes associated with SAR and ISR following infiltration with
A. tumefaciens and a subsequent infection by C. destructivum N150 in N. benthamiana
Expression of the SAR-related gene, NbPR1a (Cortes-Barco et al., 2010), in
leaves infiltrated with A. tumefaciens strains A348 or PC1000 was similarly induced by
48 hpi and remained high until 96 hpi just prior to inoculation with C. destructivum. After
C. destructivum N150 inoculation, the expression of NbPR1a decreased to the same level
as the controls for both strains of A. tumefaciens (Figure 2.5). Expression of another
SAR-related gene, acidic NbPR5 (Cortes-Barco et al., 2010), showed a very similar
pattern to that of NbPR1a (Figure 2.6).
The expression levels of the ISR-related genes, basic NbPR2 and NbPRb-1b
(Cortes-Barco et al., 2010), were induced by infiltration with A. tumefaciens strain
PC1000 (Figures 2.7 and 2.8). However, infiltration with A. tumefaciens strain A348 did
not induced expression of basic NbPR2 and NbPRb-1b above the level of the two control
treatments (Figures 2.7 and 2.8). After infection with C. destructivum N150, expression
of basic NbPR2 and NbPRb-1b were elevated in all A. tumefaciens treatments as well as
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Figure 2.5 Expression of NbPR1a in response to infiltration with A. tumefaciens.
Transcription of NbPR1a was measured between 0 and 96 h post infiltration (hpi) in
leaves infiltrated with wild-type (A348) or virB (PC1000) mutant strain of A. tumefaciens
compared to the untreated (control) and MgCl2 infiltrated leaves. After 96 hpi, infiltrated
leaves were infected with C. destructivum (shown by arrow), and NbPR1a expression
was examined for evidence of priming. Each data point represents the average of 6
replications for the 0-96 hpi time points, and 4 replications for the priming experiment
from 102 hpi to 144 hpi. Standard error bars are shown. Note that data for the expression
of NbPR1a before and after C. destructivum infection were from different sets of
experiments. Relative NbPR1a expression levels were determined in relation to those of
nbEF-1α . Hours post infiltration are the times at which RNA samples for leaves were
=A348,
collected after infiltration. (
= non-infiltrated,
= MgCl2,
= PC1000)
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Figure 2.6 Expression of acidic NbPR5 in response to infiltration with A. tumefaciens.
Transcription of acidic NbPR5 was measured between 0 and 96 h post infiltration (hpi) in
leaves infiltrated with wild-type (A348) or virB (PC1000) mutant strain of A.
tumefaciens, compared to the untreated (control) and MgCl2 infiltrated leaves. At 96 hpi,
infiltrated leaves were infected with C. destructivum (shown by arrow), and acidic
NbPR5 expression was examined for evidence of priming. Each data point represents the
average of 6 replications for the 0-96 hpi time points, and 4 replications for the priming
experiment from 102 hpi to the end of the experiment. Standard error bars are shown.
Note that data for the expression of acidic NbPR5 before and after C. destructivum
infection were from different sets of experiments. Relative acidic NbPR5 expression
levels were determined in relation to NbEF-1α expression. Hours post infiltration are the
times at which RNA samples for leaves were collected after infiltration. (
= noninfiltrated,
= MgCl2,
=A348,
= PC1000)
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Figure 2.7 Expression of basic NbPR2 in response to infiltration with A. tumefaciens.
Transcription of basic NbPR2 , was measured between 0 and 96 h post infiltration (hpi)
in leaves infiltrated with wild-type (A348) or virB (PC1000) mutant strains of A.
tumefaciens, compared to the untreated (control) and MgCl2 infiltrated leaves. At 96 hpi,
infiltrated leaves were infected with C. destructivum (shown by arrow), and basic NbPR2
expression was measured for evidence of priming.. Each data point represents the
average of 6 replications for the 0-96 hpi time points, and 4 replications for the priming
experiment from 102 hpi to the end of the experiment. Standard error bars are shown.
Note that data for the expression of basic NbPR2 before and after C. destructivum
infection were from different sets of experiments. Relative levels of basic NbPR2
expression were determined in relation to the levels of NbEF-1α expression. Hours post
infiltration are the times at which RNA samples for leaves were collected after
infiltration. (
= non-infiltrated,
= MgCl2,
=A348,
= PC1000)
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Figure 2.8 Expression of NbPRb-1b in response to infiltration with A. tumefaciens.
Transcription of NbPRb-1b was measured between 0 and 96 h post infiltration (hpi) in
leaves infiltrated with wild-type (A348) or virB (PC1000) mutant strain of A.
tumefaciens, compared to the untreated (control) and MgCl2 infiltrated leaves. At 96 hpi,
infiltrated leaves were infected with C. destructivum (shown by arrow), and NbPRb-1b
expression was examined for evidence of priming. Each data point represents the average
of 6 replications for the 0-96 hpi time points, and 4 replications for the priming
experiment from 102 hpi to the end of the experiment. Standard error bars are shown.
Note that data for the expression of NbPRb-1b before and after C. destructivum infection
were from different sets of experiments. Relative levels of NbPRb-1b expression were
determined in relation to NbEF-1α expression. Hours post infiltration are the times at
which RNA samples for leaves were collected after infiltration. (
= non-infiltrated,
=A348,
= PC1000)
= MgCl2,
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in the two controls (Figures 2.7 and 2.8). These results indicate that genes associated
with SAR or ISR were not specifically increased in expression by the active inducer of
resistance, A. tumefaciens strain A348, compared to non-inducers of resistance, A.
tumefaciens strain PC1000, buffer and no infiltration.
3.7 Involvement of SA and ET as signalling molecules in induced resistance to C.
destructivum by A. tumefaciens infiltration in N. benthamiana
Infiltration of wild-type N. tabacum cv. Xanthi leaves with strain A348 or
PC1000 significantly reduced lesion numbers compared to the buffer control, but A348
induced resistance significantly more than PC1000 demonstrating that it was more
effective with a T4SS (Table 2.9). Infiltration of nahG N. tabacum cv. Xanthi leaves
with A348 or PC1000 also significantly reduced lesion numbers compared to the buffer
control. Unlike in the wild type plants, however, the level of induced resistance in nahG
plants no longer differed between A348 containing a T4SS and PC1000 missing a T4SS,
demonstrating a loss of the greater effectiveness provided by a T4SS with greatly reduced
SA (Table 2.9). Without agroinfiltration, there was an average of 4.9 versus 3.6
lesions/cm2 in nahG and wild type N. tabacum cv. Xanthi, respectively, which were
significantly different.
Infiltration of wild-type N. tabacum cv. Samsun leaves with A348 or PC1000
resulted in lower lesion numbers than in the buffer control, although A348 induced
resistance significantly more than PC1000 just as in N. tabacum cv. Xanthi leaves (Table
2.10). For the etr-1 cv. Samsun leaves, however, the lesion numbers of C. destructivum
N150 on A348- and PC1000- infiltrated leaves were not significantly different from each
other and from those on the buffer control indicating both strains were no longer able to
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Table 2.9 Involvement of salicylic acid, as a signaling molecule for the SAR pathway, in
the resistance induced by infiltration of N. tabacum leaves with A. tumefaciens.

Treatment 1

Number of lesions/cm2
Wild-type 2

nahG 2

MgCl2

3.4 a

4.6 a

PC1000

2.6 b

3.8 b

A348

1.9 c

3.3 b

1

Leaves of wild-type N. tabacum (Xanthi) and N. tabacum unable to accumulate salicylic
acid due to the presence of salicylate hydroxylase (nahG) which convert SA to catechol
were infiltrated with 2 x 106 CFU/mL of each A. tumefaciens strain or MgCl2. At 96 h
post infiltration, the infiltrated leaves, as well as non-infiltrated control leaves were
infected with about 5 x 104 spores/mL C. destructivum, and disease symptoms were
evaluated 72 h after the infection.
2
Data represent the average of five replicates. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated bySAS Proc GLM at p = 0.05.
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Table 2.10 Involvement of ethylene, as a signaling molecule for the ISR pathway, in the
resistance induced by infiltration of N. tabacum leaves with A. tumefaciens.

Treatment 1

Number of lesions/cm2
Wild-type

2

etr-1 2

MgCl2

3.4 a

3.9 a

PC1000

2.1 b

2.9 a

A348

1.5 c

3.2 a

1

Leaves of wild-type N. tabacum cv. Samsun and ethylene insensitive N. tabacum, due to
the presence of a mutated ethylene receptor gene (etr-1) were infiltrated with 2 x 106
CFU/mL of each A. tumefaciens strain or MgCl2. At 96 h post infiltration, the infiltrated
leaves, as well as non-infiltrated control leaves were infected with about 5 x 104
spores/mL of C. destructivum and disease symptoms were evaluated 72 h after the
infection.
2
Data represent the average of six replicates. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
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induce resistance if ET could not be detected (Table 2.10). Without agroinfiltration, there
was an average of 4.1 versus 3.5 lesions/cm2 in etr-1 and wild type N. tabacum cv.
Samsun, respectively, which were not significantly different.

4. Discussion
Agroinfiltration of N. benthamiana leaves with A. tumefaciens C58C1 with or
without a pig β-defensin gene (pbd-1) in the binary vector resulted in induced resistance
to subsequent infection with C. destructivum, and this masked any possible increase in
resistance due to the pig β-defensin. Strain C58C1 is typical of strains commonly used in
agroinfiltration in that it is disarmed, and cannot induce tumours, but is capable of gene
transfer and utilizes a binary vector system, where the vir region and the T-DNA region
of the Ti-plasmid are separated into two vectors, a vir helper plasmid and a binary vector
(Hoekema et al., 1983; de Frammond et al., 1983; Lee and Gelvin, 2008). The induced
resistance occurred rapidly as inoculation with C. destructivum at the agroinfiltration site
at 2 h after infiltration with A. tumefaciens C58C1, resulted in a reduction in the number
of lesion/cm2 by 40%. Inoculation with C. destructivum 4 days after agroinfiltration
resulted in a 90% reduction. This is the first report of agroinfiltration-induced resistance
against a fungus, C. destructivum, but agroinfiltration with other disarmed strains have
shown even greater induced resistance. Infiltration of A. tumefaciens GV3101 reduced P.
syringae pv. tabaci populations in the agroinfiltrated area of tobacco leaves 2 days later
by approximately 100-fold at 3 to 5 dpi, and 40-fold at 11 dpi, which coincided with
reduced disease symptoms compared to the MgCl2-infiltrated control (Rico et al., 2010).
Agroinfiltration with A. tumefaciens ASE followed by TMV inoculation in the

78

agroinfiltrated area 3 days later resulted in no TMV symptoms by 4 dpi (Pruss et al.,
2008).
Perception of bacterial PAMPs, which are essential conserved microbial
compounds recognized by plants (Nürnberger et al., 2004), or bacterial effectors, which
are specific secreted molecules required for virulence, usually by suppression of plant
defense responses (da Cunha et al., 2007), can lead to induced resistance in plants
(Thomma et al., 2011). To determine what factors of A. tumefaciens were triggering
induced resistance, wild-type, disarmed and mutant strains of A. tumefaciens were
infiltrated into N. benthamiana leaves and inoculated 4 days later with C. destructivum.
Wild-type oncogenic strains of A. tumefaciens were able to induce different levels
of resistance to C. destructivum, and the amount of induced resistance appeared to
correlate with the virulence of the strain. Strain UGAt-biotype II did not produce galls on
K. daigremontiana leaves, and only induced small gall formation on N. benthamiana
stems. It also did not induce resistance against C. destructivum. In contrast, strains E2
and A348 produced the largest galls and induced the most resistance. Strain A348 was so
virulent that it could not be used for infiltration at the same concentration as other wildtype strains without causing necrosis to N. benthamiana leaves. However, when diluted
by 1000x, A348 could induce resistance without causing leaf necrosis.
Disarmed strains also induced resistance against C. destructivum, with strains
GV3101 and C58C1 inducing the most resistance. The Ti-plasmid type was more
important in determining the intensity of induced resistance than the chromosomal
background. For example, strains GV3101 and C58C1, which both contain pMP90,
induced similar levels of resistance, and strains EHA101 and EHA105, which both
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contain pTiBo542, also induced similar levels of resistance. By comparison, strains, like
EHA101, EHA105, GV3101 and C58C1, which all have a C58 chromosomal
background, produced a wide range of induced resistance. As the Ti-plasmid contains all
the vir genes, this implies that it is the vir gene products that are primarily responsible for
the induced resistance in N. benthamiana.
However, it is possible that differences in levels of agroinfiltration-induced
resistance in N. benthamiana are due to a particular Ti-plasmid placed in a particular
chromosomal background. Different disarmed strains of A. tumefaciens have different
transformation efficiencies (Akama et al., 1992; Wroblewski et al.; 2005, Wydro et al.,
2006). For example, agroinfiltration of N. benthamiana leaves with the GUS expression
vector, pTFS40, gave stronger GUS staining with strain C58C1 compared to strain
GV3101 (Wroblewski et al., 2005). GFP expression in N. benthamiana leaves using
pCAMBIA(gfp)1302 in strain LBA4404 yielded higher GFP activity than the same
plasmid in strain EHA105 (Wydro et al., 2006).
The ability of disarmed strains to produce agroinfiltration-induced resistance has
previously been reported. Infiltration with the disarmed A. tumefaciens strain GV3101,
resulted in induced resistance against P. syringae pv. tabaci and suppressed the HR
caused by P. syringae pv. tomato in N. tabacum, indicating that oncogenes were not
required for agroinfiltration-induced resistance (Rico et al. 2010). N. tabacum leaves
infiltrated with wild-type A. tumefaciens strain C58 or strain C58 with a T-DNA deletion
gave comparable levels of resistance to TMV (Pruss et al., 2008). Furthermore, the
addition of DNA between the left and right borders, such as kanamycin resistance genes,
did not interfere with the ability to induce resistance to TMV (Pruss et al., 2008). These
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results indicate that agroinfiltration-induced resistance does not require oncogenes in the
T-DNA, and therefore disarmed strains should be effective. However, the presence of
oncogenes was important for suppression of HR caused by P. syringae pv. phaseolicola
in N. tabacum based on reduction of HR symptoms (Robinette and Matthysse, 1990).
Further support for a role for oncogenes is that Arabidopsis plants infected with wild-type
A. tumefaciens strains C58 showed as much as four times more plant gene expression
than when infected with the disarmed strain, GV3101, that had the same background as
C58 (Lee et al, 2009a).
Agroinfiltration with the flagella mutant, NT1REB that lacks flaA, flaB and flaC
genes and therefore cannot synthesize flagella (Chesnokova et al., 1997) or the twinarginine translocation (TAT) mutant PC2000 that is missing the tatc gene important for
flagellum formation and chemotactic responses (Ding and Christie, 2003) induced the
same level of resistance as strain A348, which is in the same C58 background (Table
2.5). This suggests that the PAMP, flagellin, is not an inducer of resistance in N.
benthamiana. Purified flagellin from P. syringae pv. tabaci triggered immunity in
tomato, tobacco, potato and arabidopsis cell cultures, but purified flagellin from A.
tumefaciens, which lacks the conserved flagellin sequence shared by other bacterial
pathogens including different species of Pseudomonas, was not able to activate the same
responses in tomato cell cultures (Felix et al., 1999 ). Therefore, it is not unexpected that
agroinfiltration-induced resistance would not be activated by flagellin.
Infiltration with mutant A. tumefaciens strain PC1000 lacking the entire virB
operon and four other virB genes, virB2, virB4, virB5 and virB7, encoding proteins
important for T-pilus structure and function (Christie, 2004) did not induce resistance to
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C. destructivum (Table 2.5 and 2.6). This shows that the T-pilus is important for the
induction of the induced resistance. However, a virB1 mutant which lacks VirB1 protein
did induce resistance to C. destructivum (Table 2.6). VirB1contains two functional
domains, an N-terminal lytic transglycosylase, which digests the bacterial cell wall to
allow for insertion of the transmembrane component of T4SS, and a C-terminal soluble
protein, which binds to VirB2 and VirB5 to facilitate their transport outside the bacterial
cell and assembly into the T-pilus (Zupan et al., 2007). VirB1 is the only VirB protein
that is not absolutely essential for T-pilus function (Berger and Christie, 1994). VirB1
mutants are not completely avirulent and can still produce galls, but the galls are smaller
and take much longer to develop compared to those produced by wild-type strains
(Berger and Christie. 1994; Schmidt-Eisenlohr et al., 1999b). Therefore, the virB1
mutant could still transfer T4SS effector proteins into plant cells that could be triggering
agroinfiltration-induced resistance.
It is possible that agroinfiltration-induced resistance in N. benthamiana is due to
the VirB proteins themselves that make up the T-pilus structure rather than the molecules
that are transported through the T-pilus. To address this possibility, infiltration with A.
tumefaciens strain CB2004 lacking the virD4 gene (Aly and Baron, 2007) was tested, and
it did not induce resistance to C. destructivum (Table 2.5). The virD4 mutant produces a
non-functional T-pilus, despite the presence of all VirB proteins (Aly and Baron, 2007).
This indicates that agroinfiltration-induced resistance in N. benthamiana requires more
than just the presence of the VirB proteins; it requires that they function as a T4SS so that
T-DNA-VirD2, VirE2, VirE3, VirF, and VirD5 can be transferred into the plant cell
(Gelvin, 2010). The T-DNA itself is not a likely inducer because agroinfiltration-induced
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resistance in N. benthamiana was caused by disarmed strains lacking the T-DNA. VirD2
is also an unlikely inducer because transport of VirD2 through T4SS requires that it is
bound and transported with T-DNA (Pitzschke and Hirt, 2010). Low levels of VirD2
may be found in plant cells without T-DNA, but the levels are so low that covalent
binding of VirD2 to T-DNA appears to be normally required (Vergunst et al. 2005; van
Kregten et al., 2009). Thus, the lack of T-DNA would block a significant flow of VirD2
into the plant cell. This suggests that the possible inducers passing into the plant cell via
the T4SS are VirE2, VirE3, VirF or VirD5.
Infiltration with mutant A. tumefaciens strain WR5000 lacking virE2 (Dombek
and Ream, 1997) did not induce resistance to C. destructivum (Table 2.5) indicating that
the VirE2 protein is required. VirE2 is a multifunctional protein that is transported
independently of the T-DNA through the T-pilus, binding to the T-DNA once inside the
plant cell, where it protects the T-DNA and directs the T-DNA complex to the plant
nucleus (Lee et al., 1999a; Ward and Zambryski, 2001). In plant cells, VirE2 also
interacts with several plant proteins to facilitate T-DNA transfer into plant genome. One
of these is VirE2 interacting protein (VIP1), which is important for nuclear translocation
of T-DNA complex (Tzfira and Citovsky, 2000). The possible direct interaction of VirE2
with VIP1 and other plant proteins makes it a likely candidate as an activator of plant
defences.
It is possible that VirE3, VirF or VirD5 proteins, which also require T4SS for
transport into plant cells, are also involved in agroinfiltration-induced resistance in N.
benthamiana as these proteins may have complementary functions with each other and
with VirE2 inside the plant cell. However, virE3, virF and virD5 mutants were not
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tested. VirE3 mimics the function of VIP1 by binding to VirE2 to partially complement
VIP1 allowing the T-complex to interact with another plant protein, karyopherinα, thus
allowing it to be transported to the plant nucleus in the absence of VIP1. VirE3 is needed
because VIP1 is not an abundant plant protein, and being able to complement VIP1
allows A. tumefaciens to have a broader host range (Lacroix et al., 2005). Since there is a
direct interaction of VirE3 with VirE2, it may be difficult to distinguish the effects of
VirE3 on agroinfiltration-induced resistance separately from that of VirE2. VirF is
regarded as a host range determination factor (Jarchow et al., 1991), possibly because it
helps target proteolysis of VIP1 to destabilize VirE2 resulting in uncoating of Tcomplexes (Schrammeijer et al., 2001; Tzfira et al., 2004). Since VirF interacts with
VIP1, which also interacts with VirE2, it could be difficult to distinguish the effect of
VirE3 on agroinfiltration-induced resistance separately from that of VirE2. VirD5 is a
homolog of plant transcription factor and contains a nuclear localization signal
(Schrammeijer et al., 2000), but its role in infection is not well understood. Although it is
not known to interact with any plant protein or other Vir protein, it could still be a trigger
of agroinfiltration-induced resistance. While VirE2 is definitely required for induced
resistance, it may either act alone or in conjunction with one or more of the other Vir
proteins that enter the plant cell via the T4SS.
The mutant strains used in these experiments contain different Ti-plasmids, either
pTiC58 derivatives (virD4 mutant and flaABC mutant) or pTiA6NC (virE2 mutant, virB
operon mutant, tatc mutant, and wild-type A348). However, the retention or loss of
induced resistance in the mutants was clear, and therefore this did not appear to be a
confounding factor.
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Agroinfiltration-induced resistance appears to be a form of localized acquired
resistance (LAR), which is defined as strong activation of defense responses in a specific
area on a plant, such as around the area of HR (Dorey et al., 1997). Resistance induced
by A348 was localized to the infiltrated area, whether this was the entire leaf or only a
half leaf (Table 2.7 and 2.8). Induced resistance in N. tabacum leaves infiltrated with the
disarmed strain GV3101 or wild-type strain C58 was also localized to the infiltrated
tissue (Pruss et al., 2008). One of the better described forms of LAR occurs in tissue
surrounding necrotic areas formed during HR. Cells of N. tabacum undergoing the HR
release a signal to nearby cells inducing a localized increase in gene expression
(Ghannam et al., 2005). While the LAR signal is unknown, it does not appear to be SA
(Costet et al., 1999).
Agroinfiltration of N. benthamiana with all wild-type or disarmed strains resulted
in enlargement of the infiltrated leaf area relative to the buffer-treated area causing leaf
curling, and the agroinfiltrated area also became chlorotic. However, disarmed strains
generally produced less chlorosis and increased leaf expansion compared to the wild-type
strains. Except for the UGAt-biotype II, which produced these symptoms but did not
significantly induce resistance, the severity of the leaf curling and chlorosis was directly
correlated with the degree of induced resistance in N. benthamiana. For example, wildtype strain A348 induced a high level of these symptoms and resistance, while wild-type
strain UGAt-biotype I induced a low level of these symptoms and resistance. The virB
operon, virB2, virB4, virB5, virB7 and virE2 mutants, which were unable to induce
resistance, did not produce these symptoms in N. benthamiana, while the virB1 mutant
that was able to induce resistance produced some mild symptoms.
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Chlorosis and leaf curling were affected by the bacterial and plant genotype.
Infiltration of wild-type A348 into leaves of N. tabacum cvs. Xanthi or Samsun produced
less chlorosis than in N. benthamiana, and there was no increase in leaf expansion in N.
tabacum unlike in N. benthamiana. However, infiltration with avirulent PC1000 did not
produce noticeable chlorosis or leaf curling in N. tabacum cvs. Xanthi or Samsun, even
though it induced resistance in both those cultivars like A348. This shows that chlorosis
and leaf curling was not as tightly linked to induced resistance in N. tabacum as it was in
N. benthamiana. Pruss et al. (2008) reported that infiltration with wild-type strain C58 or
disarmed strain GV3101 produced chlorosis in N. tabacum cv. Xanthi NN leaves, but
GV3101 inhibited leaf expansion and C58 did not affect leaf growth. Rico et al. (2010)
did not report that infiltration with disarmed or wild-type strains produced chlorosis or
affected N. tabacum cv. Xanthi leaf expansion, but possibly this was due to the small area
of the leaf that was agroinfiltrated and then inoculated with P. syringae pv. tabaci, thus
masking the effects of agroinfiltration.
When strain A348 was infiltrated in N. benthamiana at different concentrations,
necrosis was observed at 2 x 109, 2 x 108 and 2 x 107 CFU/mL, but the severity of
necrosis decreased as the infiltrated bacterial concentration was lowered. By 2 x 106
CFU/mL, only severe leaf curling and chlorosis was observed. For disarmed strain
C58C1, mild leaf curling and chlorosis but no necrosis were observed even at 2 x 109
CFU/mL and mild symptoms to no symptoms were observed at 2 x 106 CFU/mL. Thus,
the degree of leaf curling and chlorosis is dependent upon the concentration of bacteria
infiltrated, and necrosis occurs at the highest concentrations.
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To determine if SA played a role in agroinfiltration-induced resistance, expression
of NbPR1a and acidic NbPR5, which are marker genes for SAR (van Loon and van
Strien, 1999; Cortes-Barco et al., 2010) was monitored. While there was increased
expression of both genes following infiltration with A348, which induced resistance,
there was also increased expression with PC1000, which does not induce resistance.
A second approach to examine the role of SA was to infiltrate A348 or PC1000
into leaves of wild type N. tabacum cv. Xanthi or a mutant line, nahG, which lacks the
ability to accumulate SA and thus cannot induce SAR (Gaffney et al., 1993). Unlike in
N. benthamiana, both A348 and PC1000 induced resistance in N. tabacum cv. Xanthi as
well as cv. Samsun, which was used as the control for the etr-1 mutant. The
effectiveness of PC1000 shows that there was a T4SS-independent agroinfiltrationinduced resistance in N. tabacum. However, A348 was more effective in inducing
resistance in wild type N. tabacum cv. Xanthi as well as wild type N. tabacum cv.
Samsun leaves compared to PC1000 suggesting that the there was also a T4SS-dependent
agroinfiltration-induced resistance in N. tabacum. In the nahG plants, while both strains
could induce resistance with greatly reduced SA, the greater effectiveness of A348
relative to PC1000 was lost compared to wild type plants. This demonstrates that the
T4SS-dependent agroinfiltration-induced resistance in N. tabacum relied to some extent
on SA.
Previous reports provide contradictory evidence for a role of SA in
agroinfiltration-induced resistance. Expression of PR-1 was induced in N. tabacum
leaves infiltrated with wild-type and disarmed A. tumefaciens, and therefore expression of
SA-dependent defenses was thought to be important (Pruss et al., 2008). However, the
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nahG mutant N. tabacum retained a degree of agroinfiltration-induced resistance, and
they believed this was due to incomplete inhibition of SA accumulation in the nahG
plants (Pruss et al., 2008). On the other hand, expression of PR1a or SA accumulation
was not detected in N. tabacum leaves infiltrated with disarmed strain GV3101 alone
despite its ability to induce resistance to P. syringae pv. tabaci (Rico et al., 2010). In
fact, compared to MgCl2 infiltration, agroinfiltration with GV3101 suppressed the usual
increase in PR1a expression and SA accumulation that follows infection by P. syringae
pv. tabaci. Rico et al. (2010) postulated that PR1a induction and SA accumulation did
not occur due to agroinfiltration because they used a lower concentration of bacteria (1 x
107 CFU/mL) compared to 8 x 108 CFU/mL used by Pruss et al. (2008). In the
experiments conducted for this thesis, infiltration with 2 x 106 CFU/mL still induced
expression of NbPR1a.
To determine if ET played a role in agroinfiltration-induced resistance, expression
of basic NbPR2 and NbPRb-1b, indicators of ISR (van Loon and van Strien, 1999;
Cortes-Barco, et al., 2010) were monitored. Expression was strongly induced in PC1000infiltrated leaves, but only slightly induced to not induced in A348-infiltrated leaves,
even though both strains induced resistance. The lower induction of those genes when
the T4SS was present in A348 indicates that T4SS effectors may be suppressing their
expression. This is consistent with reports that successful transfer of T-DNA results in
host defenses being suppressed (Veena et al., 2003, Ditt et al. 2005). However, the level
of expression of these PR genes was not directly related to the level of induced resistance,
as A348-infiltrated leaves had more rather than less induced resistance compared to
PC1000-infiltrated leaves.
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A second approach to examine the role of ET was to infiltrate A348 or PC1000
into leaves of the wild type N. tabacum cv. Samsun or a mutant line, etr-1, which is
insensitive to ET (Knoester et al., 1998). In the etr-1 plants, induced resistance was lost
completely with infiltration of either A348 or PC1000. This indicates that a loss of ET
perception eliminated the ability of strains containing or missing the T4SS to induce
resistance. Thus, ET, but not SA, appears to be a significant factor in both
agroinfiltration-induced resistance that is T4SS-independent and T4SS-dependent.
A role for ET in T4SS-dependent agroinfiltration-induced resistance may explain
some of the symptoms of agroinfiltration in N. benthamiana. One of the functions of ET
is to promote leaf senescence, which involves breakdown of chlorophyll (Gan and
Amasino, 1997). Exposure to ET can also affect plant cell growth, such as swelling of
pea stem tissues (Apelbaum and Burg, 1971). Thus, ET may be responsible for the
localized chlorosis and enlargement observed in agroinfiltrated leaves.
The T4SS-independent agroinfiltration-induced resistance in N. tabacum caused
by PC1000 was unexpected, as it did not occur in N. benthamiana. As PC1000 is
missing the entire virB operon and thus not able to secrete the effectors that pass through
the T4SS, it is more likely that one or more PAMPs in PC1000 are being recognized by
N. tabacum but not by N. benthamiana. This agrees with agroinfiltration inducing a
degree of resistance in N. tabacum even when the entire Ti plasmid was absent (Pruss et
al., 2008). It is possible that wild-type N. tabacum plants have Pattern Recognition
Receptors (PRRs) that can recognize A. tumefaciens PAMPs that are not found in wildtype N. benthamiana plants. A prominent A. tumefaciens PAMP is EF-Tu (Kunze et al.,
2004). Unlike A. thaliana, N. benthamiana does not possess a PRR for EF-Tu, but when
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the PRR of A. thaliana for EF-Tu was expressed in N. benthamiana, it could induce
PAMP responses indicating that only the appropriate PRR was lacking (Zipfel et al.,
2006). Certain PAMPs are recognized only by a limited range of plants, such as EF-Tu
and cold-shock protein, which are recognized only by members of the Brassicaceae and
Solanaceae, respectively (Thomma et al, 2011). The PAMP of PC1000 possibly
recognized by N. tabacum is unknown, but testing a wider range of plant species will
determine if N. tabacum or N. benthamiana is more typical of the resistance induced by
PAMPs and T4SS effectors of A. tumefaciens.
There is previous evidence that PAMPs contribute to agroinfiltration-induced
resistance in N. tabacum. Infiltration of N. tabacum leaves with a heat-killed strain or a
strain lacking Ti-plasmid induced a low level of resistance in tobacco against TMV,
which was much less than with the disarmed strain (Pruss et al., 2008). Similarly,
infiltration of N. tabacum leaves with a heat-killed strain or a strain lacking the Tiplasmid was much less effective at suppressing SA synthesis elicited by P. syringae pv.
tabaci than a disarmed strain (Rico et al., 2010). In addition, infiltration of arabidopsis
leaves with supernatant from a crude cell extract of A. tumefaciens cells lysed by
lysozyme induced resistance against subsequent infection by P. syringae pv. tomato
DC3000 indicating that the T4SS was not required (Zipfel et al., 2004). This study is the
first report of agroinfiltration-induced resistance in N. benthamiana, and since the loss of
the T4SS eliminated agroinfiltration-induced resistance in N. benthamiana, it appears that
agroinfiltration-induced resistance is entirely T4SS-dependent in that species.
One mechanism of induced resistance is to prime defense genes for rapid
expression upon subsequent infection (Conrath et al., 2006). To test for gene priming,
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gene expression was also measured in agroinfiltrated leaves of N. benthamiana following
infection with C. destructivum. Expression levels of NbPR1a and acidic NbPR5 were not
elevated upon fungal infection and appeared to decline in most cases, showing that these
genes were not primed by agroinfiltration. Expression of basic NbPR2 and NbPRb-1b
also increased following infection by C. destructivum in leaves infiltrated with buffer or
agroinfiltrated with A348 or PC1000. Based on these results, priming is not involved in
induced resistance against C. destructivum by agroinfiltration. However, in tobacco
leaves agroinfiltrated with GV3101, there was priming of callose deposition following
infection by P. syringae pv. tabaci (Rico et al., 2010). They found that ABA levels were
lowered after agroinfiltration allowing for priming of callose deposition during infection
by P. syringae pv. tabaci or pv. tomato (Rico et al., 2010).
An alternative explanation of agroinfiltration-induced resistance could be the
competition for plant resources between A. tumefaciens and C. destructivum as both
attempt to colonize a leaf. In addition, as A. tumefaciens is a biotrophic pathogen, which
requires a living plant cell to proliferate, co-infection with a hemibiotrophic pathogen,
such as C. destructivum (Shen et al., 2001a), may lead to a response in A. tumefaciens to
limit growth of fungi or other pathogens which might colonize the galls. Whether A.
tumefaciens exerted any direct antagonistic mechanism against C. destructivum was not
investigated in this study.
In conclusion, agroinfiltration-induced resistance to C. destructivum in N.
benthamiana is T4SS-dependent but does not require oncogenes in the T-DNA region.
However, agroinfiltration-induced resistance to C. destructivum in N. tabacum has both
T4SS-dependent and T4SS-independent components, and the latter may be due to PAMP
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recognition. SA plays a role in the T4SS-dependent agroinfiltration-induced resistance,
while ET plays a role in both T4SS-dependent and T4SS-independent agroinfiltrationinduced resistance. ET could also be responsible for the morphological changes that
correlated with the degree of resistance to C. destructivum. Gene markers for
agroinfiltration-induced resistance in N. benthamiana were not found, but large scale
changes in gene expression, both prior to or following pathogen challenge, would be
likely.
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Chapter 3. Expression of porcine β-defensin1 (pbd-1) in Nicotiana tabacum and
Pichia pastoris
1. Introduction
Defensins constitute a class of antimicrobial peptides (AMPs) found in many
organisms as part of their system of innate immune system, which provides a basal
defense mechanism for the host against pathogens (Ganz, 2003b). To date, defensins
have been demonstrated in plants, insects and vertebrates. Vertebrate defensins can be
classified into α-, β-, and θ-defensins according to their structures. All classes of
mammalian defensins contain six cysteine residues, which form three disulphide bonds
(Bevins et al., 1999).
The β-defensin-1 gene, pbd-1, (GenBank accession number AF031666) from Sus
scrofa, was isolated from cDNA of healthy porcine intestinal tissues and encodes a 64
AA prepro-peptide, consisting of a 20 AA signal sequence, a 6 AA prosequence and a 38
AA mature peptide (Figure 3.1; Zhang et al., 1998). The PBD-1 peptide is a cationic
molecule with six conserved cysteine residues, whose predicted disulfide bond formation
is the same as that found in other vertebrate β-defensins. Expression of pbd-1 in porcine
tissues was most abundant in tongue epithelia with lower levels found in the respiratory
and digestive tracts, as well as in some organs/tissues, such as spleen, lymph node, brain,
liver, bladder, testis, skin and heart (Zhang et al. 1998). Following the discovery of PBD1, another 12 putative porcine β-defensins were identified based on sequence homology
to existing β-defensins (Sang et al., 2006; Sang and Blecha, 2009). These β-defensins
appear to have different expression patterns from pbd-1 both temporally and spatially
(Sang et al., 2006; Veldhuizen et al., 2006).
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A.

signal peptide (20 AA)

Pro
(6 AA)

mature peptide (38 AA)

B.
1

GCCACCAGCATGAGACTCCACCGCCTCCTCCTTGTATTCCTCCTCATGGTCCTGTTACCT
M R L H R L L L V F L L M V L L P

61

GTGCCAGGTCTACTAAAAAACATAGGAAATTCTGTTAGCTGCTTAAGGAATAAAGGCGTG
V P G L L K N I G N S V S C L R N K G V

121

TGTATGCCGGGCAAGTGTGCTCCAAAGATGAAACAGATCGGCACCTGTGGCATGCCCCAA
C M P G K C A P K M K Q I G T C G M P Q

181

GTCAAATGCTGCAAAAGGAAGTAAAAAGAAAGTGAAGAAACAACCCCACAGATATGGCTC
V K C C K R K -

241

AGAAGCTGCTCCCTTGGAAAAGCATATAAAATTTAAACTAGATTAAATCTTTGTTCAAGG

301

C

Figure 3.1 Diagramatic representation of nucleic acid and amino acid sequence of native
porcine β-defensin-1 (PBD-1). GenBank accession number AF031666. A. Structure of
PBD-1 protein with the 20-amino acid signal peptide, 6-amino acid propeptide sequence,
and 38-amino acid mature peptide. B. DNA and amino acid sequences of the 6-amino
acid propeptide sequence and 38-amino acid mature peptide of PBD-1. Underlined
amino acids indicate the putative signal sequence, and bold letters indicate the putative
mature peptide.
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The PBD-1 peptide has in vitro antibacterial and antifungal activity against
Escherichia coli, Salmonella typhimurium, Listeria monocytogenes and Candida albicans
(Shi et al., 1999). In addition, it protected newborn piglets from lung infections by
Bordetella pertussis following in vivo treatment with synthetic PBD-1 (Elahi et al.,
2006). These results suggest that PBD-1 has broad antimicrobial activity and is effective
as a therapeutic agent for certain animal diseases. Thus, it is a good candidate for
expression in other eukaryotic species, such as fungi or plants for molecular farming of
antibiotic peptides. Thus far, there are only a few studies that have attempted to express
vertebrate defensins in plants, which include expression of the rabbit α-defensin (NP-1)
in tobacco (Fu et al., 1998), poplar (Zhao et al.,1999) and tomato (Zhang et al., 2000),
and expression of the human β-defensin 2 (hBD-2) in Arabidopsis thaliana (Aerts et al.,
2007). The last is the only example where the transgenic plants expressing vertebrate βdefensin gene were tested with a plant pathogen, and the plants had increased resistance
to Botrytis cinerea. Typically, attempts to increase plant disease resistance utilize
defensin genes from plants or insects (Table1.1).
Transgenic Nicotiana tabacum cv. Xanthi plants carrying one of two modified
versions of pbd-1 were generated by Atnaseo (2003). Both versions were modified by
changing the DNA sequence of the mature peptide region of pbd-1 from the native pig
codon usage to codons most commonly used in alfalfa (Ikemura, 1993). Both versions
were also modified to incorporate a DNA sequence coding for six histidine residues at the
C-terminus of PBD-1 to facilitate protein detection. One version, named the po2+pbd-1
construct, was altered in secretion of PBD-1 in the plant by fusing the pbd-1 sequence to
a 250 bp portion of the 5’ end of po2 from alfalfa, which includes a 5’ UTR, secretion
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signal sequence and a portion of the negatively charged domain of the mature PO2
peptide (Figure 3.2). The po2 gene codes for an alfalfa pollen-specific protein found in
the pollen cell wall and has no homology to known allergens (Qiu et al., 1997). The
exact role of PO2 protein is not known, but it may be involved in pollen germination. The
rationale for fusing PO2 to the PBD-1 mature peptide was to add both a plant signal
peptide and extra amino acids at the N-terminus of PBD-1 to help protect PBD-1 from
degradation by plant proteases. The second version, named the pbd-1+pbd-1 construct,
had the native pbd-1 signal peptide sequence and prosequence, without codon
modification, fused with the codon usage-modified pbd-1 sequence for the mature
peptide (Figure 3.3). The po2 and native pbd-1signal peptides represent plant and animal
secretion signal sequences, respectively, that may differ in their ability to direct the PBD1 peptide to the ER for secretion to the apoplast.
For the T0 transgenic N. tabacum plants, pbd-1 mRNA was detectable in plants
with either the po2 or native pbd-1 constructs, but the PBD-1 protein was not detected by
western blots with the 6xhistidine tag antibody (Atnaseo, 2003). The T0 plants also
appeared to have enhanced disease resistance against P. syringae pv. tabaci compared to
the untransformed plants based on an evaluation of disease symptoms after bacterial
inoculation. However, testing disease resistance in T0 plants is problematic, because it is
difficult to obtain large numbers of plants for replicated inoculations or inoculations with
other pathogens. A preferred approach is to work with T2 plants which are homozygous
for the transgene. Such plants might also show increased levels of PBD-1 protein than
the T0 plants as the homozygous T2 plants have at least two copies of the transgene,
which can result in higher expression levels (James et al., 2002).
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A.
PDPiFo
Hind III

17G‐1

Enhanced 35s promoter

DeF
BsaH I

Xba I
PO2

Pst I

PBD‐1 mature peptide‐6xH
Nt1PiRe1

EcoR I
35s terminator
19‐3

B.
1

XbaI
TCTAGAACTA GTGGATCCCC CGGGCTGCAG GAATTCGGCA CGAGGAAAGC AAGAAAAAAG

61
1

AACAATGGGT TTGAAAAACA CCTCTGTTCT GTGCTTGGCC ATTATGTTGT CTTTCTCTTC
M G
L K N
T S V
L C L A
I M L
S F S

121
19

GGCGATTAAT TGTTTGGACA TAACCAAAAT TATGGGACAA TACCCGGAAC TCTCCACGTT
S A I N
C L D
I T K
I M G Q
Y P E
L S T

181
39
241
59

CAGCAAATAC CTAACCGAAA CCAAGTTGGC TGACCAAATA AACAGTGGTA AAGCCGTTAC
F S K Y
L T E
T K L
A D Q I
N S G
K A V
BsaHI
CATTCTTGCC CTTGACAACA AAGCTATTGC TTCTCTTTCT GGTAAACCAC TTGACGCCAG
T I L A
L D N
K A I
A S L S
G K P
L D A

301
79

AAAGAACAGT GTTAGTTGCC TTAGAAACAA GGGTGTTTGC ATGCCAGGTA AGTGCGCTCC
R K N S
V S C
L R N
K G V C
M P G
K C A

361
99

AAAGATGAAG CAAATTGGTA CCTGCGGTAT GCCACAAGTT AAGTGCTGCA AGAGAAAGCA
P K M K
Q I G
T C G
M P Q V
K C C
K R K
PstI
CCATCATCAC CATCACTAAC TGCAG
H H H H
H H -

421
119

Figure 3.2 Construction of the binary vector pBIDef containing the po2+pbd-1 fusion for
expression in N. tabacum cv. Xanthi. A. Components of the po2+pbd-1 fusion construct
and locations of primers are indicated by arrows. This vector was used as a template for
amplification of the po2+pbd-1 fusion construct for expression in P. pastoris X-33 with
PDPiFo and Nt1PiRe1 primers indicated on the diagram. The 6xH indicates the six
histidine tag fused to the end of the mature peptide. B. The DNA and amino acid
sequences of the PO2+PBD-1 fusion. Restriction sites are in bold letters, underlined
amino acid sequence represents putative PO2 signal peptide, amino acid sequence with
bold letters represents the PBD-1 mature peptide, and amino acid sequence between the
PO2 signal peptide and the PBD-1 mature peptide is the N-terminus portion of PO2
mature peptide.
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A.
SDPiFo
Hind III

17G‐1

Enhanced 35s promoter

Xba I

DeF

Pst I

PBD‐1 signal‐pro‐mature peptide‐6xH
Nt1PiRe1

EcoR I
35s terminator
19‐3

B.
1
1

XbaI
TCTAGAATGA GACTCCACCG CCTCCTCCTT GTATTCCTCC TCATGGTCCT GTTACCTGTG
M
R L H
R L L L
V F L
L M V
L L P V

61
19

CCAGGTCTAC TAAAAAACAT AGGAAACAGT GTTAGTTGCC TTAGAAACAA GGGTGTTTGC
P G L
L K N
I G N S
V S C
L R N
K G V C

121
39

ATGCCAGGTA AGTGCGCTCC AAAGATGAAG CAAATTGGTA CCTGCGGTAT GCCACAAGTT
M P G
K C A
P K M K
Q I G
T C G
M P Q V
PstI
AAGTGCTGCA AGAGAAAGCA CCATCATCAC CATCACTAAC TGCAG
K C C
K R K
H H H H
H H -

181
59

Figure 3.3 Construction of binary vector pBISD containing the pbd-1+pbd-1 fusion for
expression in N. tabacum cv. Xanthi. A. Components of the pbd-1+pbd-1 fusion
construct and locations of primers are indicated by arrows. This vector was used as a
template for amplification of the pbd-1+pbd-1 construct for expression in P. pastoris X33 with SDPiFo and Nt1PiRe1 primers indicated on the diagram. The 6xH indicates the
six histidine tag fused to the end of the mature peptide. B. The DNA and amino acid
sequences of the PBD-1+PBD-1 fusion. Restriction sites are in bold letters, underlined
amino acid sequence represents the native PBD-1 signal peptide, amino acid sequence
with bold letters represents the PBD-1 mature peptide, and amino acid sequence in
between the PBD-1 signal peptide and mature peptide is a prosequence.
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Producing defensins as therapeutic agents in fungi, such as Pichia pastoris, has
been very effective (Cregg et al., 2000; Macauley-Patrick et al., 2005). The advantages
of this approach are the easier genetic manipulation of P. pastoris, the potential to
produce high levels of foreign protein intracellularly or extracellularly and with either a
constitutive or inducible expression, and the ability to have eukaryotic protein
modification such as glycosylation, and disulfide-bond formation (Cregg et al., 2000).
P. pastoris has been used for synthesis of different mammalian defensins, such as human
α-defensin 5 (HD5) (Hsu et al., 2009), sheep β-defensin 1 (sBD-1) (Zhao and Cao, 2011),
and PBD-1 (Jiang et al., 2006). Jiang et al. (2006) tested expression of secreted pbd-1 in
P. pastoris using a methanol-inducible promoter, and they only reported antimicrobial
activity of PBD-1 against Staphylococcus aureus.
The objectives of this study were to evaluate the expression of an animal
antimicrobial peptide in a plant and a fungus. Production of the protein was tested in
both expression systems and resistance against plant pathogens was also examined in the
plant.

2. Materials and methods
2.1 Generation of transgenic plants homozygous for pbd-1 transgenes
Five T0 N. tabacum cv. Xanthi plants transformed with po2+pbd-1 construct and
five plants transformed with pbd-1+pbd-1 construct were chosen. This was based on the
appearance of reduced P. syringae pv. tabaci symptoms of foliar chlorosis and necrosis
compared to that on untransformed plants when the pathogen was infiltrated into leaves
(Atnaseo, 2003). T1 seeds were produced by selfing these plants, and 60 seeds were
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plated onto 1/2 strength MS (Murashige and Skoog) media (Murashige and Skoog, 1962)
with 300 µg/mL kanamycin. Ten surviving T1 seedlings per line were screened by PCR
using primers 17G-1 (5’-CCACTGACGTAAGGGATG-3’) and 19-3 (5’CAACACATGAGCGAAACCC-3’), which were designed to amplify the region between
the CaMV35s promoter and terminator as described below.
PCR positive T1 seedlings from each line were transferred to soil and bagged for
self fertilization. 80 T2 seeds per line were tested on 1/2-strength MS media with 300
µg/mL kanamycin to distinguish homozygous parental T1 plants, which are identified by
100% survival of their T2 seedlings. PCR was again performed to test for the presence of
the transgene in two random T2 seedlings per line using primers 17G-1 and 19-3. From
these, one T1 plant per line from the original 10 tested T1 seedlings were selected as
homozygous parents of the T2 plants, which were used for all subsequent tests.
In addition, RT-PCR using the sense primer DeF (5’GATATCGACGCCAGAAAGAACAGTGTTAGTTGCC-3’) and antisense primer 19-3,
which should amplify the region between the pbd-1 prosequence and the CaMV35s
terminator was done for two randomly selected T2 seedlings per line as described below.
Western analysis of total protein extracted according to Lay et al. (2003) of 2 to 4 T2
seedlings per line using the anti-histidine antibody was also done as described below. All
subsequent experiments were conducted on homozygous T2 plants grown from seeds
derived from the original two set of five T0 lines.
To create the control line DC1, T1 seeds were germinated on 1/2 strength MS
media with 300µg/mL kanamycin, but before the susceptible seedlings completely died,
they were transferred to new media without antibiotic so that they could recover. These
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control plants, like those containing the transgene, had gone through the transformation
and tissue culture processes, but they did not have the transgene because they were
selected for loss of the transgene in the T1 generation.
For fungal and bacterial inoculation assays, T2 seedlings were transplanted 3 to 4
weeks after germination into individual 6 x 8-cm pots, and grown at 21 °C under artificial
light with a 12-h photoperiod at a photon flux density of 150 µmol/m2/s. Liquid fertilizer
(20-8-20) was provided weekly thereafter.
2.2 Detection of pbd-1 DNA in homozygous T2 lines
Genomic DNA was extracted from homozygous T2 lines using a protocol adapted
from Edwards et al. (1991). Leaf tissue of approximately 100 mg was cut from the leaves
and macerated in a 1.5-mL microtube with a homogenizer stirrer RZR 50 (Caframo,
Wiarton, ON) at room temperature without buffer. Then, 400 μL of extraction buffer
(200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA and 0.5% SDS) was added to
the ground tissue followed by a brief vortexing and a1 h incubation at room temperature.
The sample was centrifuged at 21,000 x g for 1 min, and 300 μL of supernatant was
transferred to a new microtube containing 300 μL isopropanol. The sample was mixed
and incubated at room temperature for 2 min before another centrifugation at 4°C at
21000 xg for 20 min. The supernatant was discarded, 500 μL of 70% ethanol was added,
and the microtube was briefly vortexed to wash the DNA pellet. The sample was
centrifuged at 21,000 xg for 4 min, and the ethanol was discarded followed by additional
centrifugation at the same speed for 1 min. Excess ethanol was removed with a
micropipette, and the DNA pellet was left to dry at room temperature. The DNA pellet
was dissolved in 100 μL of TE buffer and stored at –20°C.
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PCR using genomic DNA from homozygous T2 lines was performed with a sense
primer 17G-1 from the CaMV35S promoter and an antisense primer 19-3 from the
CaMV35S terminator, which gave a 695 bp product for the po2+pbd-1 fusion and a 475
bp product for the pbd-1+pbd-1 fusion. Each 20 μL PCR reaction was composed of 500
ng genomic DNA, 0.8 units of Taq DNA Polymerase (New England BioLabs, Pickering,
ON), 1xThermoPol Reaction Buffer that included 2 mM MgSO4 (New England
BioLabs), 0.2 mM dNTPs (Promega), and 0.2 μM of each primer.
2.3 Detection of pbd-1 RNA in homozygous T2 lines
RNA extraction and cDNA synthesis were performed as previously described in
Chapter 2. PCR was performed with a sense primer DeF (5’GATATCGACGCCAGAAAGAACAGTGTTAGTTGCC-3’) from the mature peptide
sequence of pbd-1 and an antisense primer 19-3 from the CaMV35S terminator, which
gave a 242 bp for both constructs. Each PCR reaction of 20 µL contained 250 ng of
cDNA, 0.8 units of Taq DNA Polymerase (New England BioLabs), 1 mM MgCl2, 0.2
mM dNTPs (Promega) and 0.2 µM of each primer in 1x PCR buffer (Invitrogen). PCR
for both genomic DNA and cDNA was performed with a Tpersonal thermocycler
(Biometra, Goettingen, Germany) with the lid temperature set at 104°C and a denaturing
step of 95°C for 2 min, followed by 30 cycles of 95°C for 15 s, 55°C for 30 s, 72°C for
30 s, followed by a final elongation step at 72°C for 5 min. PCR products were analyzed
on a 1% agarose TAE gel.
2.4 Detection of PBD-1 protein in the homozygous T2 lines
Protein extraction was performed according to Lay et al. (2003); 600 μL of
protein extraction buffer (50mM Tris-HCL, pH 8.0, 10 mM EDTA and 0.5 M NaCl) was
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added to 300 mg of leaf tissue ground in a mortar and pestle. The samples were mixed
for 1 min using a vortex and centrifuged at 21000 xg for 30 min before the supernatant
was transferred to a new tube. Protein concentration was estimated using the Bio-Rad
protein assay with bovine γ–globulin as a standard (Bio-Rad, Mississauga, ON).
Tricine-SDS-PAGE was performed according to Schagger (2006). Aliquots of 30
to 80 μg of total soluble protein per lane was electrophoresed in duplicate on 16%
polyacrylamide gels for approximately 30 min at 30 V followed by 3 to 5 h at 70 to 90 V
in the Mini-Protean II electrophoresis system (Bio-Rad). Protein extracts from nontransformed N. tabacum cv. Xanthi and the transformed rescued line (DC1) were
negative controls, and the 6xHis Protein Ladder (Qiagen, Mississauga, ON) was a
positive control for western analysis. One gel was visualized by silver staining following
the method by Schagger (2006). Proteins from the other gel were transferred to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) in a transfer buffer consisting of
25 mM Tris-base, 192 mM glycine, 20% methanol, pH 8.3 (Towbin, et al., 1979) using
the Mini Trans-Blot transfer cell (Bio-Rad).
For immunoblot analysis, the PVDF membrane was first incubated in a blocking
solution (3% skim milk in TBS, 20 mM Tris-base, 500 mM NaCl, pH 7.5) for 1 h with
gentle agitation. The membrane was then washed twice with TTBS (TBS with 0.05%
Tween 20) for 5 min followed by incubation overnight at 4°C in a monoclonal antihistidine antibody (Bioshop) (1:10000 dilution). The membrane was washed again with
TTBS as mentioned above followed by incubation with anti-mouse IgG alkaline
phosphatase (Bioshop) (1:5000 dilution) for 1 h at room temperature. All antibodies
were diluted in 1% skim milk in TTBS. After incubation with the secondary antibody,
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the TTBS wash was repeated with an additional wash with TBS. The membrane was
developed in the alkaline phosphatase developing buffer (0.1 M Tris base, 0.5 mM MgCl2
pH 9.5) with 300 μg/mL NBT (nitro blue tetrazolium chloride) and 150 μg/mL BCIP (5promo-4-chloro-3-indolylphosphate p toluidine salt) (Roche, Indianapolis, IN) according
to the manufacturer’s instructions.
2.5 Fungal inoculations
Colletotrichum destructivum strain N150 and C. orbiculare strain ATTC 20767
were grown on sodium chloride-yeast extract agar sucrose (SYAS) medium, consisting of
0.5% NaCl, 0.3% yeast extract, 2% agar and 1% sucrose (Manandhar et al., 1986) under
constant fluorescent light for 10 to 14 days to induce spore formation. Spores were
scraped from the media surface with a spatula, suspended in sterile water and incubated
for 20 min to allow media and hypha to settle out. For inoculation of 5 to 6-week-old
plants, C. destructivum strain N150 was adjusted to 5 x 104 spores/mL and C. orbiculare
strain ATTC 20767 was adjusted to 1 x 105 spores/mL in sterile water using a
haemocytometer. Spore suspensions were sprayed onto whole plants using an air
pressure sprayer, and then incubated under high humidity in the dark for 72 h. The two
first fully expanded leaves from each of two plants of each line were taken for lesion
counts, and the leaf area was measured by a LI-3100 area meter (Li-Cor Inc. Lincoln,
NE) to calculate the number of lesions/cm2. The experiment was repeated 3 to 6 times.
2.6 Bacterial inoculations
P. syringae pv. tabaci isolate 11528R was grown on King’s B media (King et al.,
1954) (20 g/L peptone (Bioshop, Burlington, ON), 1.5 g/L K2HPO4, 1.5 g/L MgSO4.7
H2O, 10 mL/L glycerol and 15 g/L agar) at 28°C for 48 h. Bacterial cells were scraped
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from the plate and resuspended in appropriate assay buffers for dip or infiltration
inoculation.
A dip inoculation technique was adapted from Wei et al. (2007). Briefly, 3 to 4
week-old homozygous T2 seedlings (about three-leaf stage) were removed from the soil,
submerged in a 1.2 x 108 CFU/mL of P. syringae pv. tabaci 11528R suspension in water
with 0.02% Silwet L-77 (Witco Corp., Greenwich, CT), and swirled for 5 minutes before
being replanted into soil. Seedlings were kept at high humidity 1 day before inoculation
and for the first week after inoculation by filling the tray with water and covering the tray
with a transparent lid. Twelve plants were used per experiment, and the experiment was
repeated three times. The number of dead seedlings was evaluated weekly for four
weeks.
For infiltration inoculation of 5 to 6 week old plants, the first fully mature leaf of
a T2 plant was infiltrated with 1.2 x 104 CFU/mL of P. syringae pv. tabaci 11528R
according to DeGray et al. (2001). After 1 to 4 days, two leaf discs (total area of 1.27
cm2) from the infiltrated area of each plant were homogenized in 300 μL 10 mM MgCl2
in the 1.5 mL microfuge tube, transferred to a larger tube, and then 5 mL 10 mM sodium
phosphate buffer pH 7 was added (DeGray et al., 2001). A series of 10-fold dilutions
was done up to a dilution of 1:1000 using the same buffer, and 100 μL of each dilution
was plated on King’s B media and incubated at 28°C overnight before counts were taken
from the dilution plates that yielded 30 to 300 CFU. Two plants were used per time
point per experiment, and the experiment was repeated five times.
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2.7 Construction of Pichia pastoris expression vectors
To create the constructs in P. pastoris, the po2+pbd-1 or pbd-1+pbd-1 fusion
regions were amplified from the plasmids, pBIDef and pBISD that had been used to
generate the transgenic tobacco (Figure 3.2 and 3.3). Therefore, two constructs were
made for P. pastoris, one from pBIDef and one from pBISD. The construct derived from
pBIDef was named po2+pbd-1. It encodes the Saccharomyces cerevisiae α-factor
secretion peptide, followed by the first 56 amino acids of the mature peptide of PO2
fused with PBD-1 mature peptide (Figure 3.4). The construct derived from pBISD was
named pbd-1+pbd-1. It contained α-factor signal peptide sequence, followed by the pbd1 prosequence and sequence for pbd-1 mature peptide (Figure 3.5). The PO2 signal
peptide and native PBD-1 signal peptide sequences were not included in either of these P.
pastoris X-33 expression constructs because the α-factor signal sequence contained in the
pGAPZα A vector (Invitrogen, Burlington, ON) is used for secretion by P. pastoris.
To create the po2+pbd-1 construct, PCR was performed with a sense primer PDPiFo (5’GAATTCATTAATTGTTTGGACATAACCAAA-3’) located in the 5’end of po2 mature
peptide sequence (Figure 3.1) and the antisense primer Nt1PiRe1 (5’TCTAGATTAGTGATGGTGATGATGGTG-3’) located in the 6x his-tag region. To
create the pbd-1+pbd-1 construct, PCR was performed with sense primer SDPiFo (5’GAATTCCTACTAAAAAACATAGGAAACAGTGTTAG-3’) located in the 5’ end of
pbd-1 prosequence (Figure 3.2) and the antisense primer Nt1PiRe1. Underlined portions
of the primers indicate an EcoRI site for primers PDPiFo and SDPiFo and an XbaI site
for primer Nt1PiRe1to facilitate insertion into the P. pastoris X-33 expression vector
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A
PDPiFo
BsaH I

EcoR I

pGAPFo
α factor signal peptide

PO2

PBD‐1 mature peptide

Xba I
6xHis
Nt1PiRe1

AOX1Re

B.
1
1

pGAPFo
GTCCCTATTT CAATCAATTG AACAACTATT TCGAAACGAT GAGATTTCCT TCAATTTTTA
M R F P
S I F

61
8

CTGCTGTTTT ATTCGCAGCA TCCTCCGCAT TAGCTGCTCC AGTCAACACT ACAACAGAAG
T A V
L F A A
S S A
L A A
P V N T
T T E

121
28

ATGAAACGGC ACAAATTCCG GCTGAAGCTG TCATCGGTTA CTCAGATTTA GAAGGGGATT
D E T
A Q I P
A E A
V I G
Y S D L
E G D

181
48

TCGATGTTGC TGTTTTGCCA TTTTCCAACA GCACAAATAA CGGGTTATTG TTTATAAATA
F D V
A V L P
F S N
S T N
N G L L
F I N

241
68

CTACTATTGC CAGCATTGCT GCTAAAGAAG AAGGGGTATC TCTCGAGAAA AGAGAGGCTG
T T I
A S I A
A K E
E G V
S L E K
R E A
EcoR I
PDPiFo
Kex2 cleavage site
301 AAGCTGAATT CATTAATTGT TTGGACATAA CCAAAATTAT GGGACAATAC CCGGAACTCT
88
E A E
F I N C
L D I
T K I
M G Q Y
P E L
Ste13 cleavage sites
361 CCACGTTCAG CAAATACCTA ACCGAAACCA AGTTGGCTGA CCAAATAAAC AGTGGTAAAG
108
S T F
S K Y L
T E T
K L A
D Q I N
S G K
421
128
481
148
541
168
601
188
661
721
781

CCGTTACCAT
A V T
BsaH I
ACGCCAGAAA
D A R

TCTTGCCCTT GACAACAAAG CTATTGCTTC TCTTTCTGGT AAACCACTTG
I L A L
D N K
A I A
S L S G
K P L
GAACAGTGTT AGTTGCCTTA GAAACAAGGG TGTTTGCATG CCAGGTAAGT
K N S V
S C L
R N K
G V C M
P G K

GCGCTCCAAA GATGAAGCAA ATTGGTACCT GCGGTATGCC ACAAGTTAAG TGCTGCAAGA
C A P
K M K Q
I G T
C G M
P Q V K
C C K
Nt1PiRe1
Xba I
GAAAGCACCA TCATCACCAT CACTAATCTA GAACAAAAAC TCATCTCAGA AGAGGATCTG
R K H
H H H H
H AATAGCGCCG TCGACCATCA TCATCATCAT CATTGAGTTT TAGCCTTAGA CATGACTGTT
CCTCAGTTCA AGTTGGGCAC TTACGAGAAG ACCGGTCTTG CTAGATTCTA ATCAAGAGGA
AOX1Re primer site
TGTCAGAATG CCATTTGC

Figure 3.4 Plasmid construct for po2+pbd-1 expression in P. pastoris X-33. A.
Components of the po2+pbd-1 fusion construct and location of primers. The po2+pbd-1
fusion fragment was amplified from pBIDef plasmid using PDPiFo and Nt1PiRe1
primers, which contained EcoRI and Xba I sites to accommodate insertion into pGAPZα
expression vector in frame with the α-factor signal peptide. B. The DNA and amino acid
sequences of the PO2+PBD-1 fusion. Restriction sites are in bold letters, underlined
DNA sequences are primer sites. Amino acid sequence in bold letters is the putative
PO2+PBD-1 fusion peptide. Arrows indicate possible signal peptide cleavage sites.
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A.

SDPiFo
pGAPFo

EcoR I
α factor signal peptide

PBD‐1 pro‐mature peptide

Xba I
6xHis
AOX1Re
Nt1PiRe1

B.
1
1

pGAPFo
GTCCCTATTT CAATCAATTG AACAACTATT TCGAAACGAT GAGATTTCCT TCAATTTTTA
M R F P
S I F

61
8

CTGCTGTTTT ATTCGCAGCA TCCTCCGCAT TAGCTGCTCC AGTCAACACT ACAACAGAAG
T A V
L F A A
S S A
L A A
P V N T
T T E

121
28

ATGAAACGGC ACAAATTCCG GCTGAAGCTG TCATCGGTTA CTCAGATTTA GAAGGGGATT
D E T
A Q I P
A E A
V I G
Y S D L
E G D

181
48

TCGATGTTGC TGTTTTGCCA TTTTCCAACA GCACAAATAA CGGGTTATTG TTTATAAATA
F D V
A V L P
F S N
S T N
N G L L
F I N

241
68

CTACTATTGC CAGCATTGCT GCTAAAGAAG AAGGGGTATC TCTCGAGAAA AGAGAGGCTG
T T I
A S I A
A K E
E G V
S L E K
R E A
Kex2 cleavage site
EcoR I
SDPiFo
301 AAGCTGAATT CCTACTAAAA AACATAGGAA ACAGTGTTAG TTGCCTTAGA AACAAGGGTG
88
E A E
F L L K
N I G
N S V
S C L R
N K G
Ste13 cleavage sites
361
108
421
128

TTTGCATGCC AGGTAAGTGC GCTCCAAAGA TGAAGCAAAT TGGTACCTGC GGTATGCCAC
V C M
P G K C
A P K
M K Q
I G T C
G M P
Nt1PiRe1
Xba I
AAGTTAAGTG CTGCAAGAGA AAGCACCATC ATCACCATCA CTAATCTAGA ACAAAAACTC
Q V K
C C K R
K H H
H H H
H -

481
541

ATCTCAGAAG AGGATCTGAA TAGCGCCGTC GACCATCATC ATCATCATCA TTGAGTTTTA
GCCTTAGACA TGACTGTTCC TCAGTTCAAG TTGGGCACTT ACGAGAAGAC CGGTCTTGCT

601

AOX1Re primer site
AGATTCTAAT CAAGAGGATG TCAGAATGCC ATTTGC

Figure 3.5 Plasmid construct for pig defensin (PBD-1) expression in P. pastoris X-33.
A. Components of the pbd-1+pbd-1 and location of primers. Sequence for pbd-1
prosequence and mature peptide were amplified from pBISD plasmid using SDPiFo and
Nt1PiRe1 primers, which contained EcoRI and Xba I sites to accommodate insertion into
pGAPZα expression vector in frame with the α-factor signal peptide. B. The DNA and
amino acid sequences of the pbd-1+pbd-1 expression construct. Restriction sites are in
bold letters, the underlined DNA sequences are primer sites. The amino acid sequence in
bold letters is a putative PBD-1+PBD-1 peptide. Arrows indicate possible signal peptide
cleavage sites.
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pGAPZα A (Invitrogen). The pGAPZα A vector was generously provided by Dr. P.
Pauls, Dept. Plant Agriculture, University of Guelph, Guelph, ON.
PCR was performed in a 50-µL reaction mixture of 1x High Fidelity PCR buffer,
0.2 mM dNTPs (Promega), 2 mM MgSO4, 0.2 μM of each primer, 1 unit of Platinum®
Taq DNA polymerase High Fidelity (Invitrogen) and 50 ng of template DNA. A
Tpersonal thermocycler (Biometra) was used for PCR with the lid temperature set at
104°C and a denaturing step of 95°C for 2 min, followed by 25 cycles of 95°C for 15 s,
55°C for 30 s, 72°C for 30 s, followed by a final elongation step at 72°C for 5 min. PCR
products were evaluated on a 1% TAE gel and the fragment was purified from the gel
using the QIAquick gel extraction kit (Qiagen, Mississauga, ON). The PCR product and
expression vector pGAPZα A were cut with EcoRI and XbaI and checked by
electrophoresis with a 1% agarose TAE gel. The expected digested pGAPZα A fragment
and digested PCR product were excised from the agarose gel and purified with the
QIAquick gel extraction kit (Qiagen). Ligation was achieved with T4 DNA ligase
(Invitrogen) incubated overnight at room temperature. The ligation product was used to
transform competent E. coli strain DH5α by means of heat-shock at 42°C for 90 s
(Sambrook et al., 1989). Cells were selected on low-salt LB media (1% tryptone, 0.5%
NaCl, 0.5% yeast extract (Bioshop) supplemented with 25 µg/mL Zeocin (Invitrogen).
Recovered colonies were tested by colony PCR using pGAP forward (5’GTCCCTATTTCAATCAATTGAA-3’) and AOX1 reverse (5’GCAAATGGCATTCTGACATCC-3’) primers, both located on pGAPZα vector
locations that were upstream and downstream, respectively, of the inserted fragment.
Cells from each colony were removed with a pipette tip and added to a 20 μL PCR
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reaction mixture composed of 1 unit of Taq DNA Polymerase, 1xThermoPol Reaction
Buffer including 2 mM MgSO4 (New England BioLabs), 0.2 mM dNTPs (Promega), and
0.2 μM of each primer and PCR was performed with a Tpersonal thermocycler
(Biometra) with the lid temperature set at 104°C and a denaturing step of 95°C for 2 min,
followed by 30 cycles of 95°C for 15 s, 55°C for 30 s, 72°C for 30 s, followed by a final
elongation step at 72°C for 5 min. The PCR products were verified by DNA sequencing
(Laboratory Services, University of Guelph, Guelph, ON).
2.8 Pichia pastoris transformation
Plasmid DNA was purified from the E. coli clones containing the desired
sequences and linearized by digestion with AvrII (Fermentas). The linearized plasmid
DNA was used for P. pastoris X-33 transformation by electroporation following the
protocol provided for pGAPZ products (Invitrogen). The P. pastoris X-33 culture was a
generous gift from Dr. C. Hall, School of Environmental Sciences University of Guelph,
Guelph, ON. Electroporation of P. pastoris X-33 was performed with a MicroPulser
Electroporator (BioRad, Mississauga, ON) to introduce the linearized plasmid DNA into
P. pastoris cells where it can be stably integrated into the P. pastoris genome via
homologous recombination. Colonies were selected on Yeast Extract Peptone Dextrose
Medium (YPD-1% yeast extract, 2% peptone, 2% dextrose, and 2% agar for solid
medium) plates supplemented with 100 µg/mL Zeocin (Invitrogen). Plates were
incubated at 30°C for 2-5 days, and the recovered colonies were transferred to a fresh
plate. Selected clones were verified by PCR with the PDPiFo and AOX1 primers for the
po2+pbd-1 construct and the SDPiFo and AOX1 primers for the pbd-1+pbd-1 construct.
PCR was performed as mentioned above for screening E. coli colonies.
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2.9 Production and partial purification of PBD-1 protein from P. pastoris
P. pastoris X-33 cells containing the po2+pbd-1 or pbd-1+pbd-1 construct were
cultured overnight in 5 mL YPD broth supplemented with 100 µg/mL Zeocin.
Subcultures were made from the overnight culture at a 1:1000 dilution in a fresh YPD
broth without Zeocin. These P. pastoris X-33 cultures were grown for 3 days at 28 °C
and 250 rpm. Then, the P. pastoris X-33 suspension was centrifuged at 3000 xg for 5 to
10 min. To purify the defensin proteins which contained a poly-His tag from the
supernatant, the supernatant was mixed with the Ni-NTA agarose (Qiagen) at a ratio of
50 mL supernatant per 400 µL of the Ni-NTA agarose. The mixture was incubated
overnight at 4 °C with gentle agitation. The resin from 100 mL supernatant was collected
in a 10 mL Poly-Prep column (BioRad) and washed twice with 2 mL wash buffer (50
mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). The polyhistidine-tagged
proteins were eluted four times with 1 mL elution buffer (50 mM NaH2PO4, 300 mM
NaCl, 250 mM imidazole, pH 8.0). The four eluates were checked for the presence of the
poly-His tagged proteins by 16% Tricine SDS-PAGE (Schagger, 2006) and western blot
as described above using the histidine tag antibody. All eluted solutions containing the
desired proteins were combined, the salt removed, and the protein concentrated using
Amicon Ultra Centrifugal Filters with a 3000 MW cutoff (Milipore, Billerica, MA)
following the manufacturer’s instructions. The elution buffer was exchanged with water
by reconstituting the concentrate with the same volume of water and repeating the
centrifugation. This process was repeated three times to remove NaCl and imidazole
from the protein solution, and the concentrated protein was collected after the final
centrifugation. Partially purified PBD-1 protein was filtered through a 0.22 µm
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Ultrafree-MC Centrifugal Filter (Milipore) and stored at -20 °C. The protein
concentration was estimated with Bio-Rad Protein assay using bovine γ-globulin as a
standard (BioRad).
2.10 PBD-1 protein analysis by slot and western blots
For slot blots, a PVDF membrane was assembled onto the Hybrid-SlotTM
Manifold (BRL, Gaithersburg, MD) after being soaked in methanol. As a vacuum was
applied to the manifold, 100 µL of TSB was loaded in each slot followed by 200 µL of
YPD broth that had P. pastoris X-33 growing in it for 3 days. After the YPD broth was
drawn through the PVDF membrane, an additional 200 µL aliquot of TSB was added to
the slot to wash the membrane. The membrane was then removed from the manifold and
placed in blocking solution (3% skim milk in TBS) for 1 h with gentle agitation.
Immunoblot analysis was performed as mentioned above for transgenic plants. Tricine
SDS-PAGE and western analysis was performed as mentioned previously for the
transgenic plants.
2.11 Peptide and PBD-1 protein identification
Desalted protein extracts partially purified by Ni-NTA agarose were separated on
tricine-SDS-PAGE and stained with 0.1% Coomassie blue R250 (Bio-Rad), 40%
methanol, and10% acetic acid overnight and destained in 5% methanol, 7% acetic acid
until proteins bands were visible. Protein bands were excised and sent to The Advanced
Protein Technology Centre (APTC) of The Hospital for Sick Children, Toronto, ON,
where in gel digestion, LC MS/MS and analysis of LC MS/MS data were conducted to
identify the components of each band. See Appendix A for more detail.
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2.12 Antifungal activity of PBD-1 protein produced in P. pastoris
Conidia of C. destructivum, strain N150 and C. orbiculare, strain ATTC 20767
were collected as previously mentioned and adjusted to 1 x 105 spores/mL in SYAS broth
(0.5% NaCl, 0.3% yeast extract and 1% sucrose). Filtered-sterilized partially purified
PBD-1 protein was adjusted to 25, 50, 100, 200 and 400 µg/mL in sterile water. The
assay was adapted from Broekaert et al. (1990) and van der Weerden et al. (2008) and
was performed in 96-well plates (Sarstedt, Montreal, QC). In each well, 50 µL of spore
suspension was mixed with 50 µL of PBD-1 protein, but in control wells, only 50 µL
sterile water was used. The contents were mixed by the plate shaker inside a SpectraMax
Plus 348 Microplate Reader (Molecular Devices, Sunnyvale, CA), and the plate was
incubated at 25 ºC until the OD595 of the water control reached a value of 0.2
(approximately 40 to 50 h depending on strain) before the OD595 readings were taken on
the other wells.
2.13 Antibacterial activity of PBD-1 protein produced in P. pastoris
Bacterial species used for the antibacterial activity assay of PBD-1 protein are
listed in Table 3.1. All bacteria were cultured in TSB (3% tryptic soy broth, SigmaAldrich, Oakville, ON), except for Clavibacter michiganensis subsp. michiganensis
which was grown in media 802 of NBRC (NITE Biological Resource Center, Chiba,
Japan), containing 1% polypeptone (BioBasics, Markam, ON), 0.2% yeast extract
(Bioshop) and 0.1% MgSO4·7H2O, pH 7. With the exception of P. aeruginosa K799 and
Escherichia coli UB1005, which were cultured at 37ºC, all other bacteria were cultured at
28ºC. After overnight growth at 250 rpm, 50 µL of the E. coli UB1005 suspension or
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Table 3.1 List of bacterial strains used to test antimicrobial activity of PBD-1 (Chapter 3)
or Ntdef1 (Chapter 4) produced by P. pastoris X-33.
Name

Source

Escherichia coli strain UB1005, and
Pseudomonas aeruginosa strain K799

Dr. R. Hancock, Dept.
Microbiology and Immunology,
University of British Columbia,
Vancouver, BC

Erwinia carotovora subsp. carotovora
Ecc

Linda Veldhuis, School of
Environmental Science, University of
Guelph, Guelph, ON

Xanthomonas axonopodis pv. phaseoli
strain UG18

Dr. G. Perry, Dept. Plant Agriculture,
University of Guelph, Guelph, ON

Agrobacterium tumefaciens strain A348

Dr. P. J. Christie, Dept. of
Microbiology and Molecular Genetics,
University of Texas, Houston, TX
Dr. D. Monje Johnston, Dept. Plant
Agriculture, University of Guelph,
Guelph, ON,

Klebsiella pneumoniae strain 342

P. chlororaphis strain B21,
Bacillus subtilis strain GB03, and
Clavibacter michiganensis subsp.
michiganensis Cmm

Coralie Sopher, School of
Environmental Science, University of
Guelph, Guelph, ON

P. syringae pv. tomato strain 06T2,
P. syringae pv. tabaci strain 11528R,
P. syringae pv. tabaci strain ZA
Patrick
P. aeruginosa strain PA01,

Dr. P.H. Goodwin, School of
Environmental Science, University of
Guelph, Guelph, ON
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100 µL of the other bacterial species were transferred to 50 mL of the appropriate broth
and temperature. For E. coli UB1005, E. carotovora subsp. carotovora, P. aeruginosa
K799, P. aeruginosa PA01, P. syringae pv. tabaci ZA Patrick, K. pneumonia 342, X.
axonopodis pv. phaseoli UG18, P. chlororaphis B21, and B. subtilis GB03, subcultures
were grown for 3 to5 h to an OD600 of 0.3 to 0.4 at 250 rpm. For C. michiganensis subsp.
michiganensis, A. tumefaciens A348, P. syringae pv. tomato 06T2, and P. syringae pv.
tabaci 11528R, subcultures were grown for 15 to 18 h to an OD600 of approximately 1.0
as it took over 7 h to reach an OD600 of 0.3 to 0.4. After reaching the expected density,
bacterial cells were centrifuged at 2300 x g for 5 min and washed with 10 mM sodium
phosphate buffer pH 7.4. Cell concentrations were adjusted to approximately 106
CFU/mL in 1% TSB in 10 mM sodium phosphate buffer pH 7.4.
PBD-1 protein was diluted in 10 mM sodium phosphate buffer pH 7.4, and 3 µL
of each bacterial culture was added to 27 µL of PBD-1 protein to give final
concentrations of 500, 300, 100, 25 µg/mL PBD-1 in 500 µL microtubes (Diamed,
Mississauga, ON). The tubes were incubated in a water bath for 3 h at 28 or 37ºC,
depending on the strain. The assay mixture was then diluted in 10 mM sodium phosphate
buffer pH 7.4 before being plated on TSA (Tryptic Soy Agar, TSB with 1.2% agar) and
grown for 18 to 48 h at the appropriate temperature for that organism. Bacterial growth
was evaluated by dilution plating and counting CFUs. The experiment was repeated at
least 3 times for each bacterial strain. Within each replicate, three plates were counted for
each protein concentration inoculated with the bacterial suspension.
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3. Results
3.1 Developing T2 plants homozygous for pbd-1 transgenes
Five po2+pbd-1 construct T0 lines, 7, 9, 14, 22 and 24, and five pbd-1+pbd-1
construct T0 lines, 9, 11, 12, 13, and 15, were selected for generating seed based on the
preliminary resistance test results of the decrease in disease symptoms caused by P.
syringae pv. tabaci PBIC4. From the screening of kanamycin resistant T1 seedlings,
seven to ten seedlings testing positive for DNA of pbd-1 by PCR from each of the five
po2+pbd-1 lines or five pbd-1+pbd-1 lines were chosen as parents. Eighty T2 seeds
collected from each of these plants were again screened on kanamycin to select for 100%
survival in order to identify their parents as homozygous. One T1 homozygous plant
from each of the original T0 transformed lines was selected based on consistent positive
PCR results for DNA of pbd-1 and 100% survival on kanamycin of its T2 progenies. For
the po2+pbd-1 construct, the chosen homozygous T1 lines were 7-5, 9-8, 14-5, 22-6 and
24-6, and for pbd-1 +pbd-1 construct, the chosen homozygous T1 lines were 9-4, 11-3,
12-7, 13-4 and 15-1. The T2 seed from these T1 parental lines were used in all
experiments hereafter and are referred to by the name of their T1 parent line.
All plants, except for line 14-5 of the po2+pbd-1 construct, appeared
morphologically normal like non-transgenic plants. Line 14-5 displayed a stunted stem,
thickened small rugose leaves with altered vein patterns, fewer flowers and fewer seeds.
Some flowers appeared stunted with misshaped ovules resulting in reduced or no seed
production from some flowers. PCR and RT-PCR test confirmed the presence of the
pbd-1 gene constructs and their expression in all 10 selected lines (Table 3.2, Figure 3.6
and 3.7).
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Table 3.2 Screening of the five selected homozygous lines of N. tabaccum Xanthi
expressing po2+pbd-1or pbd-1+pbd-1 for the presence of the transgene by PCR and its
expression by RT-PCR. PCR was performed on genomic DNA using 17G-1 and 19-3
primers. For RT-PCR, cDNA was synthesized from oligo (dT)18 and PCR was performed
using primers 19-3 and a defensin specific primer DeF.
Construct

Line 1

PO2+pbd-1

PBD-1+pbd-1

controls

7-5
9-8

Presence of pbd-1 tested
by PCR
+
+

Expression of pbd-1
tested by RT-PCR
+
+

14-5

+

+

22-6

+

+

24-6

+

+

9-3

+

+

11-3

+

+

12-7

+

+

13-4

+

+

15-1

+

+

Xanthi

-

-

DC1

-

-

1

The specific tobacco lines were selected on the basis of reduced visual disease
symptoms in the T0 plants inoculated with P. syringae pv. tabaci strain PBIC4. The five
T0 lines showing the least symptoms were selected. The T2 homozygous tobacco plants
were selected on the basis of kanamycin resistance. DC1 is a line which has gone
through the transformation and tissue culture selection process but does not contain the
transgenic construct.
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A

7‐5

9‐8

14‐5

22‐6

24‐6

+

M

DC1

Xan

695 bp

B

7‐5

9‐8

14‐5

22‐6

24‐6

M

DC1

Xan

242 bp

Figure 3.6 The presence and expression of pbd-1 transgenes in selected T2 homozygous
plants of N. tabacum cv. Xanthi as determined by PCR and RT-PCR. A. PCR analysis of
tobacco plants transformed with the fusion po2+pbd-1. The PCR reaction was performed
with primers 17G-1 and 19-3, which produced an expected product of 695 bp indicated
by an arrow. B. The RT-PCR reaction with primers DeF and 19-3, which gave the
expected product of 242 bp indicated by an arrow. Wild type cv. Xanthi (Xan) and a
transformed rescued line (DC1) were negative controls, and the pBIDef plasmid was a
positive control (+). M represents FastRuler Middle Range DNA ladder, and the selected
plants were 7-5, 9-8, 14-5, 22-6, and 24-6 of the T2 homozygous lines of N. tabacum cv.
Xanthi containing the po2+pbd-1 fusion construct.
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A

9‐4

11‐3

12‐7

13‐4

15‐1

+

M

DC1

Xan

475 bp

B

9‐4

11‐3

12‐7

13‐4

15‐1

M

DC1

Xan

242 bp

Figure 3.7 The presence and expression of pbd-1 transgenes in selected T2 homozygous
lines of N. tabacum cv. Xanthi as determined by PCR and RT-PCR. A. PCR analysis of
tobacco plants transformed with the pbd-1+pbd-1. The PCR reaction was performed with
primers 17G-1 and 19-3, which produced an expected product of 475 bp indicated by the
arrow. B. Results from the RT-PCR reaction with primers DeF and 19-3, which gave the
expected product of 242 bp indicated by arrow. Wild type cv. Xanthi (Xan) and a
transformed rescued line (DC1) were negative controls, and the pBISD plasmid was a
positive control (+). M represents FastRuler Middle Range DNA ladder, and the selected
plants were 9-4, 11-3, 12-7, 13-4, and 15-1 of the T2 homozygous lines of N. tabacum cv.
Xanthi containing the pbd-1+pbd-1construct.
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Western blots of leaves from the T2 plants for the PBD-1 protein using antibodies
against the histidine tag never resulted in 6xhis tag detection even when 30 to 80 μg of
total soluble protein was added per well. The lower limit of detection by western blot
analysis used in this work was approximately 10 ng based on the detection of the 6xhis
protein ladder. This suggested that PBD-1 is either not present in these plants or at a
level lower than the detection limit of 0.03 to 0.01% of the total soluble leaf protein.
3.2 Evaluation of resistance of the homozygous lines to P. syringae pv. tabaci
11528R
All the tobacco lines, except for line 9-8 of the po2+pbd-1 construct which had a
low germination rate, were tested for resistance against P. syringae pv. tabaci 11528R by
dip inoculation where the whole seedlings were immersed in bacterial inocula (Table
3.3). After inoculation, seedlings displayed water-soaked lesions within 1 to 2 days, that
later turned yellow by 1 week following inoculation. The chlorotic areas eventually
expanded to include the whole plants, and the plants then died.
None of the lines were significantly more resistant than both the wild type and
DC1 controls (Table 3.3). Plants from lines 24-6 and 12-7 had the lowest amount of
disease and were also tested by infiltration of P. syringae pv. tabaci 11528R into the leaf.
Symptoms started with small lesions within the infiltrated area by 4 dpi, by which time
bacterial populations were approximately 106 CFU/cm2 (Figure 3.8). In some cases, the
lesions became surrounded by chlorotic areas. The necrosis and/or chlorosis often
expanded to cover the whole infiltrated area by 7 dpi. However, line 12-7 had a
significantly lower bacterial population than line DC1 at 3 dpi. It also had a significantly
lower bacterial population than line 24-6 at 1, 2 and 3 dpi.
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Table 3.3 Resistance of N. tabacum cv. Xanthi transformed with po2+pbd-1 (7-5, 9-8,
14-5, 22-6, 24-6) or pbd-1+pbd-1 (9-4, 11-3, 12-7, 13-4, 15-1) against P. syringae pv.
tabaci 11528R. Three to four-week old seedlings were infected with P. syringae pv.
tabaci 11528R by dip inoculation in a 1.2 x 108 CFU/mL suspension. Numbers of dead
seedlings were assessed after 4 weeks. The tissue culture regenerated line (DC1) and
wild-type cv. Xanthi served as controls.
Line 1

Mortality rate (%) 2,3

Xanthi

67 ab

DC1

81 a

7-5

61 ab

9-8

N/A

14-5

81 a

22-6

72 ab

24-6

42 b

9-4

64 ab

11-3

69 ab

12-7

47 b

13-4

72 ab

15-1

69 ab

1

Lines 7-5, 9-8, 14-5, 22-6, and 24-6 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing the fusion po2+pbd-1construct.
1
Lines 9-4, 11-3, 12-7, 13-4, and 15-1 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing the pbd-1+pbd-1construct.
2
Mortality rate was measured as a as a percentage of the total 12 inoculated seedlings
3
Data represent the average of three trials. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
N/A - not available due to low germination rate
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Figure 3.8 Populations of P. syringae pv. tabaci 11528R in lines of N. tabacum cv.
Xanthi transformed with po2+pbd-1 (line 24-6) and pbd-1+pbd-1 (line 12-7), following
inoculation by the dip inoculation assay. Five-week-old plants were infected with P.
syringae pv. tabaci 11528R by infiltration with a 1.2 x 104 CFU/mL culture. Bacterial
populations inside the infiltrated area were assessed daily. The tissue culture regenerated
line (DC1) served as the control. Standard error bars were calculated from five
replications. (
= DC1,
= 24-6,
= 12-7)
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3.3 Evaluation of resistance of the homozygous lines to C. destructivum N150 and
C. orbiculare ATTC 20767
Among the T2 lines expressing the po2+pbd-1 construct, none was found to have
a significantly lower number of lesions/cm2 then the wild type or DC1 controls (Table
3.4). The same conclusion was drawn when data were expressed as % of lesions/cm2 of
wild-type plants (Table 3.4). This was true for both 5- and 6-week-old plants, although
the 6-week-old plants appeared to be less susceptible to infection by C. destructivum
N150. The only exception was 6-week-old line 7-5, which displayed fewer symptoms
when data were expressed as severity (lesions/cm2) compared to wild-type plants.
For plants expressing the pbd-1+pbd-1 fusion, only line 11-3 had significantly
fewer symptoms on 5-week-old plants. However, 6-week-old plants of this line did not
show significantly fewer symptoms compared to wild type and DC1 controls. For C.
orbiculare ATTC 20767, the lines with po2+pbd-1 or native pbd-1 +pbd-1 fusion
displayed the same number of lesions/cm2 as the two controls following infection (Table
3.5). For both C. destructivum N150 and C. orbiculare ATTC 20767, lesions appeared as
small water-soaked spots at 2 to 3 days on the wild-type, line DC1, and the transgenic
lines.
3.4 Transformation of Pichia pastoris X-33 with pbd-1
Transformation of P. pastoris X-33 with po2+pbd-1 or with pbd-1+pbd-1 yielded
a low recovery rate of two to eight colonies per transformation event, although the
frequency of positives for most colonies was often 100% as any colonies that grew on
Zeocin selection plates contained the transformed constructs. Transformation of P.
pastoris X-33 was repeated four times to yield seven colonies for the po2+pbd-1construct
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Table 3.4 Resistance of N. tabacum cv. Xanthi transformed with po2+pbd-1 (7-5, 9-8,
14-5, 22-6, 24-6) or pbd-1+pbd-1 (9-4, 11-3, 12-7, 13-4, 15-1) against C. destructivum
N150. Five or six weeks old plants were sprayed with 5x 104 spores/mL of C.
destructivum N150. The number of lesions/cm2 leaf area was assessed 72 hr after the
infection. The tissue culture regenerated line (DC1) and wild-type cv. Xanthi served as
controls.
Number of
lesions/cm2
on 5-wk-old
plants 2,4

Severity (%)
compared to
Xanthi for 5-wkold plants 3,4

Number of
lesions/cm2
on 6-wk-old
plants 2,4

Severity (%)
compared to
Xanthi for 6wk-old plants3,4

Xanthi

6.8 a

100

2.7 abc

100

DC1

6.7 a

100 a

2.8 abc

111 ab

7-5

6.8 a

102 a

2.1 c

80 c

9-8

6.0 ab

2.3 bc

92 abc

14-5

6.8 a

2.6 abc

105 abc

22-6

5.9 ab

88 ab

3.0 ab

117 a

24-6

5.7 ab

85 ab

2.2 c

86 bc

9-4

7.1 a

105 a

3.0 ab

116 ab

11-3

4.4 b

66 b

2.4 abc

98 abc

12-7

5.2 ab

78 ab

2.6 abc

102 abc

13-4

6.0 ab

88 ab

3.1 a

121 a

15-1

6.6 a

2.8 abc

115 ab

Line

1

89 ab
101 a

100 a

1

Lines 7-5, 9-8, 14-5, 22-6, and 24-6 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing the po2+pbd-1 fusion construct.
1
Lines 9-4, 11-3, 12-7, 13-4, and 15-1 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing the pbd-1+pbd-1 construct.
2
Disease severity was measured as the number of lesions/cm2.
3
Disease severity was expressed as the percentage of lesions/cm2 vs. untransformed N.
tabacum cv. Xanthi control.
4
Data represent the average of four trials for 6 weeks and three trials for 5 weeks plants.
Numbers designated with different letters were significantly different from each other
according to Fisher’s protected LSD test as calculated by SAS Proc GLM at p = 0.05.
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Table 3.5 Resistance of N. tabacum cv. Xanthi transformed with po2+pbd-1 (7-5, 9-8,
14-5, 22-6, 24-6) or pbd-1+pbd-1 (9-4, 11-3, 12-7, 13-4, 15-1) against C. orbiculare
ATTC 20767. Five weeks old plants were sprayed with 1x 105 spores/mL of C.
orbiculare ATTC 20767. The number of lesions per cm2 leaf area was assessed 72 h
after infection. The tissue culture regenerated line (DC1) and wild-type cv. Xanthi
served as controls.
Line 1

Number of lesions/cm2
on 5 wk old plants 2,4

Severity (%) compared to
Xanthi for 5 wk old plants 3,4

Xanthi

5.4 abc

100

DC1

4.8 abc

95 ab

7-5

4.1 bc

84 ab

9-8

4.4 bc

87 b

14-5

5.4 abc

93 ab

22-6

4.9 abc

101 ab

24-6

5.1 abc

103 ab

9-4

6.9 a

139 a

11-3

6.1 abc

122 ab

12-7

6.0 abc

120 ab

13-4

4.9 abc

109 ab

15-1

6.4 ab

127 ab

1

Lines 7-5, 9-8, 14-5, 22-6, and 24-6 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing the po2+pbd-1 fusion construct.
1
Lines 9-4, 11-3, 12-7, 13-4, and 15-1 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing the pbd-1+pbd-1 construct.
2
Disease severity was measured as the number of lesions/cm2.
3
Disease severity was expressed as the percentage of lesions/cm2 vs. untransformed N.
tabacum cv. Xanthi control.
4
Data represent the average of six trials. Numbers designated with different letters were
significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
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(Figure 3.4), and 14 colonies for the pbd-1+pbd-1 construct (Figure 3.5). Clones
transformed with the po2+pbd-1construct were screened by PCR using the PDPiFo and
AOX1Re primers, and all clones gave the expected product of 493 bp (Figure 3.9A).
Clones transformed with the pbd-1+pbd-1 construct were also screened by PCR using the
SDPiFo and AOX1Re primers, and all clones gave the expected product of 331 bp
(Figure 3.9B).
3.5 Expression of PBD-1 protein in Pichia pastoris X-33
Tricine SDS-PAGE and western analysis were performed to assess the presence
of PBD-1 secreted by P. pastoris X-33 in YPD broth. However, the expected bands of
11.7 kDa for PO2+PBD-1or 5.9 kDa for PBD-1+PBD-1 were not visible on silverstained tricine SDS-PAGE gels or western blots using the antibody to the histidine tag.
As it appeared that the level of PBD-1 in the media was insufficient for detection by
those two techniques, a slot blot method was utilized, which allowed for a larger volume
of YPD broth to be concentrated onto a membrane. Using slot blots, clones 1, 3 and 7 of
the po2+pbd-1 construct and clones 1, 11 and 13 of pbd-1+pbd-1 construct were found to
have the strongest staining and were selected for further synthesis of these proteins.
Small scale Ni-NTA agarose purification of secreted PBD-1 produced from
clones 1, 3 and 7 of the po2+pbd-1 construct did not yield a His-tagged protein based on
western results. None of the other PCR positive clones for this construct gave a Histagged protein on western blot in any trials. As a result, no further work was done on the
po2+pbd-1 construct in P. pastoris X-33.
Small scale Ni-NTA agarose purification of PBD-1 from clones 1, 11 and 13 of
the pbd-1+pbd-1 construct all yielded His-tagged protein detected in western blots
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Figure 3.9 The presence of pbd-1 transgenes in clones of Pichia pastoris X-33 as
determined by PCR. A. PCR analysis of P. pastoris X-33 clones transformed with
po2+pbd-1 construct. PCR with primers PDPiFo and AOX1Re produces an expected
product of 493 bp indicated by an arrow. B. PCR analysis of P. pastoris X-33 clones
transformed with pbd-1+pbd-1 construct. PCR with primers SDPiFo and AOX1Re
produces an expected product of 331 bp indicated by an arrow. P. pastoris (X-33) is a
negative control, and the P. pastoris expression plasmid contained either po2+pbd-1 (A)
or pbd-1+pbd-1 (B) was positive controls (+ve). M indicates O'GeneRuler 100 bp DNA
Ladder Plus.
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indicating that a fusion with the native pbd-1 instead of po2 yielded more protein. Clone
1 was chosen for large scale production of PBD-1 because it produced a prominent band
between 6 to 10 kDa on both protein gels and western blots. The His-tagged PBD-1
protein was not detected in YPD broth after 2 to 3 days of growth by P. pastoris before
purification with Ni-NTA agarose, but was detected in the eluates after purification
(Figure 3.10). In the eluates, there was one major band of 6.5 kDa with two minor
additional bands of approximately 6 kDa and 4 kDa. The major band of 6.5 kDa was
found in all purification batches, while the minor bands were not present in all batches
and often not visible in diluted samples.
Two bands at 6.5 kDa and 4 kDa were excised from the protein gel and sent for
identification by liquid chromatography-tandem mass spectrometry (LC MS/MS). LC
MS/MS results were compared to the P. pastoris database as well as the expected PBD-1
protein to validate the protein identity. Both analyzed bands were identified as PBD-1,
and no peptide shared similarity to any P. pastoris peptide. Although, the α-factor signal
peptide appeared to be removed from PBD-1, this process seemed to be happening at a
Kex2 signal cleavage site four amino acids upstream of the expected Ste13 signal
cleavage site (Figure 3.8). These additional four amino acids at the N-terminus increase
the calculated estimate molecular weight of PBD-1 made by P. pastoris to 6.3 kDa and pI
9.42 similar to the visual estimate from the SDS-PAGE gel at 6.5 kDa.
3.6 Antifungal activity of PBD-1
Application of PBD-1 produced by P. pastoris X-33 showed significant inhibition
of C. destructivum N150 growth at the lowest concentration tested, 12.5 µg/mL, and
fungal growth progressively declined with increasing protein concentrations up to 50
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Figure 3.10 Detection of secreted PBD-1 by tricine-SDS-PAGE (top) and western blot
(bottom) during purification. 6xHis PBD-1 protein was collected from growth media
(lane 1) of a P. pastoris clone expressing PBD-1+PBD-1 using Ni-NTA resin. His-tag
protein bound to the Ni-NTA resin while the unbound growth media passed through (lane
2). The resin was washed to remove proteins bound non-specifically (lane 3). Then the
bound proteins were eluted out 4 times (lanes 4-7) and these solutions were collected for
further purification. His-tag antibody was used to detect the presence of 6xHis protein
throughout the collection process. Samples were separated on a 16% acrylamide gel. M
indicates Page Ruler Plus Prestained Protein (top), and the 6xHis Protein Ladder is shown
on lane 8.
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µg/mL, but then changed relatively little from 50 to 200 µg/mL (Figure 3.11A). The
50% effective concentration (EC50) for PBD-1 activity against C. destructivum N150 was
72 µg/mL (Table 3.6). PBD-1 produced by P. pastoris X-33 also showed significant
inhibition of C. orbiculare ATTC 20767 with significant growth reduction first observed
at 25 µg/mL and a lower EC50 value of 22 µg/mL (Figure 3.11B; Table 3.6). Fungal
growth was almost completely inhibited at 100 µg/mL of PBD-1. These measurements
were taken at 40 to 50 h of incubation, but some growth of C. orbiculare ATTC 20767 in
100 µg/mL and 200 µg/mL of protein was later observed at approximately 7 days of
incubation.
3.7 Antibacterial activity of PBD-1
Near 100% lethality of PBD-1 was observed for three strains at concentrations of
300 µg/mL to 500 µg/mL (Figures 3.12A, 3.12B, 3.13A). PBD-1 was most effective
against a gram-positive bacterium, B. subtilis strain GB03 (EC50 = 86 µg/mL ) (Figure
3.13A; Table 3.6) followed by two gram-negative bacteria, P. syringae pv. tomato strain
06T2 (EC50 = 191 µg/mL) and P. syringae pv. tabaci strain 11528R (EC50 = 106 µg/mL)
(Figure 3.12A and 3.12B; Table 3.6).
Other bacteria showed sensitivity to PBD-1 but were never showed near 100%
lethality in the concentrations tested. These were E. coli strain UB1005 (EC50 =
127µg/mL) (Figure 3.14A; Table 3.6) and C. michiganensis subsp. michiganensis (EC50
= 174 µg/mL) (Figure 3.13A; Table 3.6). All EC50 values were calculated based only on
concentrations where a dose response was observed.
There was no effect of PBD-1 in the doses applied to other tested bacteria (Figure
3.14 to 3.17), which included E. carotovora subsp. carotovora (Figure 3.14B),
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Figure 3.11 Antifungal activity of PBD-1 produced by P. pastoris X-33 against C.
destructivum N150 (A) and C. orbiculare ATTC 20767 (B). Fungal spores were
incubated in 200, 100, 50, 25, 12.5 µg/mL of PBD-1 at 25 ºC until the water control
reached the OD595 of 0.2 when all readings were taken, which was 40 to 45 h for C.
destructivum N150 and 48 to 52 h for C. orbiculare ATTC 20767. Standard error bars
were calculated from three replications.
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Table 3.6 Antifungal and antibacterial activity of PBD-1-6xHis produced by P. pastoris
X-33 as determined by 50% effective concentration (EC50).
Species

(EC50) 1 (µg/mL)

C. orbiculare ATTC 20767

22

C. destructivum N150

72

B. subtilis GB03

86

P. syringae pv. tabaci 11528R

106

E. coli UB1005

2

127

C. michiganensis Cmm 2

174

P. syringae pv. tomato 06T2

191

P. aeruginosa K799

No dose response

E. carotovora Ecc

No dose response

K. pneumonia 342

No dose response

P. aeruginosa PA01

No dose response

A. tumefaciens A348

No dose response

P. syringae pv. tabaci ZA Patrick

No dose response

X. axonopodis pv. phaseoli UG18

No dose response

P. chlororaphis B21

No dose response

1

EC50 values were calculated by SAS proc Probit
EC50 values of these bacteria were calculated only from the dose response range
between 0 and 100 µg/mL .

2
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Figure 3.12 Antibacterial activity of PBD-1 produced by P. pastoris X-33 against P.
syringae pv. tomato strain 06T2 (A) P. syringae pv. tabaci strain 11528R (B), and P.
syringae pv. tabaci strain ZA Patrick (C). Bacteria were incubated in 500, 300, 100, 25
µg/mL of PBD-1 for 3 h at 28 ºC before being plated on TSA to determine cell viability.
Standard error bars were calculated from three replications. Note: the average cell counts
of 0 were replaced by 1 to make them valid for a log scale graph.
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Figure 3.13 Antibacterial activity of PBD-1 produced by P. pastoris X-33 against B.
subtilis strain GB03 (A) and against C. michiganensis subsp. michiganensis Cmm (B).
Bacteria were incubated in 500, 300, 100, 25 µg/mL of PBD-1 for 3 h at 28 ºC before
being plated on TSA to determine cell viability. Standard error bars were calculated from
three replications. Note: the average cell counts of 0 were replaced by 1 to make them
valid for a log scale graph.
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Figure 3.14 Antibacterial activity of PBD-1 produced by P. pastoris X-33 against E. coli
strain UB1005 (A) and E. carotovora subsp. carotovora Ecc (B). Bacteria were
incubated in 500, 300, 100, 25 µg/mL of PBD-1 for 3 h at 37 ºC for UB1005 and 28 ºC
for Ecc before being plated on TSA to determine cell viability. Standard error bars were
calculated from three replications.
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Figure 3.15 Antibacterial activity of PBD-1 produced by P. pastoris X-33 against P.
aeruginosa strain K799 (A) and against P. aeruginosa strain PA01 (B). Bacteria were
incubated in 500, 300, 100, 25 µg/mL of PBD-1 for 3 h at 37 ºC for K799 and 28 ºC for
PA01 before being plated on TSA to determine cell viability. Standard error bars were
calculated from three replications.
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Figure 3.16 Antibacterial activity of PBD-1 produced by P. pastoris X-33 against K.
pneumonia strain 342 (A) and against P. chlororaphis strain B21 (B). Bacteria were
incubated in 500, 300, 100, 25 µg/mL of PBD-1 for 3 h at 28 ºC before being plated on
TSA to determine cell viability. Standard error bars were calculated from three
replications.
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Figure 3.17 Antibacterial activity of PBD-1 produced by P. pastoris X-33 against X.
axonopodis pv. phaseoli strain UG18 (A) and against A. tumefaciens strain A348 (B).
Bacteria were incubated in 500, 300, 100, 25 µg/mL of PBD-1 for 3 h at 28 ºC before
being plated on TSA to determine cell viability. Standard error bars were calculated from
three replications.
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P. aeruginosa K799 (Figure 3.15A), K. pneumonia 342 (Figure 3.16A), P. aeruginosa
strain PA01 (Figure 3.15B), P. syringae pv. tabaci strain ZA Patrick (Figure 3.12C), X.
axonopodis pv. phaseoli strain UG18 (Figure 3.17A), A. tumefaciens strain A348 (Figure
3.17B), and P. chlororaphis strain B21 (Figure 3.16B). The lack of lethality to P.
syringae pv. tabaci strain ZA Patrick was unexpected as P. syringae pv. tabaci strain
11528R was affected by PBD-1, indicating that strains within pathovars can vary greatly
in their sensitivity to a defensin.

4. Discussion
Recombinant porcine β-defensin (PBD-1) was previously produced by an
methanol-inducible P. pastoris expression system that was active against the animal
pathogen, S. aureus (Jiang et al., 2006), and by a baculovirus-insect (Trichoplusia ni)
expression system that was active against the animal pathogens, E. coli, S. typhimurium,
L. monocytogenes and C. albicans (Shi et al., 1999). PDB-1 has also been produced by
chemical synthesis showing activity against a human pathogen, B. pertussis (Elahi et al.,
2006). Atnaseo (2003) produced transgenic N. tabacum cv. Xanthi plants containing two
versions of pbd-1, one with the native porcine PBD-1 signal peptide (pbd-1+pbd-1) and
another with the secretion signal peptide and a portion of the negatively charged domain
of the mature PO2 peptide (po2+pbd-1). The PO2 peptide is encoded by an alfalfa plant
pollen-specific gene (Qiu et al., 1997). The T0 transformants containing either construct
appeared to have resistance following infiltration with P. syringae pv. tabaci PBIC4
based on visual disease severity scoring (Atnaseo, 2003). This was the first attempt to
produce PDB-1 in plants and show activity against a plant pathogen. The current study
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aimed to test resistance to P. syringae pv. tabaci as well as two fungal foliar pathogens of
tobacco on T2 homozygous N. tabacum cv. Xanthi plants as they may display higher
levels of resistance due to the additional copies of the pbd-1 transgene. In addition,
recombinant PBD-1 was produced from a P. pastoris expression system to test for in
vitro activity against several animal pathogens, including E. coli, and plant pathogens,
including P. syringae pv. tabaci.
In contrast to the observation that the original T0 plants had some degree of
resistance to P. syringae pv. tabaci PBIC4 based on symptoms, the T2 homozygous
plants showed no evidence of resistance to P. syringae pv. tabaci 11528R based on
mortality rates following dip inoculation. A comparison of the bacterial populations
following infiltration showed that line 24-6 with the po2+pbd-1 construct had equal or
greater populations than the control, but line 12-7 containing the pbd-1+pbd-1 construct
always had lower populations than the control. However, the latter was only significant
at 3 dpi where the population was slightly reduced to 9.63 x 105 CFU/mL in line 12-7
from 1.89 x 106 CFU/mL in the control. Thus, there was a small enhancement of
resistance to P. syringae pv. tabaci 11528R using the pbd-1+pbd-1 construct. For C.
destructivum N150 and C. orbiculare ATTC 20767, the T2 lines showed no enhanced
resistance over the non-transgenic controls.
Although the PCR and RT-PCR results of the T2 plants verified the presence of
pbd-1 and transcripts from it in all T2 lines, PBD-1 protein was not detected by 6xHis
antibodies on western blots of extracts from these plants. The level of transgenic proteins
can be higher in homozygotes than the heterozygotes, but they can also be the same or
lower, possibly in the latter case due to silencing (James et al., 2002; Hobbs et al., 1993).
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However, it is unlikely that the lack of detectable PBD-1 protein was a result of transgene
silencing in homozygous lines since pbd-1 expression was detected at the mRNA level.
Another explanation for the lack of detection of PBD-1 protein may be due to
post-translation events. Breakdown by plant proteases has been reported as a major
obstacle to the production of AMPs in plants (Owens and Heutte, 1997). For example,
mRNA of the animal AMP cecropin B gene was detected in potato (Allefs et al., 1996)
and tobacco (Hightower et al. 1994; Florack et al., 1995), but no cecropin B protein could
be detected by western blots. Similar to this study, transgenic plants with undetectable
levels of cecropin B protein did not show enhanced disease resistance. Incubation of
cecropin B protein in tobacco intercellular fluid led to faster degradation than incubation
in potato or rice intercellular fluid, suggesting that secretions by tobacco cells might
rapidly degrade the AMP and tobacco might not be a suitable plant for expression of
cecropin B (Owens and Heutte, 1997; Sharma et al., 2000). Other studies did not report
AMP protein detection but instead reported antimicrobial activity of the peptides either in
vitro or in planta, thereby indirectly confirming the presence of the transgenic peptides
(Cary et al., 2000; DeGray et al., 2001; Li et al., 2001; and Liu et al., 2001).
Improper processing or folding of PBD-1 in plants could also render the protein
undetectable using antibodies as well as result in a loss of biological activity. Misfolding
of foreign proteins has been reported in many plant expression systems and often leads to
degradation of foreign proteins by plant proteases resulting in low level of protein
accumulation (Doran, 2006). Production of animal protein in plant can also result in
incomplete/incorrect post-translational modification resulting in degradation. For
example, expression of bovine follicle-stimulating hormone in N. benthamiana resulted
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in a protein with much lower biological activity than the native form of the protein when
tested in mice, which believed to be due to rapid clearance of the hormone from the
system as a result of incorrect post-translational modification rather than altered affinity
toward a receptor (Dirnberger et al., 2001).
Two strategies were adopted for expressing pbd-1 in plants, both of which
contained the codon-modified version of pbd-1 encoding the mature peptide. The first
strategy was to mimic the secretion of the peptide into the extracellular space of the pig
intestinal tissue by using the native porcine signal peptide. For this construct, the 20 AA
PBD-1 signal sequence and 6 AA PBD-1 propeptide were fused with the codon-modified
PBD-1 mature peptide. However, the porcine signal peptide may not be recognized by
plants and so might not be secreted or the mature peptide incorrectly processed. Florack
et al. (1995) showed that fusing cecropin B with the signal peptide of the barley thionin
gene improved its expression in tobacco compared to using cecropin B native signal
peptide from the giant silkmoth. Therefore, a second strategy was adopted where the
PBD-1 signal sequence and PBD-1 propeptide sequences were replaced, and the codonmodified PBD-1 mature peptide sequence was fused to a sequence from the secreted
alfalfa pollen protein, PO2, that included both a 20 AA signal peptide as well as the first
56 AA of PO2 mature peptide. It was expected that this fusion would enhance the
secretion and stability of mature PBD-1 in the extracellular environment of the plant.
Okamoto et al. (1998) showed that fusion of flesh fly AMP, sarcotoxin IA, to GUS
yielded higher production of sarcotoxin IA in tobacco than expression without GUS
fusion, and Hondred et al. (1999) found that fusion of ubiquitin to reporter proteins, such
as GUS and LUC, enhanced their production in tobacco.

142

Although PBD-1 protein could not be detected in the transgenic plants carrying
either construct, the pbd-1+pbd-1 construct was somewhat better in limiting growth of P.
syringae pv. tabaci 11528R. The pbd-1+pbd-1approach being more effective is
supported by the expression of these two constructs in yeast, where PBD-1 protein was
detected with the pbd-1+pbd-1 construct, but not with po2+pbd-1 construct.
Although several invertebrate AMPs, including heliomicin and drosomycin, have
been expressed in plants (Table 1.1), thus far, only two vertebrate defensin genes have
been reported to be expressed in plants, namely the rabbit α-defensin (NP-1) (Fu et al.,
1998; Zhao et al.,1999; Zhang et al., 2000) and human β-defensin 2 (hBD-2) (Aerts et al.,
2007). NP-1 was expressed in tobacco and provided a slight increase in resistance
against wilt disease caused by Ralstonia solanacearum, although the level of protein
produced was not reported (Fu et al., 1998). NP-1 was also expressed in poplar and
tomato, and the plant extract from tomato expressing NP-1 had in vitro activity against E.
coli and Fusarium oxysporum (Zhang et al., 2000), while protein extract from poplar was
also reported to have in vitro antimicrobial activity against B. subtilis and A. tumefaciens
(Zhao et al., 1999). For hBD-1, the mature peptide was fused with the N-terminus signal
peptide sequence of the dahlia defensin defensin (DmAMP1) for secretion and then
expressed constitutively in A. thaliana under the control of the CaMV35S promoter. To
boost expression, the whole construct was also placed between a Matrix Attachment
Region (MAR) sequence of the chicken lysozyme gene, and the sgs2 mutant of A.
thaliana, which is deficient in post transcriptional gene silencing, was used (Aerts et al.,
2007). With this combination of strategies, termed as the PTGS-MAR expression
system, the level of hBD-2 was between 0.05 to 0.65% of total soluble protein in leaves,
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and the level of increased resistance to B. cinerea corresponded to the level of hBD-2
expression. Although this level of AMP expression is relatively high compared to most
animal AMPs expressed in plants (Table 1.1), it is still far below those reported for other
transgenes expressed with the PTGS-MAR expression system. In A. thaliana, the PTGSMAR expression system yielded the plant defensin, PDF1.3, at 2.86% of the total soluble
protein (Sels et al., 2007) and the GUS protein at 10 % of the total soluble protein
(Butaye et al., 2004). This suggests that there are possibly inherent difficulties in
achieving high levels of expression of animal defensin proteins in plants.
If 0.65% of total soluble protein reported by Aerts et al. (2007) is the maximum
possible yield for a vertebrate defensin in plants, then it appears unlikely that plants can
be used to deliver therapeutic proteins, such as vertebrate defensins, to livestock animals,
either in extracts or intact plant material. It has been proposed that a minimum
accumulation of 1% of total soluble protein is required for a therapeutic protein to be
commercially practical for purification from transgenic plants (Kusnadi et al., 1997).
More changes in construct engineering and host plant selection may be required to reach
that level.
As transgenic tobacco plants did not provide adequate amounts of PBD-1 for in
vitro tests against a broad range of microbes, an alternative expression system involving
P. pastoris was utilized. PBD-1 was produced in P. pastoris with a pGAPZα vector
system (Invitrogen), which is a constitutive expression system controlled by the promoter
of the glyceraldehyde-3-phosphate dehydrogenase (GAP) gene and terminator of the
alcohol oxidase 1 (AOX) gene, both from P. pastoris. Unlike the plant expression
constructs, the P. pastoris constructs did not contain either the PO2 or native PBD-1
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signal peptide as they were replaced by the α-factor secretion peptide from S. cerevisiae
within the pGAPZα vector. The α-factor secretion peptide sequence was fused with
either the first 56 AA of the PO2 mature peptide followed by the codon-modified 38 AA
of the PBD-1 mature peptide, known as the po2+pbd-1 construct, or fused with 6 AA
native PBD-1 propeptide followed by the codon-modified 38 AA of the PBD-1 mature
peptide, known as the pbd-1+pbd-1 construct.
Despite the presence of pbd-1 in all selected P. pastoris cells transformed with the
po2+pbd-1 construct, no fusion protein was detected in the growth media of these cells
before or after purification with Ni-NTA agarose. It is possible that the fusion protein
was not being produced or secreted by P. pastoris as the presence of the PO2 sequence
might prevent P. pastoris from recognizing and processing the signal peptide. However,
the possible presence of PO2+PBD-1 retained inside the P. pastoris cells was not
investigated in this work. Additionally, lack of detection of the PO2+PBD-1 fusion
protein might be due to mis-folding of the protein in such a way that the 6xhis site that
had been added to the C-terminus was inaccessible for purification with Ni-NTA agarose
and detection with the 6xhis-tag antibody.
In contrast, the pbd-1+pbd-1 construct resulted in the protein being produced and
secreted by P. pastoris into the growth media. Secreted PBD-1+PBD-1 protein was not
detected in the growth media prior to purification with Ni-NTA agarose suggesting that
level of protein production was below the detection limit of 0.67 μg/mL. After
purification with Ni-NTA agarose, the 6xhis-tagged protein was detected both on silver
stained protein gels and by western blot. As multiple bands were detected with the 6xhistag antibody, it is likely that P. pastoris produced or processed PBD-1 in different forms.

145

Identification of the two prominent bands at 6.5 kDa and 4 kDa showed that both bands
contained the expected PBD-1 sequence and did not share a significant a match with any
P. pastoris protein. The less abundant 4 kDa band may be a shorter version of PBD-1
without the N-terminal PBD-1 prosequence as the LC MS/MS data of this fragment gave
no match to the region beyond the mature peptide at the N-terminus. The LC MS/MS
data suggested that the more abundant 6.5 kDa band may be a version of PBD-1 where
the yeast α-factor signal peptide was cleaved at the Kex2 site rather than the Ste13
cleavage site as expected. Cleavage at the Kex2 site would result in 12 additional AAs at
the N-terminus of the mature peptide with 6 of extra AAs from the expression vector
followed by 6 AAs of the PBD-1 prosequence. Including the 6xhis tag, this fusion
protein would have a theoretical molecular weight of 6.3 kDa and a pI 9.42, which is in
agreement with the visual estimation from the SDS-PAGE gel of 6.5 kDa.
PBD-1 produced by baculovirus-infected T. ni cell line expression system yielded
two forms of PBD-1 with the shorter one containing the mature peptide of PBD-1 and the
longer one containing an additional 4 out of the total 6 AAs of the native porcine
prosequence as determined by N-terminus peptide sequencing (Shi et al., 1999). These 4
additional AA at the N-terminus would match the last 4 of the 12 extra AAs at the Nterminus in our 6.5 kDa P. pastoris produced PBD-1. Thus, both a mature peptide and a
mature peptide with addtional AAs at the N-terminus were produced in two very different
constitutive expression systems, T. ni cell lines and P. pastoris. However, in the case of
the methanol-inducible P. pastoris expression system, a 4.5-kDa protein was observed,
which would contain the last 4 AA of the prosequence based on the design of the
expression vector (Jiang et al., 2006). Therefore, there would be an extra 8 AA added to

146

the N-terminus if the signal peptide was cleaved at the correct site, but this is an estimate
as LC MS/MS analysis was not reported and so the actual AA sequence is not known.
PBD-1 produced by P. pastoris inhibited growth of E. coli UB1005 by 98% at
100 μg/mL. By comparison, both the longer and shorter forms of PBD-1 produced by the
baculovirus-T. ni expression system inhibited growth of E. coli ATCC 35218 by 100% at
40 μg/mL (Shi et al., 1999). A chemically synthesized PBD-1 was reported to inhibit
growth of E. coli JG280 at a compatible level as that of Shi et al. (1999), but the results
and concentrations were not reported (Elahi et al., 2006).
The lower activity of PBD-1 produced by P. pastoris compared to the chemically
synthesized PBD-1 or PBD-1 from the baculovirus-T. ni expression system could be due
to several factors. Purification of the material in this study was done by Ni-NTA agarose,
desalting and sterile filtration, and there were at least 10 bands visible on the gel and
three to four bands were stained in western blot suggesting that not all bands present in
the gel contain PBD-1 or they would be visible on western blot using anti-his antibody,
although these other bands were at a very low concentration compared to the two bands
that was verified to contained PBD-1 by LC MS/MS. These other materials would lower
the level of purity of PDB-1 and affect the concentration that was based on a total protein
determination. Another factor is that different strains of E. coli were used in the different
reports, E. coli UB1005 (this report), E. coli ATCC 35218 (Shi et al., 1999) and E. coli
JG280 (Elahi et al., 2006), and they could have different sensitivities to PDB-1.
Differences among bacterial strains to sensitivity to β-defensin have been reported
for the human β-defensins, hBD-2 and hBD-3 (Joly et al., 2004). The assay method may
also have been a factor. The activity of PBD-1 is greatly affected by the pH with greater
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activity at higher pH up to pH 8.5, which was the highest tested. The activity of PBD-1
was also affected by salt concentration with activity becoming dramatically reduced as
NaCl concentration increased up to 50 to100 mM (Shi et al., 1999). The assay conditions
for this study and Shi et al. (1999) both used 10 mM sodium phosphate at pH 7.4, but for
our assay, 0.1% of TSB was also added because the bacteria did not grow well without
nutrients included. The TSB would have increased the salt concentration reducing
activity, but TSB did not significantly affect the pH (data not shown). Finally, activity
was detected using a combination of the longer and shorter forms of PBD-1, and it is
unknown if the additional 12 AAs attached to the mature PBD-1 may have had an effect
on activity. Of the two forms of PBD-1 produced by the baculovirus-T. ni expression
system, the longer form with the 4 AAs of native porcine prosequence was 30% more
active against L. monocytogenes than the shorter one, but a difference between those
forms of PBD-1 was not observed for E.coli (Shi et al., 1999). This was not determined
in this study, and therefore, it is unknown whether the additional of 8 AA at the Nterminus increased or decreased antimicrobial activity.
Although different forms of PBD-1 were synthesized (this report, Shi et al., 1999;
Elahi et al., 2006), they were all able to inhibit the growth of E. coli. This indicates that
PBD-1 can tolerate some additional AAs (part of the propeptide at the N-terminus and
6xhis tag at the C-terminus) without losing activity, and the PBD-1 produced by P.
pastoris expression system has comparable activity to earlier reported activity of PBD-1
extracted from T. ni expression system (Shi et al., 1999). Despite the limitations, these
studies show that PBD-1 can be produced by several different expression systems, and
retain antimicrobial activity.
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In addition to activity against the gram-negative bacterium, E. coli, PBD-1 also
has activity against gram-positive bacteria, L. monocytogenes EGD with approximately
92% and 62% growth inhibition with the long and short versions of PBD-1, respectively
(Shi et al., 1999). Elahi et al. (2006) tested chemically synthesized PBD-1 against two
gram-positive animal pathogens, B. pertussis and B. bronchiseptica, but only B. pertussis
was sensitive to PBD-1 with 100% growth inhibition at 5 μg/mL. With the methanolinducible P. pastoris expression system, unpurified PBD-1 obtained from the culture
supernatant showed an unspecified level of growth inhibition of the gram-positive
bacterium, S. aureus (Jiang et al., 2006).
In this study, P. pastoris produced PBD-1 showed a wide range of antimicrobial
activity against plant and animal bacterial pathogens. The most susceptible bacteria were
P. syringae pv. tabaci strain 11528R, P. syringae pv. tomato strain 06T2 and B. subtilis
strain GB03, which were completely inhibited by PBD-1. The growth of E. carotovora
subsp. carotovora, P. aeruginosa K799, K. pneumonia 342 and C. michiganensis subsp.
michiganensis were inhibited similarly to that of E. coli, while P. aeruginosa strain
PA01, P. syringae pv. tabaci strain ZA Patrick, X. axonopodis pv. phaseoli strain UG18,
A. tumefaciens strain A348, and P. chlororaphis strain B21, were not susceptible to PBD1. Thus, there was variation in sensitivity between bacterial genera (e.g., Pseudomonas
versus Xanthomonas), between species with a genus (e.g., P. chlororaphis versus P.
aeruginosa), between subspecies within a species (e.g., P. syringae pv. tabaci strain ZA
Patrick versus P. syringae pv. tomato) and between strains of the same pathovar (e.g. P.
syringae pv. tabaci strain ZA Patrick versus P. syringae pv. tabaci strain 11528R).
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In addition to antibacterial activity, PBD-1 was also reported to have in vitro
antifungal activity. The long version of the baculovirus-T. ni produced PBD-1
completely inhibited C. albicans at 40 μg/mL, but that was the only concentration tested
and therefore it is possible that C. albicans is sensitive to PBD-1 at a lower concentration
(Shi et al., 1999). The short version of PBD-1 was not tested against C. albicans. There
are no other reports of antifungal activity of PBD-1, except for this study showing that
PBD-1 had activity against two filamentous fungal plant pathogens, C. destructivum
N150 and C. orbiculare ATTC 20767 with C. orbiculare ATTC 20767 being much more
sensitive.
The current study, Shi et al. (1999), Elahi et al. (2006) and Jiang et al. (2006) all
indicated that transgenic PBD-1, regardless of the production system, can display a broad
range of antibacterial and antifungal activity against animal and plant pathogens.
However, the level of sensitivity to PBD-1 may vary considerably. The antimicrobial
activity of AMPs, including β-defensins, is believed to be due to disruption of microbial
membranes by taking advantage of the interaction between the positively charged AMPs
with negatively charged microbial phospholipid membranes (Ganz, 2003a). Microbial
pathogens can develop resistance to AMPs through modification of their membranes by
reducing the negative charge (Ganz, 2001). Elahi et al. (2006) suggested that the lack of
activity of PBD-1 against the pig pathogen B. bronchiseptica was because its membranes
had adapted to become resistant to PBD-1. On the other hand, B. pertussis was sensitive
to PBD-1 because it is an obligate human pathogen, and so its membranes have not coevolved with pigs as a host. However, different oral bacteria and fungi that would have
co-evolved with humans displayed different degrees of sensitivity to the human β-
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defensins, hBD-2 and hBD-3, even at strain level (Joly et al., 2004). In our case, PBD-1sensitive or -resistant plant pathogens are not known to infect pigs, and so co-evolution
with pigs cannot be an explanation. This suggests that microbes in the environment
naturally have a range of membrane components that are affected differently by PBD-1,
even within a single bacterial subspecies. In addition to modification of membrane
components, microbes may also become resistant to AMPs by production of extracellular
proteases to breakdown AMPs (Devine et al., 1999). Thus, the different levels of
sensitivity to PBD-1 could also be due to secretion of various proteases. Regardless of
the source of resistance, the variable degree of sensitivity of microbes to a particular
AMP makes the use of AMPs for treatment of broad spectrum disease questionable
because there may be selection for resistant species or resistant strains of the same
species. The same concern also applies about using AMPs for production of disease
resistant plant against broad spectrum of pathogens.
Although PBD-1 produced by P. pastoris exhibited strong activity against the two
fungal pathogens, C. destructivum N150 and C. orbiculare ATTC 20767, and the
bacterial pathogen P. syringae pv. tabaci strain 11528R, transgenic tobacco plants
expressing PBD-1 showed little to no increased resistance to these pathogens compared
to the control plants. This may be explained by differences in the conditions when the
microbes are exposed to PBD-1 in the in vitro system compared to the conditions in the
apoplast of tobacco, such as the presence of proteases, pH or salt (Shi et al., 1999), which
might reduce or eliminate PBD-1 activity. Such an assumption might not apply for all βdefensins as Aerts et al. (2007) reported biological activity for hBD-1 in A. thaliana
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leaves against B. cinerea, suggesting that at least for hBD-1 could survive and be active
in the apoplast.
Another hypothesis for the failure of the transgenic tobacco plants to show
increased resistance is that PBD-1 accumulation in the apoplast was too low to be active
against these pathogens. This is supported by the lack of detection of PBD-1 in extracts
from the transgenic plants. Based on numerous extractions of soluble proteins from
tobacco leaves in these experiments, it is estimated that 1 mL of liquid leaf material
contains approximately 8000 μg of total soluble protein. If the antifungal activity of
PBD-1 was first significant in the in vitro test at 25 μg/mL, then the equivalent volume of
leaf tissue containing 8,000 μg of soluble protein would be 0.31% of the total soluble
protein to contain 25 μg of PBD-1. Similarly, the activity of PBD-1 against P. syringae
pv. tabaci strain 11528R was first significant in the in vitro test at 100 μg/mL, and so the
equivalent volume of leaf tissue containing 8,000 μg of soluble protein would be 1.25%
of the total soluble protein to contain 100 μg of PBD-1. As western blots of extracts from
plants containing the pbd-1 constructs did not show any PBD-1 protein, then one can
assume that the concentration of PBD-1 was below the detection limit of 0.03-0.01%
total soluble protein. Thus, no activity in planta should be expected. However, if a
method could be employed to increase the expression levels in tobacco, then the in vitro
inhibition results of pbd-1 expressed from P. pastoris shows that PBD-1 could be
effective against a broad range of microbes including plant pathogens. Therefore to make
use of PBD-1 to improve plant disease resistance, strategies to greatly enhance
expression of this gene will need to be employed, even beyond strategies like the PTGSMAR expression system (Sels et al., 2007).
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Chapter 4. Transgenic expression of tobacco defensin 1 (Ntdef1) in Nicotiana
tabacum and Pichia pastoris and its antimicrobial activity
1. Introduction
Plant defensins are a class of AMPs that have structural similarities to mammal
and insect defensins (Terras et al., 1995). They are small cysteine-rich peptides of about
45-54 amino acids, and despite sharing very little amino acid homology, all plant
defensins have four conserved intramolecular disulphide bonds (Epple et al., 1997a;
Garcia-Olmedo et al., 1998). Within a plant genome, defensins are encoded by gene
families. For example, the Nicotiana tabacum and Arabidopsis thaliana Gene Indices
(http://compbio.dfci.harvard.edu/tgi/; accessed July 2011) list 12 and 14 sequences,
respectively, annotated as encoding for defensin or defensin-like proteins. Most plant
defensins appear to have a role in innate immunity, a basic defense mechanism that is
present in all kinds of organisms (Thomma et al., 2002; Nürnberger et al., 2004).
Some defensins act as inhibitors of insect α-amylases (Zhang et al., 1997) and
bovine proteases (Wijaya et al., 2000) that could have roles in protection against
herbivorous animals. Other defensins are inhibitors of plant, animal and microbial
protein translation (Mendez et al, 1990; Mendez et al, 1996), which could have roles in
defense against animal pests or microbial pathogens (Stotz et al., 2009b). In addition
some defensins can inhibit plant root growth, which could have roles in regulation of
plant growth and development (Allen et al., 2008; Stotz et al., 2009b). Finally, some
plant defensins may act as an ion channel blockers in mammals, such as a rat pituitary
epithelial-like tumour cell line, GH3 (Kushmerick et al., 1998). This diversity underlines
how limited our knowledge is about plant defensins.
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Plant defensins are active against a broad range of fungi, and a few are active
against bacteria (Broekaert et al., 1997; Thomma et al., 2002). For example, a radish
defensin (RsAFP2) is active against the fungus, Fusarium culmorum (Terras et al., 1992),
while a Clitoria ternatea defensin (CtAMP1) is active against the bacterium, Bacillus
subtilis (Osborn et al., 1995). In addition, some plant defensins, such as RsAFP2 and
dahlia defensin (DmAMP1) can be active against fungal pathogens of animals, such as
Candida spp. and Aspergillus spp. (Thevissen et al., 2007). Unlike animal defensins,
plant defensins do not interact with membrane phospholipids directly (Stotz et al.,
2009b). Although not well understood, the antifungal activity of plant defensins is
believed to be due to the interaction of the defensin protein with a specific receptor on
fungal membrane components, such as sphingolipids (Trevissen et al., 2003) or
glucosylceramides (Trevissen et al., 2004) leading to membrane permeabilization and
inhibition of fungal growth.
With such a broad range of antimicrobial activities, plant defensins are good
candidates for the development of transgenic disease resistant plants and molecular
farming of antimicrobial peptides against animal pathogens. Transgenic plants
expressing ectopic plant defensin genes have been generated in different plant species
(Table 1.2) including tobacco with increased resistance to Alternaria longipes (Terras et
al., 1995), Phytophthora parasitica and Peronospora hyoscyami (Portieles et al., 2010),
rice with increased resistance to Magnaporthe grisea (Kanzaki et al., 2002), canola with
increased resistance to Leptosphaeria maculans (Wang et al., 1999), potato with
increased resistance to Verticillium dahliae (Gao et al., 2000), melon to F. oxysporum
and A. solani (Ntui et al., 2010) and tomato to F. oxysporum (Abdallah et al., 2010).
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Thus far no plant defensin has been reported to be used in molecular farming, but there
are reports suggesting plant defensins could be used in mammals because of their antifungal activity (Thomma et al., 2003; Thevissen et al., 2007).
Atnaseo (2003) identified three defensin genes from N. tabacum cv. Xanthi by
PCR of genomic DNA using primers designed from known defensin sequences from
plants in the Solanaceae. One of these is N. tabacum defensin 1 (Ntdef1) that has an
identical amino acid sequence to thionin-like protein (TLP) of N. tabacum (GenBank
accession number AB034956; DFCI Gene ID NP917113) (Takemoto and Kawakita,
1999, direct submission). The only information provided about its expression, function or
antimicrobial activity is that the GenBank accession states that it was inducible by a
fungal elicitor, which implies a role in defense.
Atnaseo (2003) overexpressed Ntdef1 in N. tabacum cv. Xanthi using a
pCAMBIA1301 binary vector (Center for the Application of Molecular Biology to
International Agriculture, Canberra, AUS) with the CaMV enhanced 35S promoter and
35S terminator to give constitutive expression. Expression of Ntdef1 could be detected in
transformed plants, but Ntdef1 protein was not detected by western blots probing for a
polyhistidine tag that had been added to the 3’ end of Ntdef1. Transgenic T0 tobacco
appeared to have enhanced resistance against Pseudomonas syringae pv. tabaci based on
reduced severity of visual disease symptoms (Atnaseo, 2003).
To advance the work of Atnaseo (2003), homozygous progeny were generated
from T0 Ntdef1–transformed plants to test for increased disease resistance, and the
presence of Ntdef1 protein was tested using the polyhistidine tag. In addition, the protein
was expressed in a Pichia pastoris expression system (Invitrogen). P. pastoris has been
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used for the synthesis of different plant defensins, such as corn defensin (Kant et al.,
2009) and peach defensin (Wisniewski et al., 2003). Ntdef1 protein extracts from P.
pastoris were used to test the biological activity of the Ntdef1 protein against various
microbial pathogens, including those that affect animal health.

2. Materials and methods
2.1 Generation of transgenic plants homozygous for constitutive expression of
Ntdef1
Nicotiana tabacum cv. Xanthi plants transformed with Ntdef1 were previously
generated by Atnaseo (2003) (Figure 4.1). Five T0 plants were selected on the basis of a
preliminary screen for resistance to P. syringae pv. tabaci strain PBIC4 (Atnaseo, 2003).
Selection of the homozygous lines was performed as per Chapter 3 except that the
antibiotic used for selection was 30 µg/mL of hygromycin. Analyses of the selected T2
lines by PCR, RT-PCR and Western blot were also performed as described in Chapter 3.
Preparation of the homozygous T2 seedlings was as described in Chapter 3.
2.2 GUS assay
Five T2 lines were tested for transgene expression. The expression cassette
containing Ntdef1 had been inserted between Hind III and EcoRI sites of pCAMBIA1301
(Center for the Application of Molecular Biology to International Agriculture, Canberra,
AUS, Figure 4.1A). As the pCAMBIA1301 binary vector also containes a gus gene on a
separate expression cassette, gus expression was assayed using this co-transformed gene.
Leaf discs obtained from transformed and control plants grown in the greenhouse were
incubated in 1 mL GUS assay buffer (10 mM EDTA, 100 mM NaH2PO4·H2O, 0.5 mM
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Figure 4.1 Construction of the expression cassette of Ntdef1 gene for expression in N.
tabacum cv. Xanthi. A. Components of the expression cassette of Ntdef1 gene construct
and location of primers are indicated by arrows. This vector was used as a template for
amplification of the Ntdef1 expression in P. pastoris X-33. The 6xH indicates the six
histidine tag fused to the end of the mature peptide. B. The DNA and amino acid
sequences of the Ntdef1 gene. Restriction sites are in bold letters, underlined amino acid
sequence represents putative NTDef1 signal peptide, amino acid sequence with bold
letters represents the putative NTDef1 mature peptide, DNA sequence with upper case
letters represent exon, and DNA sequence with lower case letters represents intron.
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K3Fe(CN)6, 0.5 mM K4Fe(CN)6·3H2O, 0.4 mg/mL X-glucuronide (Labscientific,
Livingston, NJ) at 37°C for 3 days (Jefferson, 1987). Leaf discs were then incubated
with 95% ethanol to remove green pigment for 1 to 2 days after which the fresh 95%
ethanol was removed and replaced, and the process was repeated until all green pigment
was removed. The leaf discs were then observed for the blue colour that is characteristic
of gus gene expression.
2.3 Detection of Ntdef1 DNA, RNA and encoded protein in homozygous T2 lines
Genomic DNA was extracted according to Edwards et al. (1991). PCR using
genomic DNA from homozygous T2 lines was performed with a sense primer NtDef1Fo
(5’- GCATTGCTTGTCACGGCT -3’) from Ntdef1 and an antisense primer 19-3 (5’CAACACATGAGCGAAACCC-3’) from the CaMV35S terminator, which gave a 1262
bp product. PCR was done in a 20 μL reaction containing of 500 ng genomic DNA, 0.8
units of Taq DNA polymerase (New England BioLabs), 1xThermoPol Reaction Buffer
with 2 mM MgSO4 (New England BioLabs), 0.2 mM dNTPs (Promega), and 0.2 μM of
each primer. All PCRs were done with a Tpersonal thermocycler (Biometra) with the lid
temperature set at 104°C, and the PCR products were separated in 1% agarose TAE gels.
Following RNA extraction and cDNA synthesis as described in Chapter 3, RTPCR was performed with a sense primer JapanFo (5’TCTAGAGACGCCGAAATGGCAAACTCC -3’) from Ntdef1and the antisense primer
19-3 from the CaMV35S terminator, which gave a 365 bp product. Each 20 μL PCR
reaction consisted of 250 ng of cDNA, 0.8 units of Taq DNA Polymerase (New England
BioLabs), 1 mM MgCl2, 0.2 mM dNTPs (Promega) and 0.2 µM of each primer in 1x
PCR buffer (Invitrogen). A denaturing step of 95°C for 2 min, followed by 30 cycles of
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95°C for 15 s, 55°C for 30 s, 72°C for 30 s, and a final elongation step at 72°C for 5 min
was used. Protein extraction from the homozygous T2 lines as well as western blot
analysis was performed using antibody against Histidine tag as described previously
(Chapter 3).
2.4 Bacterial inoculations
Inoculations of T2 plants potentially expressing Ntdef1 with P. syringae pv. tabaci
was performed as described in Chapter 3. For dip inoculation, 3-leaf stage T2 seedlings
were submerged in a suspension of 1.2 x 108 CFU/mL of P. syringae pv. tabaci isolate
11528R in water with 0.02% Silwet L-77 (Witco Corp.) for 5 min before being
transferred to soil and evaluated weekly for survival rate. For leaf infiltration, the first
fully mature leaf of a 6 week-old T2 plants was infiltrated with 1.2 x 104 CFU/mL of P.
syringae pv. tabaci 11528R in 10 mM sodium phosphate buffer pH 7 according to the
method of DeGray et al. (2001). The number of bacteria inside the infiltrated area was
estimated daily by excising two leaf discs (1.27 cm2) from two infiltrated plants and
homogenizing in 300 μL 10 mM MgCl2 in the 1.5 mL microfuge tube. Then, 5 mL of 10
mM sodium phosphate buffer pH 7 was added to the homogenate before 10-fold serial
dilutions to a dilution of 1:1000 using the same buffer. 100 μL of each dilution was
plated on King’s B media (King et al., 1954) and incubated at 28°C overnight before
counts were taken from plates that yielded 30 to 300 CFU. Two plants were used per
time point per experiment and the experiment was repeated five times.
2.5 Fungal inoculations
Inoculations of T2 plants expressing Ntdef1 with C. destructivum or C. orbiculare
was performed as described in Chapter 3. Briefly, C. destructivum strain N150 and C.
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orbiculare strain ATTC 20767 were grown on SYAS medium (Manandhar et al., 1986)
for 10 to 14 days in constant fluorescent light to produce spores. Spore suspensions were
adjusted to 5 x 104 spores/mL C. destructivum strain N150, and 1 x 105 spores/mL for C.
orbiculare strain ATTC 20767. Spore suspension was sprayed on the 5 to 6 weeks old
seedlings using an air pressure sprayer, and then incubated under high humidity in the
dark for 72 h. The number of lesions was counted on the two first fully expanded leaves
from each plant, and two plants were used for each line. Leaf area was measured by a LI3100 area meter (Li-Cor Inc.), and the number of lesions/cm2 was calcuated. The
experiment was repeated 3 to 6 times.
2.6 Construction of Pichia pastoris expression vectors
Two constructs of Ntdef1 were created for expression in P. pastoris. Both utilized
the Saccharomyces cerevisiae α-factor secretion sequence contained in the pGAPZα A
vector (Invitrogen) for secretion from P. pastoris. The first construct (designated Ntdef16xHis) contained the S. cerevisiae α-factor secretion peptide sequence fused in-frame
with the sequence of the first codon of the Ntdef1 mature peptide (Arg32), where the last
codon of the mature Ntdef1 peptide (Cys78) was immediately followed by the sequence
for a 6xHis tag (Figure 4.2). This construct was designed to produce the same protein as
those produced in the transgenic plant. To make this construct, the mature peptide
sequence of Ntdef1 was amplified from the plasmid that had been used to transform N.
tabacum cv. Xanthi (Figure 4.1) using the sense primer (Nt1PiFo) 5’GAATTCAGAACTTGTGAGTCCCAGAGC-3’ located in the 5’ end of Ntdef1 mature
peptide sequence and an antisense primer (Nt1PiRe1) 5’TCTAGATTAGTGATGGTGATGATGGTG-3’ located in the 6xHis-tag region. The
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A.
NT1PiFo
pGAPFo

EcoR I
α factor signal peptide

NtDef1‐mature peptide

Xba I
6xHis
AOX1Re
Nt1PiRe1

B.
1
1

pGAPFo
GTCCCTATTT CAATCAATTG AACAACTATT TCGAAACGAT GAGATTTCCT TCAATTTTTA
M R F P
S I F

61
8

CTGCTGTTTT ATTCGCAGCA TCCTCCGCAT TAGCTGCTCC AGTCAACACT ACAACAGAAG
T A V
L F A A
S S A
L A A
P V N T
T T E

121
28

ATGAAACGGC ACAAATTCCG GCTGAAGCTG TCATCGGTTA CTCAGATTTA GAAGGGGATT
D E T
A Q I P
A E A
V I G
Y S D L
E G D

181
48

TCGATGTTGC TGTTTTGCCA TTTTCCAACA GCACAAATAA CGGGTTATTG TTTATAAATA
F D V
A V L P
F S N
S T N
N G L L
F I N

241
68

CTACTATTGC CAGCATTGCT GCTAAAGAAG AAGGGGTATC TCTCGAGAAA AGAGAGGCTG
T T I
A S I A
A K E
E G V
S L E K
R E A
Kex2 cleavage site
EcoR I
Nt1PiFo
301 AAGCTGAATT CAGAACTTGT GAGTCCCAGA GCCACCGTTT CAAGGGACCA TGCTCAAGAG
88
E A E
F R T C
E S Q
S H R
F K G P
C S R
Ste13 cleavage sites
361
108
421
128

ATAGCAACTG TGCCACCGTT TGTCTGACCG AAGGATTTTC CGGTGGCGAC TGCCGTGGAT
D S N
C A T V
C L T
E G F
S G G D
C R G
Nt1PiRe1
Xba I
TCCGCCGCCG TTGTTTCTGT ACCAGGCCTT GCCACCATCA TCACCATCAC TAATCTAGAA
F R R
R C F C
T R P
C H H
H H H
H -

481
541

CAAAAACTCA TCTCAGAAGA GGATCTGAAT AGCGCCGTCG ACCATCATCA TCATCATCAT
TGAGTTTTAG CCTTAGACAT GACTGTTCCT CAGTTCAAGT TGGGCACTTA CGAGAAGACC

601

AOX1Reverse primer site
GGTCTTGCTA GATTCTAATC AAGAGGATGT CAGAATGCCA TTTGC

Figure 4.2 Plasmid construct for tobacco defensin 1 (Ntdef1-6xHis) expression in P.
pastoris X-33. A. Components of the Ntdef1-6xHis construct and location of primers.
Sequence for Ntdef1 prosequence and mature peptide were amplified from the existing
binary vector used for tobacco transformation using Nt1PiFo and Nt1PiRe1 primers,
which contained EcoRI and Xba I sites to accommodate insertion into pGAPZα
expression vector in frame with the α-factor signal peptide. B. The DNA and amino acid
sequences of the Ntdef1-6xHis construct. Restriction sites are in bold letters, underlined
DNA sequences are primer sites. Amino acid sequence in bold letters is the putative
NtDef1-6xHis peptide. Arrows indicate possible signal peptide cleavage sites.
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underlined sequences in primers Nt1PiFo and Nt1PiRe1 indicate EcoRI and XbaI
restriction sites, respectively. Ntdef1 contains a single intron located within the signal
peptide sequence at the sequence for the Glu22 codon (Atnaseo, 2003) (Figure 4.1).
Therefore, the DNA sequence for the putative mature peptide does not contain the intron,
and processing of the intron by P. pastoris is not a concern.
The second construct (designated Ntdef1-en-myc-6xHis) was identical to the
Ntdef1-6xHis construct, except that the codon for Cys78 was immediately followed by
sequences for an enterokinase cleavage site, a myc epitope and a 6XHis tag (Figure 4.3).
The enterokinase cleavage site between the Ntdef1 mature peptide and the two tags
allowed for cleavage of the tags if required (Figure 4.3). To make this construct, the
nucleotide sequence of the mature Ntdef1 peptide was amplified from the plasmid that
had been used to transform N. tabacum cv. Xanthi (Figure 4.1) using the sense primer
(Nt1PiFo) located in the 5’ end of the Ntdef1 mature peptide sequence and an antisense
primer (Nt1PiRe1-EN) 5’GGGCCCTCTAGAGCCTTATCATCATCATCGCAAGGCCTGGTACAGAAAC -3’
located at the 3’ end of the Ntdef1 mature peptide sequence. The underlined sequence
indicates an XbaI restriction site, and the italicized sequence indicates an enterokinase
cleavage site incorporated into the primer. The primers were designed so that the myc
epitope tag and 6xHis tag located after the enterokinase cleavage site would be in frame
as these tags were features already present on the pGAPZα A vector.
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A.
NT1PiFo
pGAPFo

EcoR I
α factor signal peptide

enterokinase cleavage site
Xba I

NtDef1‐mature peptide

myc

6xHis
AOX1Re

Nt1PiReEN

B.
1
1

pGAPFo
GTCCCTATTT CAATCAATTG AACAACTATT TCGAAACGAT GAGATTTCCT TCAATTTTTA
M R F P
S I F

61
8

CTGCTGTTTT ATTCGCAGCA TCCTCCGCAT TAGCTGCTCC AGTCAACACT ACAACAGAAG
T A V
L F A A
S S A
L A A
P V N T
T T E

121
28

ATGAAACGGC ACAAATTCCG GCTGAAGCTG TCATCGGTTA CTCAGATTTA GAAGGGGATT
D E T
A Q I P
A E A
V I G
Y S D L
E G D

181
48

TCGATGTTGC TGTTTTGCCA TTTTCCAACA GCACAAATAA CGGGTTATTG TTTATAAATA
F D V
A V L P
F S N
S T N
N G L L
F I N

241
68

CTACTATTGC CAGCATTGCT GCTAAAGAAG AAGGGGTATC TCTCGAGAAA AGAGAGGCTG
T T I
A S I A
A K E
E G V
S L E K
R E A
Kex2 cleavage site
EcoR I
Nt1PiFo
301 AAGCTGAATT CAGAACTTGT GAGTCCCAGA GCCACCGTTT CAAGGGACCA TGCTCAAGAG
88
E A E
F R T C
E S Q
S H R
F K G P
C S R
Ste13 cleavage sites
361
108

481
148

ATAGCAACTG TGCCACCGTT TGTCTGACCG AAGGATTTTC CGGTGGCGAC TGCCGTGGAT
D S N
C A T V
C L T
E G F
S G G D
C R G
Nt1PiRe2-EN
Xba I
TCCGCCGCCG TTGTTTCTGT ACCAGGCCTT GCGATGATGA TGATAAGGCT CTAGAACAAA
F R R
R C F C
T R P
C D D
D D K A
L E Q
enterokinase cleavage site
AACTCATCTC AGAAGAGGAT CTGAATAGCG CCGTCGACCA TCATCATCATCATCATTGAG
K L I
S E E D
L N S
A V D
H H H H H H -

541

TTTTAGCCTT AGACATGACT GTTCCTCAGT TCAAGTTGGG CACTTACGAGAAGACCGGTC

601

AOX1Reverse primer site
TTGCTAGATT CTAATCAAGA GGATGTCAGA ATGCCATTTG C

421
128

Figure 4.3 Plasmid construct for tobacco defensin 1 (Ntdef1-en-myc-6xHis) expression
in P. pastoris X-33. A. Components of the Ntdef1-en-myc-6xHis construct and location
of primers. Sequence for Ntdef1 mature peptide was amplified from the existing binary
vector used for tobacco transformation using Nt1PiFo and Nt1PiReEN primers, which
contained EcoRI and Xba I sites to accommodate insertion into pGAPZα expression
vector in frame with the α-factor signal peptide. B. The DNA and amino acid sequences
of the Ntdef1-en-myc-6xHis construct. Restriction sites are in bold letters, underlined
DNA sequences are primer sites. Amino acid sequence in bold letters is the putative
NtDef1-en-myc-6xHis peptide. Arrows indicate possible signal peptide cleavage sites
and enterokinase cleavage site.
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PCR was performed in a 50 μL reaction mixture of 1x High Fidelity PCR buffer,
0.2 mM dNTPs (Promega), 2 mM MgSO4, 0.2 μM of each primer, 1 unit of Platinum®
Taq DNA polymerase High Fidelity (Invitrogen) and 50 ng of template DNA. PCR was
done with a denaturing step of 95°C for 2 min, followed by 25 cycles of 95°C for 15 s,
55°C for 30 s, 72°C for 30 s, followed by a final elongation step at 72°C for 5 min. PCR
products were visualized and then purified with the QIAquick gel extraction kit (Qiagen).
To incorporate the PCR fragment into the pGAPZα A vector, both the PCR fragment and
the vector were digested with EcoRI and XbaI restriction enzymes. The digested vector
and insert fragments were purified with the QIAquick gel extraction kit (Qiagen) and
ligated as explained in Chapter 3. Transformation of E. coli strain DH5α with the ligated
product as well as the selection of the positive colonies was performed as per Chapter 3,
following instruction provided with pGAPZ products (Invitrogen).
E. coli colonies were screen by PCR using the pGAP forward primer located
upstream of the insertion site (5’-GTCCCTATTTCAATCAATTGAA-3’) and AOX1
reverse primer located downstream from the insertion site (5’GCAAATGGCATTCTGACATCC-3’). Cells from each colony were added to a PCR
reaction mixture composed of 1 unit of Taq DNA polymerase, 1xThermoPol reaction
buffer including 2mM MgSO4 (New England BioLabs), 0.2 mM dNTPs (Promega), and
0.2 μM of each primer. PCR was performed with a denaturing step of 95°C for 2 min,
followed by 30 cycles of 95°C for 15 s, 55°C for 30 s, 72°C for 30 s, followed by a final
elongation step at 72°C for 5 min. The PCR positive clones were verified by sequencing
of the insert (Laboratory Services, University of Guelph).
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2.7 Pichia pastoris transformation
Plasmid DNA was extracted from positive E. coli clones and linearized with AvrII
(Fermentas) and then introduced into P. pastoris X-33 following the instructions
provided for pGAPZ products (Invitrogen), by performing electroporation with a
MicroPulser Electroporator (BioRad). Colony selection was done on YPD plates
supplemented with 100 μg/mL Zeocin (Invitrogen) as described in Chapter 3. Screening
for Zeocin resistant P. pastoris colonies was done by colony PCR using the Nt1PiFo and
AOX1 primers for both constructs under the PCR conditions explained above for
screening of E. coli colonies.
2.8 Production, purification and identification of Ntdef1 protein from P. pastoris
Cultures of P. pastoris were grown as per Chapter 3, and the supernatants were
collected by centrifugation at 3000 xg for 5 to 10 min after 3 days in culture. The
supernatant was mixed with the Ni-NTA agarose (Qiagen) and incubated overnight at
4°C. The bound proteins were eluted from the Ni-NTA agarose and detected by Tricine
SDS-PAGE as per Chapter 3. Eluates containing proteins of interest were combined and
added to Amicon ultra centrifugal filters with a 3000 MW cutoff (Milipore) to remove
salt and concentrate the protein. The concentrated protein was sterilized by filtering
through a 0.22 µm Ultrafree-MC centrifugal filter (Milipore). Protein concentration was
estimated with a Bio-Rad Protein assay kit using bovine γ-globulin as a standard
(BioRad). Protein analysis by slot blot and western blot were done using anti-Histidine
antibody for both the Ntdef1-6xHis and Ntdef1-en-myc-6xHis constructs following the
protocol described in Chapter 3. Identification of the purified 6xHis-tag protein was done
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with LC MS/MS at The Advanced Protein Technology Centre (APTC) of The Hospital
for Sick Children (appendix A).
2.9 Antifungal and antibacterial activities of Ntdef1 protein produced in P.
pastoris
For the antifungal assay, spores from C. destructivum strain N150 and C.
orbiculare strain ATTC 20767 were grown on SYAS agar, prepared and adjusted to 1 x
105 spores/mL in liquid SYAS broth as described in Chapter 3. Then, 50 μL of Ntdef16xHis extract or Ntdef1-en-myc-6xHis extract from P. pastoris was adjusted to 25, 50,
100, 200 and 400 µg/mL of total protein in the NtDef1 extract in sterile water. This was
combined with 50 μL of spore suspension in 96-well microtitre plates (Sarstedt). As a
control, sterile water was used instead of protein solution. Fungal growth was assessed
by spectrophotometry at the moment that the control reached an OD595 value of 0.2 as
explained in Chapter 3.
For the antibacterial assay, bacterial strains (Table 3.1) were grown overnight in
3% tryptic soy broth and prepared as per Chapter 3. The bacterial concentration was
adjusted to approximately 106 CFU/mL in 10 mM sodium phosphate buffer pH 7.4 with
1% tryptic soy broth. In a 500 μL microtube, 3 μL of bacteria was mixed with 27 μL of
Ntdef1-6xHis extract or Ntdef1-en-myc-6xHis extract from P. pastoris to give a final
concentration of 25, 100, 300 and 500 μg/mL total protein. After 3 h incubation at 28 or
37ºC, depending on the strains, the assay mixture was diluted in 10 mM sodium
phosphate buffer pH 7.4, and plated onto TSA for assessment of bacterial growth as
detailed in Chapter 3.
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3. Results
3.1 Development of N. tabacum T2 homozygous for Ntdef1 transgenes
The five T0 N. tabacum cv. Xanthi transformed lines that were most resistant to P.
syringae pv. tabaci PBIC4 previously identified by Atnaseo (2003) were used to generate
T1 seedlings by selfing each T0 plant and testing 48 T1 seedlings per line for resistance to
hygromycin. Also, the presence of the transgenic version of Ntdef1 was determined by
PCR with DNA from 10 surviving seedlings from each line and a primer located within
the gene and a primer located within the 35S terminator. These 10 T1 seedlings, which
were both hygromycin resistance and PCR positive, were selected for each of the five
original T0 transformants and then were self fertilized to produce T2 seeds. The T1 lines
were determined to be homozygous if 80 out of 80 T2 seedlings tested were resistant to
hygromycin. The selected lines were 6-9, 8-1, 20-10, 25-8, and 30-6. To verify the
presence of the transgene, two randomly selected T2 seedlings from each line were tested
with PCR and RT-PCR for Ntdef1 presence and expression, respectively (Table 4.1;
Figures 4.4). Based on band intensity, lines 6-9, 8-1, 20-10, 25-8 appeared to have the
same level of transcripts, while line 30-6 appeared to have less transcripts. In addition,
GUS activity derived from the gus gene co-transformed with Ntdef1 was also observed in
all selected T2 seedlings, with all lines appearing to have similar levels of GUS activity.
However, the RT-PCR and GUS activity results were estimates rather than quantitative
results (Table 4.1). All T2 plants appeared morphologically normal compared to the nontransgenic plant, and T2 seedlings were used in all subsequent work in this chapter.
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Table 4.1 Screening of the five selected homozygous lines of N. tabaccum Xanthi
expressing Ntdef1for the presence of transgene by PCR and its expression by RT-PCR.
PCR was performed on genomic DNA using NtDef1Fo and 19-3 primers. For RT-PCR,
cDNA was synthesized from oligo (dT)18 and PCR was performed using primers JapanFo
and 19-3.
Presence of Ntdef1 Expression of Ntdef1
tested by PCR
tested by RT-PCR

Expression of gus 2

6-9

+

+

+

8-1

+

+

+

20-10

+

+

+

25-8

+

+

+

30-6

+

+

+

DC1

-

-

-

Xanthi

-

-

-

Line

1

1

The specific tobacco lines were selected on the basis of reduced visual disease
symptoms in the T0 plants inoculated with P. syringae pv. tabaci strain PBIC4. The five
T0 lines showing the least symptoms were selected. The T2 homozygous tobacco plants
were selected on the basis of hygromycin resistance. DC1 is a line which has gone
through the transformation and tissue culture selection process but does not contain the
transgenic construct.
2
The GUS gene was co-transformed with Ntdef1, and GUS expression was evaluated as
additional indication of transformation event.
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6‐9

8‐1

20‐10

25‐8

30‐6

+

M

DC1

Xan

30‐6

M

DC1

Xan

1262 bp

6‐9

8‐1

20‐10

25‐8

365 bp

Figure 4.4 The presence and expression of Ntdef1transgenes in selected T2 homozygous
N. tabacum cv. Xanthi as determined by PCR and RT-PCR. A. PCR analysis of tobacco
plants transformed with Ntdef1. PCR with primers NtDef1Fo and 19-3 produced an
expected product of 1262 bp as indicated by an arrow. B. RT-PCR with primers JapanFo
and 19-3 gave the expected product of 365 bp indicated by an arrow. Wild type cv.
Xanthi (Xan) and a transformed rescued line (DC1) were negative controls, and the
Ntdef1 plasmid was a positive control (+). M indicates the Low DNA Mass Ladder for
PCR, and M indicates the O’GeneRuler Low Range DNA Ladder for RT-PCR. Selected
plants were lines 6-9, 8-1, 20-10, 25-8, and 30-6 of the T2 homozygous lines of N.
tabacum cv. Xanthi containing Ntdef1 gene.
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Western blot analysis using anti-His tag antibodies could not detect Ntdef1
protein in plant extracts in two different experiments. Total soluble protein extracts at
50-150 μg was used per lane, and the western blot analysis should have been able to
detect approximately 10 ng of protein as determined by the detection of His-tag ladder.
This suggested that any Ntdef1 protein in these plants is at a level lower than 0.02 to
0.007% of total soluble leaf protein.
3.2 Evaluation of resistance of T2 plants to P. syringae pv. tabaci
Dip inoculated seedlings developed water soaked areas by 1 to 2 dpi that
developed into necrotic spots by 3 dpi that were often surrounded by chlorosis. The
chlorosis sometimes expanded to cover the entire seedling, which then became necrotic.
Dip inoculation showed that line 30-6 had 44% less mortality than the control DC1 line,
which was significant (Table 4.2). However, when bacterial numbers were determined,
the bacterial populations in line 30-6 were not significantly different from that found in
line DC1 (Figure 4.5) indicating that the increased resistance was related to resistance to
the damage caused by P. syringae pv. tabaci rather than affecting the population of the
bacteria.
3.3 Evaluation of resistance of T2 plants to C. destructivum and C. orbiculare
Fungal inoculated 6-week-old plants had fewer lesions/cm2 than 5-week-old
plants, but the transgenic plants did not have a significant reduction in disease severity by
C. destructivum or C. orbiculare compared to the controls (Table 4.3 and 4.4). This was
consistent for C. destructivum either when analyzed by direct lesions/cm2 or %
lesions/cm2 of the control, but when expressed as % lesions/cm2 of the control, line 25-8
had significantly less symptoms to C. orbiculare.
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Table 4.2 Resistance of N. tabacum cv. Xanthi transformed with Ntdef1 gene against P.
syringae pv. tabaci 11528R. Three to four weeks old seedlings were infected with P.
syringae pv. tabaci 11528R by dip inoculation in a 1.2 x 108 CFU/mL suspension.
Numbers of dead seedling were assessed after 4 weeks. The tissue culture regenerated
line (DC1) and wild-type cv. Xanthi served as controls.
Line 1

Mortality rate (%) 2,3

Xanthi

85 a

DC1

69 a

6-9

78 a

8-1

69 a

20-10

64 a

25-8

64 a

30-6

25 b

1

Lines 6-9, 8-1, 20-10, 25-8, and 30-6 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing Ntdef1.
2
Mortality rate was measured as a as a percentage of the total 12 inoculated seedlings
3
Data represent the average of three trials. Numbers designated with different letters
were significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
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1.00E+07

CFU/cm2

1.00E+06

1.00E+05

1.00E+04

1.00E+03
1

2

3

4

Days post inoculation

Figure 4.5 Population of P. syringae pv. tabaci 11528R in N. tabacum cv. Xanthi
transformed with Ntdef1 gene (line 30-6) following inoculation by the dip inoculation
assay. Five weeks old plants were infected with P. syringae pv. tabaci 11528R by
infiltration with a 1.2 x 104 CFU/mL culture. Bacteria populations inside the infiltrated
area were assessed daily. The tissue culture regenerated line (DC1) served as the control.
Standard error bars were calculated from five replications. (
= DC1,
= 30-6)
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Table 4.3 Resistance of N. tabacum cv. Xanthi lines transformed with Ntdef1 against C.
destructivum N150. Five or six weeks old plants were sprayed with 5x 104 spores/mL of
C. destructivum N150. The number of lesions/cm2 leaf area was assessed 72 hr after the
infection. The tissue culture regenerated line (DC1) and wild-type cv. Xanthi served as
controls.
Number of
lesions/cm2
on 5-wk-old
plants 2,4

Severity (%)
compared to
Xanthi for 5-wkold plants 3,4

Number of
lesions/cm2
on 6-wk-old
plants 2,4

Severity (%)
compared to
Xanthi for 6-wkold plants3,4

Xanthi

4.2 b

100

3.3 a

100

DC1

5.0 ab

115 a

3.2 ab

99 a

6-9

6.0 a

145 a

3.3 a

98 a

8-1

5.1 ab

121 a

2.2 b

67 a

20-10

5.4 ab

129 a

2.8 ab

81 a

25-8

5.5 ab

131 a

3.4 a

101 a

30-6

4.7 ab

110 a

3.3 a

102 a

Line

1

1

Lines 6-9, 8-1, 20-10, 25-8, and 30-6 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing Ntdef1.
2
Disease severity was measured as the number of lesions/cm2
3
Disease severity was expressed as the percentage of lesions/cm2 vs. untransformed N.
tabacum cv. Xanthi control.
4
Data represent the average of five trials for 6 weeks and three trials for 5 weeks plants.
Numbers designated with different letters were significantly different from each other
according to Fisher’s protected LSD test as calculated by SAS Proc GLM at p = 0.05.
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Table 4.4 Resistance of N. tabacum cv. Xanthi lines transformed with Ntdef1 against C.
orbiculare ATTC 20767. Five weeks old plants were sprayed with 1x 105 spores/mL of
C. orbiculare ATTC 20767. The number of lesions per cm2 leaf area was assessed 72 hr
after the infection. The tissue culture regenerated line (DC1) and wild-type cv. Xanthi
served as controls.
Line 1

Number of lesions/cm2
on 5-wk-old plants 2,4

Severity (%) compared to
Xanthi for 5-wk-old plants 3,4

Xanthi

3.7 ab

100

DC1

4.2 a

121 ab

6-9

4.1 ab

120 ab

8-1

4.1 ab

129 a

20-10

3.2 ab

100 abc

25-8

3.1 b

85 c

30-6

3.3 ab

95 bc

1

Lines 6-9, 8-1, 20-10, 25-8, and 30-6 are the T2 homozygous lines of N. tabacum cv.
Xanthi containing Ntdef1.
2
Disease severity was measured as the number of lesions/cm2
3
Disease severity was expressed as the percentage of lesions/cm2 vs. untransformed N.
tabacum cv. Xanthi control.
4
Data represent the average of six trials. Numbers designated with different letters were
significantly different from each other according to Fisher’s protected LSD test as
calculated by SAS Proc GLM at p = 0.05.
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3.4 Transformation of Pichia pastoris X-33 with Ntdef1
Transformation of P. pastoris X-33 yielded eight Zeocin resistant colonies with
Ntdef1-6xHis, and all these colonies contained the Ntdef1-6xHis insert giving the
expected product of 340 bp (Figure 4.6A). Transformation of P. pastoris X-33 also
yielded ten Zeocin resistant colonies of Ntdef1-en-myc-6xHis, and all these colonies
contained the Ntdef1-en-myc-6xHis insert giving the expected PCR product of 336 bp
(Figure 4.6B).
3.5 Expression of Ntdef1 in Pichia pastoris X-33
Based on small scale purification with Ni-NTA agarose of all 18 clones, clone 1
was selected for a high level of Ntdef1-6xHis production and clone 6 was selected for a
high level of Ntdef1-en-myc-6xHis production. The secreted Ntdef1-en-myc-6xHis, but
not the Ntdef1-6xHis, could be detected directly in P. pastoris growing media by silver
stained tricine SDS-PAGE gels and western analysis (Figure 4.7; 4.8, lane 1). Following
purification with Ni-NTA agarose, both Ntdef1-6xHis and Ntdef1-en-myc-6xHis could
be detected by both silver stained tricine SDS-PAGE gels and western blots (Figures 4.7
and 4.8, lanes 4-7). Ntdef1-6xHis gave a major band at about 8 kDa and a minor band at
about 13 kDa, both of which were larger than the expected product of 6.4 kDa. Ntdef1en-myc-6xHis gave multiple bands with the most prominent ones at approximately 13
kDa and 25 kDa, which once again were larger than the expected size of 8.8 kDa.
Two protein bands from each construct were excised from the gel and sent for
identification by LC MS/MS. When compared with the sequence of the Ntdef1 protein,
all tested gel fragments were found to contain Ntdef1 protein. There was no difference
between the larger and smaller bands for both constructs except for the degree of peptide
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Figure 4.6 The presence of Ntdef1 transgenes in clones of P. pastoris X-33 as determined
by PCR. A. PCR analysis of P. pastoris X-33 clones transformed with Ntdef1-6xHis
construct. PCR with primers Nt1PiFo and AOX1Re produced an expected product of
340 bp as indicated by an arrow. B. PCR analysis of P. pastoris X-33 clones transformed
with Ntdef1-en-myc-6xHis construct. PCR with primers Nt1PiFo and AOX1Re produced
an expected product of 336 bp as indicated by an arrow. P. pastoris (X-33) and a
reaction with no template DNA (H2O) were negative controls, and the P. pastoris
expression plasmid contained either Ntdef1-6xHis (A) or Ntdef1-en-myc-6xHis (B) was
positive controls (+ve). M indicates O'GeneRuler 100 bp DNA Ladder Plus.
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Figure 4.7 Detection of secreted Ntdef1-6xHis by tricine-SDS-PAGE (top) and western
blot (bottom) during purification. 6xHis PBD-1 protein was collected from growth media
(lane 1) of a P. pastoris clone expressing Ntdef1-6xHis using Ni-NTA resin. His-tag
protein bound to the Ni-NTA resin while the unbound growth media passed through (lane
2). The resin was washed to remove proteins bound non-specifically (lane 3). Then the
bound proteins were eluted out 4 times (lanes 4-7) and these solutions were collected for
further purification. His-tag antibody was used to detect the presence of 6xHis protein
throughout the collection process. Samples were separated on a 16% acrylamide gel. M
indicates Page Ruler Plus Prestained Protein (top), and the 6xHis Protein Ladder is shown
on lane 8.
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Figure 4.8 Detection of secreted Ntdef1-en-myc-6xHis by tricine-SDS-PAGE (top) and
western blot (bottom) during purification. 6xHis PBD-1 protein was collected from
growth media (lane 1) of a P. pastoris clone expressing Ntdef1-en-myc-6xHis using NiNTA resin. His-tag protein bound to the Ni-NTA resin while the unbound growth media
passed through (lane 2). The resin was washed to remove proteins bound nonspecifically (lane 3). Then the bound proteins were eluted out 4 times (lanes 4-7) and
these solutions were collected for further purification. His-tag antibody was used to
detect the presence of 6xHis protein throughout the collection process. Samples were
separated on a 16% acrylamide gel. M indicates Page Ruler Plus Prestained Protein (top),
and the 6xHis Protein Ladder is shown on lane 8.
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coverage due to different protein concentrations of each band. The secreted proteins
appeared to have the signal peptide cleavage occurring at four amino acids upstream of
the expected cleavage site. This was previously observed also with PBD-1 using this
expression system (Chapter 3). Recalculation of the molecular weight of the Ntdef16xHis with the additional four amino acids resulted in a protein of approximately 6.8 kDa
and pI 8.26 compared to 6.4 kDa and pI 8.78 without the four additional amino acids.
Recalculation of the molecular weight with the additional four amino acids for the
Ntdef1-en-myc-6xHis construct resulted in a protein of 9.2 kDa and pI 5.74 compared to
8.8 kDa and pI 6.14 without the four additional amino acids. However, none of these
recalculated values matched the sizes in the silver stained gels and western blots.
Comparison of the LC MS/MS data to the P. pastoris protein database indicated
that other P. pastoris proteins were also present in the samples. The Ntdef1-6xHis
samples appeared to be mixed with P. pastoris helicase, and the Ntdef1-en-myc-6xHis
samples were mixed with P. pastoris helicase (identical to that in the Ntdef1-6xHis
sample), glyceraldehydes-3-phosphate dehydrogenase, protein components for the large
(60S) and small (40S) ribosomal subunit, enolase I, pyridoxine phosphate oxidase,
mitochondrial alcohol dehydrogenase isozyme III and an unidentified hypothetical
protein. The presence of these proteins in the bands may indicate that they form a
complex with NtDef1 inhibiting it from properly migrating through the gel. This may
explain the larger than expected calculated size of the two proteins on the SDS-PAGE gel
and western blot.
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3.6 Antifungal activity of Ntdef1
For Ntdef1-6xHis, growth of C. destructivum N150 first significantly increased at a
protein concentration of 12.5 µg/mL but then became significantly inhibited at a protein
concentration of 100 µg/mL (Figure 4.9A). Further increases in protein concentration up
to 200 µg/mL did not increase the antifungal activity. Ntdef1-6xHis also significantly
increased C. orbiculare ATTC 20767 growth at the lowest concentration tested, 12.5
µg/mL (Figure 4.9B). Growth was first significantly decreased at 50 µg/mL. Fungal
growth showed maximum inhibition at 100 µg/mL (Figure 4.9). The EC50 value for
Ntdef1-6xHis against C. destructivum N150 and C. orbiculare ATTC 20767 were 175
and 104 µg/mL, respectively (Table 4.5).
For the Ntdef1-en-myc-6xHis, growth of C. destructivum N150 never increased as
when exposed to Ntdef1-6xHis (Figure 4.10A). Ntdef1-en-myc-6xHis first significantly
inhibited C. destructivum N150 at protein concentration of 25 µg/mL (Figure 4.10A).
Ntdef1-en-myc-6xHis activity against C. destructivum N150 showed maximum inhibition
at 50 µg/mL. Ntdef1-en-myc-6xHis against C. orbiculare ATTC 20767 was first
detectable at protein concentration of 25 µg/mL and showed maximum inhibition at 200
µg/mL (Figure 4.10B). The EC50 value for Ntdef1-en-myc-6xHis against C.
destructivum N150 and C. orbiculare ATTC 20767 were 109 and 200 µg/mL,
respectively (Table 4.5).
3.7 Antibacterial activity of Ntdef1
All eleven gram-negative bacteria tested showed no lethal effect due to Ntdef16xHis or the Ntdef1-en-myc-6xHis, even at 500 µg/mL (Figures 4.11 to 4.20; Table 4.5).
The two gram-positive bacteria, B. subtilis strain GB03 and C. michiganensis subsp.
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Figure 4.9 Antifungal activity of Ntdef1-6xHis produced by P. pastoris X-33 against C.
destructivum N150 (A) and C. orbiculare ATTC 20767 (B). Fungal spores were
incubated in 200, 100, 50, 25, 12.5 µg/mL of Ntdef1-6xHis at 25 ºC until the water
control reached the OD595 of 0.2 when all readings were taken, which was 40 to 45 h for
C. destructivum N150 and 48 to 52 h for C. orbiculare ATTC 20767. Standard error bars
were calculated from four replications for C. destructivum N150 and three replications
for C. orbiculare ATTC 20767.
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Table 4.5 Antifungal and antibacterial activitiy of Ntdef1-6xHis and Ntdef1-en-myc6xHis produced by P. pastoris X-33 as determined by 50% effective concentration
(EC50).
EC50 1 (µg/mL)
Species

Ntdef1- 6xHis

Ntdef1- en-myc-6xHis

C. orbiculare ATTC 20767 2

104

200

C. destructivum N150 2

175

109

C. michiganensis Cmm

No dose response

No dose response

B. subtilis GB03

No dose response

No dose response

K. pneumonia 342

No dose response

No dose response

P. syringae pv. tabaci ZA Patrick

No dose response

No dose response

E. coli UB1005

No dose response

No dose response

E. carotovora Ecc

No dose response

No dose response

P. aeruginosa K799

No dose response

No dose response

P. aeruginosa PA01

No dose response

No dose response

P. syringae pv. tomato 06T2

No dose response

No dose response

P. syringae pv. tabaci 11528R

No dose response

No dose response

X. axonopodis pv. phaseoli UG18

No dose response

No dose response

A. tumefaciens A348

No dose response

No dose response

P. chlororaphis B21

No dose response

No dose response

1

EC50 values were calculated by SAS proc Probit
EC50 values for the two fungi were calculated from the dose response range between 0
and 100 µg/mL.
2
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Figure 4.10 Antifungal activity of Ntdef1-en-myc-6xHis produced by P. pastoris X-33
against C. destructivum N150 (A) and C. orbiculare ATTC 20767 (B). Fungal spores
were incubated in 200, 100, 50, 25, 12.5 µg/mL of Ntdef1-en-myc-6xHis at 25 ºC until
the water control reached the OD595 of 0.2 when all readings were taken, which was 40 to
45 h for C. destructivum N150 and 48 to 52 h for C. orbiculare ATTC 20767. Standard
error bars were calculated from three replications.
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Figure 4.11 Antibacterial activity of Ntdef1-6xHis produced by P. pastoris X-33 against
E. coli strain UB1005 (A) and E. carotovora subsp. carotovora Ecc (B). Bacteria were
incubated in 500, 300, 100, 25 µg/mL of Ntdef1-6xHis for 3 h at 37 ºC for UB1005 and
28 ºC for Ecc before being plated on TSA to determine cell viability. Standard error bars
were calculated from three replications.
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Figure 4.12 Antibacterial activity of Ntdef1-6xHis produced by P. pastoris X-33 against
against P. aeruginosa strain K799 (A) and against P. aeruginosa strain PA01 (B).
Bacteria were incubated in 500, 300, 100, 25 µg/mL of Ntdef1-6xHis for 3 h at 37 ºC for
K799 and 28 ºC for PA01 before being plated on TSA to determine cell viability.
Standard error bars were calculated from three replications.
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Figure 4.13 Antibacterial activity of Ntdef1-6xHis produced by P. pastoris X-33 against
against P. syringae pv. tomato strain 06T2 (A) P. syringae pv. tabaci strain 11528R (B)
and P. syringae pv. tabaci strain ZA Patrick (C). Bacteria were incubated in 500, 300,
100, 25 µg/mL of Ntdef1-6xHis for 3 h at 28 ºC before being plated on TSA to determine
cell viability. Standard error bars were calculated from three replications.
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Figure 4.14 Antibacterial activity of Ntdef1-6xHis produced by P. pastoris X-33 against
against X. axonopodis pv. phaseoli strain UG18 (A) and against A. tumefaciens strain
A348 (B). Bacteria were incubated in 500, 300, 100, 25 µg/mL of Ntdef1-6xHis for 3 h
at 28 ºC before being plated on TSA to determine cell viability. Standard error bars were
calculated from three replications.
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Figure 4.15 Antibacterial activity of Ntdef1-6xHis produced by P. pastoris X-33 against
against K. pneumonia 342 (A) and against P. chlororaphis strain B21 (B). Bacteria were
incubated in 500, 300, 100, 25 µg/mL of Ntdef1-6xHis for 3 h at 28 ºC before being
plated on TSA to determine cell viability. Standard error bars were calculated from three
replications.
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Figure 4.16 Antibacterial activity of Ntdef1-en-myc-6xHis produced by P. pastoris X-33
against E. coli strain UB1005 (A) and E. carotovora subsp. carotovora Ecc (B). Bacteria
were incubated in 500, 300, 100, 25 µg/mL of Ntdef1-en-myc-6xHis for 3 h at 37 ºC for
UB1005 and 28 ºC for Ecc before being plated on TSA to determine cell viability.
Standard error bars were calculated from three replications.
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Figure 4.17 Antibacterial activity of Ntdef1-en-myc-6xHis produced by P. pastoris X-33
against against P. aeruginosa strain K799 (A) and against P. aeruginosa strain PA01 (B).
Bacteria were incubated in 500, 300, 100, 25 µg/mL of Ntdef1-en-myc-6xHis for 3 h at
37 ºC for K799 and 28 ºC for PA01 before being plated on TSA to determine cell
viability. Standard error bars were calculated from three replications.
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Figure 4.18 Antibacterial activity of Ntdef1-en-myc-6xHis produced by P. pastoris X-33
against against P. syringae pv. tomato strain 06T2 (A) P. syringae pv. tabaci strain
11528R (B) and P. syringae pv. tabaci strain ZA Patrick (C). Bacteria were incubated in
500, 300, 100, 25 µg/mL of Ntdef1-en-myc-6xHis for 3 h at 28 ºC before being plated on
TSA to determine cell viability. Standard error bars were calculated from three
replications.
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Figure 4.19 Antibacterial activity Ntdef1-en-myc-6xHis produced by P. pastoris X-33
against against X. axonopodis pv. phaseoli strain UG18 (A) and against A. tumefaciens
strain A348 (B). Bacteria were incubated in 500, 300, 100, 25 µg/mL of Ntdef1-en-myc6xHis for 3 h at 28 ºC before being plated on TSA to determine cell viability. Standard
error bars were calculated from three replications.
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Figure 4.20 Antibacterial activity of Ntdef1-en-myc-6xHis produced by P. pastoris X33 against against K. pneumonia 342 (A) and against P. chlororaphis strain B21 (B).
Bacteria were incubated in 500, 300, 100, 25 µg/mL of Ntdef1-en-myc-6xHis for 3 h at
28 ºC before being plated on TSA to determine cell viability. Standard error bars were
calculated from three replications.
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Figure 4.21 Antibacterial activity Ntdef1-6xHis produced by P. pastoris X-33 against
against B. subtilis strain GB03 (A) and against C. michiganensis subsp. michiganensis
Cmm (B). Bacteria were incubated in 500, 300, 100, 25 µg/mL of Ntdef1-6xHis for 3 h
at 28 ºC before being plated on TSA to determine cell viability. Standard error bars were
calculated from three replications.
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Figure 4.22 Antibacterial activity of Ntdef1-en-myc-6xHis produced by P. pastoris X-33
against against B. subtilis strain GB03 (A) and against C. michiganensis subsp.
michiganensis Cmm (B). Bacteria were incubated in 500, 300, 100, 25 µg/mL of Ntdef1en-myc-6xHis for 3 h at 28 ºC before being plated on TSA to determine cell viability.
Standard error bars were calculated from three replications.
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michiganensis showed a small but significant decrease in viability to Ntdef1-6xHis at a
protein concentration of 300-500 µg/mL (Figure 4.21). However, the EC50 values for
these bacteria were higher than 500 µg/mL (Table 4.5). Neither B. subtilis strain GB03
nor C. michiganensis subsp. michiganensis was affected by Ntdef1-en-myc-6xHis
(Figures 4.22A and 4.22B).

4. Discussion
Ntdef1 is a 1230-bp gene composed of two exons separated by a 954 bp intron in
the signal peptide (Atnaseo, 2003). The putative coding region of Ntdef1codes for a 78
amino acid peptide, which includes a 31-amino acid signal peptide located at the Nterminus followed by a 47-amino acid mature peptide. The 47-amino acid mature peptide
contains the eight conserved cysteine sites of plant defensins, and has a molecular weight
of 5.3 kDa at a pI of 8.99. RT-PCR analysis of healthy leaves and flowers of N. tabacum
cv. Xanthi plants indicated that Ntdef1 was constitutively expressed in these tissues. The
only other information about the biological activity of Ntdef1 is that an identical gene
encoding thionin-like protein (TLP) cloned by Takemoto and Kawakita (1999) was
induced by fungal elicitor. This suggests that overexpression of Ntdef1 may improve
plant disease resistance in tobacco.
In previous work, transgenic N. tabacum cv. Xanthi plants containing Ntdef1 with
a 35S promoter were created, and based on the disease severity scoring of the T0 lines,
these plants appeared to be more resistant to P. syringae pv. tabaci PBIC4 (Atnaseo,
2003). Homozygous T2 progeny of these transgenic N. tabacum were generated for the
current study in an attempt to increase level of protein production and disease resistance
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and were tested against P. syringae pv. tabaci 11528R, C. destructivum N150 and C.
orbiculare ATTC 20767. In addition, Ntdef1 produced by P. pastoris expression system
was also tested for antimicrobial activity against several plant and animal pathogens.
The PCR and RT-PCR results of the T2 plants verified the presence of Ntdef1 and
its expression in the five selected lines. However, Ntdef1 protein was not detected in
these plants. Seedlings of line 30-6 had lower mortality rates due to P. syringae pv.
tabaci 11528R than the control plants when dip-inoculated, but the bacterial populations
in line 30-6 were not significantly lower than the control. This indicates that greater
resistance in line 30-6 is related to its ability to limit the negative effects caused by
pathogen rather than its ability to limit pathogen growth. It appears that line 30-6 may
have increased disease tolerance, which is defined as the ability of a plant cultivar to
endure substantial effects of disease without substantial yield or quality loss in
comparison with other cultivars (Schafer, 1971). None of the transgenic plants had
enhanced resistance against C. destructivum N150, or C. orbiculare ATTC 20767
compared to the controls plants
Since the Ntdef1 protein was not detected, it is possible that the plants do not
contain sufficient Ntdef1 protein to increase resistance to the tested pathogens. Such a
result could be due to homology-dependent gene silencing, i.e. suppression both the
transgene and the endogenous copy of the gene. A well-known example of this
phenomenon was the overexpression of the petunia chalcone synthase gene which
resulted in unexpected white patches in some flowers (Napoli et al., 1990). However, the
presence of Ntdef1 mRNA suggests that expression of Ntdef1 was not silenced, but there
could have been a partial down regulation of the transgene expression leading to reduced
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levels of Ntdef1 protein in the T2 homozygous lines. Another possible explanation is that
the homozygous lines do not have higher expression despite having at least two copies of
the gene and may even have lower levels. For example, homozygous progeny of high
expressor parents of CaMV35S promoter-gus fusions in N. tabacum yielded plants with
double the GUS activity compared to the parental lines, while homozygous progeny from
low expressor parents did not have GUS activity that was not different from the
heterozygous parents (Hobbs et al., 1993). Homozygous progeny of high expressor
parents of a CaMV35S promoter-gus fusion in rice yielded plants with 1.7 fold higher
GUS activity compared to the parental lines, while homozygous progeny from low
expressor parents yielded plant with 0.64 fold lower GUS activity compared to the
heterozygous parents indicating that gus expression could be either higher or lower with
multiple copies of the transgene in homozygous plants (James et al., 2002). A third
possible explanation for low protein levels is that there was degradation of the transgenic
version of Ntdef1 protein. The lifespan of Ntdef1 protein in tobacco is not known.
However, plant defensins are described as highly stable proteins (Broekaert et al., 1995),
and so it is likely that Ntdef1 would not be rapidly degraded by tobacco proteases present
in the intercellular space.
Expression of genes coding for antimicrobial peptides has been suggested as a
method for enhancing plant disease resistance (Salmeron and Vernooij, 1998; Punja,
2001). Plant defensin genes have been widely used to create transgenic plants with
different degrees of resistance (Table1.2). Almost all attempts to express plant defensin
genes in transgenic plants to enhance disease resistance have utilized heterologous plant
defensin genes rather than the endogenous genes. An exception is the overexpression of
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endogenous A. thaliana defensins, AtPDF1.1 and AtPDF1.2a (De Coninck et al., 2010).
Although both defensins purified from A. thaliana extract had in vitro activity against B.
cinerea and AtPDF1.1 and AtPDF1.2a were induced upon inoculation with B. cinerea,
the transgenic plants displayed no enhanced resistance against the A. thaliana pathogens,
B. cinerea, Alternaria brassicicola and Plectosphaerella cucumerina. The authors
suggested that the limited success in alteration of disease resistance could be due to the
weak antimicrobial activity of these proteins and the aggressive nature of the pathogens,
such that they could overcome the effect of expressing a single transgene. Moreover, the
use of endogenous antimicrobial peptide genes to improve resistance against pathogens
of that host plant may not be effective as the pathogens have already developed resistance
to them. Indeed, most reports of successful attempts to create disease resistant plants
utilizing AMPs either use animal AMPs (Table 1.1) or heterologous plant genes (Table
1.2). In contrast to this study and the study by De Coninck et al. (2010), overexpression
of tomato defensin gene (DEF2) in tomato resulted in both in vitro and in planta
activities against B. cinerea (Stotz et al., 2009a). Therefore, it is possible to produce
transgenic disease resistant plant overexpressing an endogenous defensin gene, but the
success may depend on the activity of the selected gene and its level of expression.
Overexpression of DEF2 also resulted in pleiotropic effects on growth and development
of tomato plants making it unsuitable for practical use (Stotz et al., 2009a). In contrast,
no pleiotropic effects were observed in this study.
Although De Coninck et al. (2010) did not report the level of defensin protein in
the transgenic plants, earlier work by this group indicated that overexpression of
AtPDF1.1 in wild-type A. thaliana plants amounted to 0.25% of total soluble protein
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(TSP) in leaves (Sels et al., 2007), but protein levels were not reported for AtPDF1.2a.
De Coninck et al. (2010) and Sels et al. (2007) employed the PTGS-MAR expression
system, which uses a MAR sequence of the chicken lysozyme gene to enhance
expression combined with the sgs2 mutant of A. thaliana, which is deficient in PTGS to
block any possible PTGS in the transgenic plant. However, the PTGS component of the
system would not function in wild-type A. thaliana because it is capable of PTGS. When
AtPDF1.1 was overexpressed in the sgs2 A. thaliana so that the PTGS-MAR expression
system was fully functional, AtPDF1.1 production increased to 1% TSP (Sels et al.,
2007). However, the sgs2 plants of A. thaliana expressing AtPDF1.1 were not tested
directly against pathogens, and therefore, it is not known if AtPDF1.1 at 1% TSP
increased disease resistance in planta. Overexpression of DEF2 in tomato resulted in
DEF2 in tomato leaves at 0.9% TSP, which was sufficient to increase resistance against
B. cinerea (Stotz et al., 2009a). This suggests that 0.25% TSP may not be sufficient in A.
thaliana leaves to have in planta activity against B. cinerea, although the lack of in
planta activity could be due to other differences between the two defensins or the two
plant systems.
If defensin overexpression must reach close to 0.9% TSP for increased resistance
in planta (Stotz et al., 2009a), then the transgenic tobacco containing Ntdef1 construct
used in this study would not likely be more resistant, as the concentration is below the
detection limit of 0.02% TSP in western blot. However, heterologous plant defensin
expression can give protein production as low as 0.05% TSP for Dahlia merckii defensin,
Dm-AMP1, in papaya and still increase disease resistance (Zhu et al., 2007). High levels
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of defensin overexpression might not be required if that defensin protein is highly active
against a particular pathogen.
As protein levels of the Ntdef1 gene were too low in the transgenic plants to
evaluate if Ntdef1 protein is highly active against P. syringae pv. tabaci 11528R, C.
destructivum N150, C. orbiculare ATTC 20767 or other microbes, a P. pastoris
expression system was utilized to produce the protein. Two versions of Ntdef1 were
expressed in P. pastoris. The first construct, Ntdef1-6xHis, would essentially yield the
same protein product as the construct in the transgenic plants. The second construct,
Ntdef1-en-myc-6xHis, would yield the native Ntdef1 protein if the C-terminal tag was
removed by digestion at the enterokinase cleavage site preceding the myc epitope tag and
6xHis tag. The presence of the 6xHis tag at the C-terminus of both constructs enables
protein purification by Ni-NTA agarose and detection with the anti-Histidine antibody.
Both P. pastoris expression constructs yielded secreted Ntdef1 protein in the
growth media. For the Ntdef1-6xHis construct, the protein was not detected directly in
the growth media, suggesting a concentration below 0.67 μg/mL, but it was detected after
purification with Ni-NTA agarose on both silver-stained protein gels and western blots.
For the Ntdef1-en-myc-6xHis construct, the presence of the 6xHis-tagged proteins was
detected directly in P. pastoris growth media prior to purification with Ni-NTA agarose.
Both constructs yielded Ntdef1 mixed with proteins from P. pastoris suggesting that the
protein formed complexes with these P. pastoris proteins in the media, which could not
be removed in the purification process and might negatively affect their antimicrobial
activity. Another issue with Ntdef1 produced by P. pastoris was that the yeast α-factor
secretion peptide was processed at the Kex2 signal cleavage site adding six amino acids
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to the N-terminus of the Ntdef1 mature peptide. This could also negatively affect
antimicrobial activity. The additional AAs due to the C-terminus tags also could affect
activity. For the Ntdef1-6xHis construct, this only caused slight decrease to the pI, but
for Ntdef1-en-myc-6xHis construct, this changed the pI from basic pI of native Ntdef1 to
acidic pI. This is important because it has been suggested that the antifungal activity of
defensins is related, in part, to their net charge based on the observation that of the two
Raphanus sativus defensins, Rs-AFP2 with a higher net positive charge is more active
than Rs-AFP1 (Terras et al., 1992). A similar difference is observed between A. thaliana
defensins AtPDF1.1 and AtPDF1.3, where AtPDF1.1 with a higher pI displayed higher
antifungal activity (Sels et al., 2007). Therefore, the change in pI could alter the activity
of both versions of Ntdef, particularly the Ntdef1-en-myc-6xHis, which is why removal
of the myc and 6xHis tags is desirable. Removal of the myc and 6xHis tags was not
feasible in these experiments, as attempts to remove these tags with enterokinase resulted
in a prohibitively large loss of protein.
For the Ntdef1-6xHis and Ntdef1-en-myc-6xHis constructs, there was no activity
detected against P. syringae pv. tabaci 11528R. The lack of in vitro activity of Ntdef1
against P. syringae pv. tabaci 11528R suggests that overexpression in planta should not
affect its resistance. Ntdef1-6xHis protein showed weak activity against C. destructivum
N150, where the maximum growth inhibition was only 20%. However, C. orbiculare
ATTC 20767 was more sensitive to Ntdef1-6xHis, where maximum growth inhibition
was 43% at 100 µg/mL. Ntdef1-en-myc-6xHis displayed stronger activity against these
two fungi, where growth of C. destructivum N150 reached a maximum of 45% inhibition
at 50µg/mL. Sensitivity of C. orbiculare ATTC 20767 to Ntdef1-en-myc-6xHis was
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lower with a maximum of 44% growth inhibition at 200µg/mL. The stronger antifungal
activity by Ntdef1-en-myc-6xHis compared to Ntdef1-6xHis indicates that the changes in
molecular weight and pI due to additional AA increased rather than decreased its
antifungal activity.
If the levels of Ntdef1 required for increased resistance to C. destructivum N150
and C. orbiculare ATTC 20767 in planta are similar to those for the in vitro test with the
purified proteins from P. pastoris, then the transgenic tobacco plant overexpressing
Ntdef1 would not likely be more resistant. These results are similar to those reported
from overexpression of genes encoding AtPDF1.1 and AtPDF1.2a in wild-type A.
thaliana, where the protein appeared to have antifungal activity in vitro at 5 µg/mL for
50% growth inhibition, but there was no increase in resistance in planta, at least at the
levels expressed in those plants (De Coninck et al., 2010).
To further investigate the antimicrobial activity of Ntdef1 proteins, ten gramnegative bacteria were tested, but none displayed sensitivity to the protein. On the other
hand, two gram-positive bacteria were found to be sensitive to Ntdef1-6xHis specifically.
Ntdef1-6xHis reduced the growth of B. subtilis strain GB03 by 75% and C.
michiganensis subsp. michiganensis by 91% both at 500 µg/mL of protein. In contrast,
these pathogens were not sensitive to Ntdef1-en-myc-6xHis. This lack of activity of
Ntdef1-en-myc-6xHis could be due to the shift from a basic to an acidic pI resulting from
the tags on Ntdef1-en-myc-6xHis. In addition, the presence of the P. pastoris proteins in
the extract of Ntdef1-en-myc-6xHis could also alter its activity.
This is the first report of a study on the antimicrobial activity of a defensin from
tobacco. As the antimicrobial activity appeared to be weak and higher protein
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concentrations up to 500 µg/mL in the assay did not improve antimicrobial activity, it is
possible that Ntdef1 does not have antimicrobial activity and may serve other purposes in
the plant although these were not tested in this study. Vigna radiata defensin (VrD1)
(Chen et al., 2004) and V. angularis defensin (VaD1) (Chen et al., 2005) can inhibit plant
protein translation. A sunflower defensin, HaDef1, inhibited root growth of the parasitic
plant, Orobanche cumana (de Zélicourt et al, 2007), and Medicago sativa defensin
(MsDef1, MsDef2) and R. sativus defensins (Rs-AFP2) inhibited root growth of A.
thaliana (Allen et al., 2008). Plant defensins also show activity against animals. Vigna
unguiculata defensin (VuD1) (Pelegrini et al., 2008), Hordeum vulgare defensins (BIα1
and BIα2) (Zhang et al., 1997) and Sorghum bicolor defensins (SIα1, SIα2 and SIα3)
inhibit insect α-amylase (Bloch and Richardson, 1991), and Vigna radiata defensin
(VrCRP) has insecticidal activity (Chen et al., 2002). Cassia fistula defensin (CfD2)
(Wijaya et al., 2000) and V. unguiculata Cp-thionin (Melo et al., 2002) can act as animal
protease inhibitors as shown by in vitro activity against the model substrate, bovine
trypsin, and H. vulgare γ1-hordothionin (Mendez et al, 1990), and ω-hordothionin
(Mendez et al, 1996) display vertebrate and bacteria protein translation inhibitor activity.
Finally, Zea mays γ1-zeathionin and γ2-zeathionin (Kushmerick et al., 1998) can function
as ion channel blockers in rat pituitary epithelial-like tumour cell line. Thus, a plant
defensin may exhibit more than one of these functions, such as, VrD1, which has
antifungal activity, insecticidal activity as well as ability to inhibit plant protein
translation (Chen et al., 2004). Therefore, Ntdef1 could be involved in protection against
herbivorous insects, parasitic plants or regulation of plant growth and development.
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In conclusion, transgenic plants overexpressing Ntdef1did not display increased
resistance to a range of microbial pathogens. Ntdef1 protein could not be detected in the
transgenic plants, and Ntdef1 produced by P. pastoris showed that Ntdef1 had no activity
against gram-negative pathogens, and relatively weak activity against fungal and grampositive bacterial pathogens. These results suggest that the lack of resistance displayed
by plants expressing Ntdef1 may be due to not only low levels of expression of the
transgene, but also to the lack of antimicrobial activity of Ntdef1. Based on the results
from this study, Ntdef1 might not be a good candidate gene for the generation of disease
resistant plants or molecular farming. In this regard, expression systems such as P.
pastoris provide a useful tool for screening potential antimicrobial proteins and
determining their biological activity before creating transgenic plants. However, the use
of P. pastoris maybe restricted for some plant defensins as they may be active against P.
pastoris. Therefore, proper expression system will have to be used for the different plant
defensins, and in some cases, direct extraction from plant tissue may be the preferred
approach.

205

Chapter 5. General Discussion
Defensins constitute a class of cationic peptides with a broad range of
antimicrobial activities, a feature which makes defensin genes promising candidates for
engineering disease resistance in plants. Plants have also been promoted as a costeffective means for producing therapeutic proteins, such as defensins and other AMPs
(Daniell et al., 2001). The only reports of attempts to utilize vertebrate defensin genes to
create plants more resistant to plant pathogens involve the rabbit α-defensin (NP-1) (Fu et
al., 1998; Zhao et al.,1999; Zhang et al., 2000) and human β-defensin 2 (hBD-2) (Aerts et
al., 2007), and the only reports of attempts to overexpress an endogenous plant defensin
gene to create plants more resistant to plant pathogens involve the A. thaliana defensins,
AtPDF1.1 and AtPDF1.2a (De Coninck et al., 2010) and tomato defensin gene (DEF2)
(Stotz et al., 2009a). The research presented in this thesis documents the attempt to
increase disease resistance in plants through expression of defensin genes from widely
divergent organisms, a porcine β-defensin, pbd-1, and a tobacco defensin 1, Ntdef1.
Agroinfiltration is a transient expression system often used for testing the activity
of foreign genes in plants because it allows for a protein to be synthesized inside the plant
by a transgene without the need to create transgenic plants. Thus, it was a promising
approach to express pbd-1 and Ntdef1 in order to study their potential use for increased
plant disease resistance. However, it was found that the process of agroinfiltration, when
the leaves are inoculated with Agrobacterium tumefaciens alone, with or without a
transgene, already induced a defense response in N. benthamiana rendering the infiltrated
leaves much more resistant to C. destructivum. As C. destructivum is a hemibiotroph, it
is unknown if this resistance is a response to the biotrophic or the necrotrophic phase of
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its life cycle. Therefore, additional pathogens of N. benthamiana, such as the biotroph,
TMV (Shew and Lucas, 1991) or the necrotroph Botrytis cinerea (El Oirdi and Bouarab,
2007), could also be tested to determine the range of the resistance induced.
The resistance to C. destructivum induced by agroinfiltration in N. benthamiana
was triggered by T4SS-dependent effectors necessary for plant infection by A.
tumefaciens. However, of the non-pilus vir genes only VirE2 was examined in this study.
Mutants in virD2 (Howard et al., 1992), virE3 (Lacroix et al., 2005), virF (Schrammeijer
et al., 2001) and virD5 (Schrammeijer et al., 2000), which are also required for
translocation by T4SS, could be tested to determine if they also play a role in
agroinfiltration induced resistance.
Agroinfiltration also induced resistance in N. tabacum, but the response was
mediated by both PAMPs and T4SS-dependent effectors, unlike in N. benthamiana
where only T4SS-dependent effectors can induce the resistance. It was not expected that
a plant of the same family would perceive PAMPs differently, although it has been
reported that Ax21, a PAMP from a Xanthomonas species, can only be perceived by
specific rice cultivars (Lee et al., 2009b; Zipfel and Robatzek 2010), which indicated that
certain PAMPs may have genotype-specific recognition. However, it is unknown if such
a narrow range of PAMP recognition exists between A. tumefaciens and different
Nicotiana species. To date only a limited number of plant species have been
characterized for their abilities to perceive different PAMPs, so the possible variation for
this trait across a broader range of plants could be a fruitful area for further research. For
this purpose A. thaliana, which has a variety of mutants in different signaling pathways
would be an attractive candidate.
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Agroinfiltration-induced resistance in N. tabacum required the ET-dependent
pathway with the SA-dependent pathway playing a minor but non-essential role. As
mutant plants for the ET and SA pathways are not available in N. benthamiana, the
possible roles of these pathways could not be determined in that species. However, other
plant species, such as A. thaliana, have an SA mutant (Delaney et al., 1994), an ET
mutant (Bleecker et al., 1988) and a JA mutant (Staswick et al., 1998), which could be
tested for the effect on those signaling molecules in agroinfiltration-induced resistance.
To further understand the role of the ET and SA pathways, mutants such as nahG and etr1 in N. benthamiana will need to be created and tested. In our study the expression
patterns of four genes associated with either the ET or SA pathway were studied, and
although differential expression was observed, these patterns could not explain the
agroinfiltration-induced resistance in N. benthamiana. Therefore, other defense related
genes may be responsible for this phenomenon in N. benthamiana, such as genes
involved in cell wall deposition of callose. A broader scale examination of gene
expression through microarrays, such as that done by Ditt et al. (2006) for A.
tumefaciens-infected A. thaliana cells, or RNA-seq, which can give an RNA profile of
the agroinfiltrated leaf (Wang et al., 2009), could help to identify genes involved in
agroinfiltration-induced resistance.
This study has demonstrated that agroinfiltration, a technique commonly used to
study plant-microbe interactions, can have ancillary effects on plant defense mechanisms,
due simply to the activities of A. tumefaciens. This phenomenon has now been reported
in at least three commonly used model plant systems, including N. benthamiana (this
work), N. tabacum (Pruss et al., 2008; Rico et al., 2010) and A. thaliana (Zipfel et al.,
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2004). The use of this technique for evaluating genes for disease resistance in other plant
species should, therefore, be undertaken with caution and only after preliminary tests
such as those used in this study.
Agroinfiltration, however, could be a particularly simple and rapid system for
expressing proteins of interest in plants, from which they could then be purified and
characterized. Although plant proteases might result in degradation of such proteins, low
protease transgenic plants could be developed and grown in closed systems. Thus far, the
use of low protease transgenic plants has not been reported. In addition, plants
expressing a MAR border sequence in combination with inactivation of PTGS may be
used for agroinfiltration; such a system has been used successfully for expression of
defensins in stably transformed A. thaliana (Butaye et al., 2004; Sels eta l., 2007; Aerts et
al., 2007). The use of MARs enhances transgene expression in stable transformants by
reducing position effects (Spiker and Thompson, 1996; Butaye et al., 2005), although this
may be of minor importance in transient systems as expression can occur from nonintegrated T-strands as well as those integrated in the genome. Of more value perhaps for
this purpose is the PTGS mutant plants in which a reduction of transgene silencing allows
for higher levels of transgene expression (Butaye et al., 2004; Butaye et al., 2005). A
similar strategy for enhancing gene expression with agroinfiltration is to co-infiltrate with
a PTGS suppressor gene, such as the gene coding for P19 from the tomato bushy stunt
virus (Scholthof et al., 1995). This approach was found to be effective for enhancing
transient expressions of green fluorescent protein (GFP) and disease resistance genes (Cf9, Cf-4) in Nicotiana benthamiana (Voinnet et al., 2003).
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Transgenic tobacco plants containing pbd-1 displayed slightly increased
resistance against P. syringae pv. tabaci 11528R based on bacterial population counts,
but not against C. destructivum N150 and C. orbiculare ATTC 20767, while transgenic
plants containing Ntdef1displayed no resistance against these pathogens. Transcription of
both transgenes was detected, but the corresponding proteins were not detectable in total
plant extracts. The lack of increased disease resistance, therefore, could be due to the low
levels of expression, low levels of defensin protein accumulation, no or low antimicrobial
activity against these pathogens, or a combination of these factors.
To evaluate the antimicrobial activity of PBD-1, a P. pastoris expression system
was employed to synthesize the protein and then test this protein for in vitro activity. P.
pastoris produced PBD-1 that displayed high activity against P. syringae pv. tabaci
11528R and C. orbiculare ATTC 20767 and lower activity against C. destructivum N150
suggesting that the lack of in planta activity in tobacco plants expressing pbd-1 was not
likely due to a lack of antimicrobial activity. PBD-1 also displayed activity against a
broad range of other bacterial plant and animal pathogens, including both gram-negative
and gram-positive strains. However, PBD-1 had different levels of antimicrobial activity
depending on the bacterial species. This suggests that specific microbial membrane
components are targets of PBD-1 that could vary even between isolates, affecting the
ability of PBD-1 to interact with the microbe. Therefore, a wider range of microbes
should be tested. An unexpected result was the variation in the level of antimicrobial
activity for different strains of the same bacterial species. This would imply that bacteria
may be able to mutate and lose the target site for PBD-1 activity or develop counteracting
mechanism to suppress the effect of PBD-1. To test for this, bacterial cultures could be

210

treated with gradually increasing concentration of PBD-1 and observe the development of
resistant strains. Similar experiments have been done to observe the development of
bacterial strains resistant to the antibiotic, pexiganan (Perron et al., 2006). This raises the
possibility that widespread use of transgenic plants expressing PBD-1could result in
PBD-1 resistant strains arising after a period of time with sufficient selection pressure.
Expression of Ntdef1 in the P. pastoris system was also successful enabling tests
for in vitro activity. However, Ntdef1 protein produced by P. pastoris displayed no
activity against P. syringae pv. tabaci 11528R, and weak activity against C. destructivum
N150 and C. orbiculare ATTC 20767. When tested against different bacterial plant and
animal pathogen species, Ntdef1 only showed weak activity against gram-positive
bacteria. Ntdef1 may lack significant antimicrobial activity or it may show specificity
against microbes that were not tested in this study. If it plays a role in disease resistance,
then it would most logically be against pathogens of tobacco. Other tobacco pathogens
that could be tested would be the gram-positive bacterium Rhodococcus fascians, the
fungus Fusarium oxysporum, and the oomycete Peronospora tabacina (Shew and Lucas,
1991). Since plant defensins may have other roles than disease resistance, future work
could look at anti-insect activity (Pelegrini et al., 2008; Zhang et al., 1997; Bloch and
Richardson, 1991), root growth inhibition (de Zélicourt et al, 2007) and developmental
control (Allen et al., 2008; Stotz et al., 2009a) in tobacco plants by methods such as gene
silencing..
This study provides a direct comparison of two quite different systems for
expressing defensin proteins. The P. pastoris system produced different levels of foreign
protein depending on the gene and/or gene construct. Of the four gene constructs
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transferred to P. pastoris, only Ntdef1-en-myc-6xHis provided sufficient protein for
direct detection in the media, and was readily purified in sufficient quantities for
extensive testing in vitro. Proteins from both the pbd-1+pbd-1 construct, which had the
native PBD-1 prosequence fused with PBD-1 mature peptide, and the Ntdef1-6xHis
construct were at a much lower level in the media and required larger cultures and
laborious purification for the assays. Protein from the po2+pbd-1 construct, which had
PO2 sequence fused with the PBD-1 mature peptide, was not detectable in the media and
could not be purified from it, even though the gene was present in P. pastoris. Thus, it
appears that the en-myc-6xHis fusion tag was superior to the 6xHis tag for expression
and/or secretion of Ntdef1, and the choice of fusion tag may be critical for protein
stability, the ability of P. pastoris to secrete the protein, or both.
The P. pastoris and other microbial expression systems are much more rapid than
transgenic plant systems and generally provide high yields of protein that are also more
easily purified as they are secreted into the media thus bypassing the cell disruption
process. However, P. pastoris is sensitive to some defensins, such as radish defensin, RsAFP2, and A. thaliana defensins, AtPDF1 (Sels et al., 2007), and thus would not be
suitable for these and possibly other AMP genes. In addition, the P. pastoris system
introduces possible artifacts into the bioassays due to the extra amino acids included on
the N-terminus of the mature peptide and tags on either end for purification or detection,
all of which may interfere with biological activity. Removal of the 6xHis or other tags
invariably resulted in considerable loss of protein in this study.
This research demonstrated the importance of assessing antimicrobial activity in
vitro when selecting a gene to engineer disease resistance in plants. This would be
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especially true in the case of putative plant defensins as they may perform other
functions, such as inhibition of protein translation, insect α-amylases, and proteases, or as
ion channel blockers (Carvalho and Gomes, 2009). Although a high level of
antimicrobial activity in vitro would make a gene a promising candidate, the results from
such assays may not necessarily translate into effective resistance to pathogens in plants.
For example, the overexpression of A. thaliana defensins, AtPDF1.1 or AtPDF1.2a, in A.
thaliana did not improve resistance to B. cinerea despite its apparent in vitro
antimicrobial activity against B. cinerea (De Coninck et al., 2010). An alternative
approach to determine the importance of a gene in resistance to pathogens is to silence
the gene and look for decreased resistance. This has been done for a pepper AMP gene
(CaAMP1) (Lee et al., 2008b), a tomato defensin gene (DEF2) (Stotz et al., 2009a), and a
snakin-2 homolog in N. benthamiana (Balaji et al., 2011). Such an approach could be
done for Ntdef1 by using antisense RNA (Schuch, 1991) or RNAi (Smith et al., 2000).
Because of the other possible roles for plant defensins, such as inhibitors of
protein translation, insect α-amylases, proteases, or ion channel blockers (Carvalho and
Gomes, 2009), it is possible that overexpression of Ntdef1 may affect other traits such as
insect resistance. For example, expression of Brassica rapa defensin (BrD1) in rice
conferred increased resistance to brown planthopper (Nilaparvata lugens) (Choi et al.,
2009). Possible insect pests of tobacco to do feeding tests with the purified protein from
P. pastoris or material from transgenic plants would be tobacco budworm (Heliothis
virescens), tobacco hornworm (Manduca sexta) and green peach aphid (Myzus persicae)
(Self et al., 1964).
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Given that animal defensins broadly possess antimicrobial activity, they have
potential for developing disease-resistant plants. Animal defensin genes have promise,
since plant pathogens have not been exposed to animal defensins, and therefore should
not have developed resistance to them. For example, two vertebrate defensins, rabbit αdefensin (NP-1) (Fu et al., 1998; Zhao et al., 1999; Zhang et al., 2000) and human βdefensin 2 (hBD-2) (Aerts et al., 2007) conferred resistance to microbial pathogens in
different plant species. However, the expression and stability of animal proteins in plant
cells and tissues, as well as their activity, poses challenges for this strategy, which
explains perhaps the lack of successful applications of vertebrate defensins for this
purpose. Insect AMPs have shown potential, as well, for disease resistance in plants, but
synthetic versions of these were necessary to withstand plant protease activity (Owen and
Heutte, 1997).
Plant defensin genes have the advantage of having co-evolved with pathogens,
and so may be adapted to attack pathogens of that plant. However, overexpression in the
same species can result in silencing. Silencing may have been responsible for the lack of
resistance against B. cinerea observed in A. thaliana plants overexpressing A. thaliana
defensins (De Coninck et al., 2010). This is possibly why most successful attempts to
develop transgenic plants with disease resistance have utilized defensin genes from other
plant species (Terras et al., 1995; Kanzaki et al., 2002; Gao et al., 2000; Table 1.2).
For a transgene to be effective in increasing disease resistance in plants, a
minimum level of expression is required in the plant host. A number of methods have
been developed to do this. Codon optimization involves modification of the DNA
sequence to the preferred codons used for particular amino acids in the host species, and
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has been used to increase expression of the cryIA gene from Bacillus thuringiensis in
tobacco or tomato to increase the level of CryIA protein (Perlak et al., 1991). However,
this approach did not improve the production of porcine epidermal growth factor (EGF)
in tobacco (Snelgrove, 2004) or cecropin in tobacco (Hightower et al., 1994). Codon
modification of pbd-1 in this study was not sufficient to provide detectable levels of the
protein in tobacco. Another approach is to incorporate the transgene in the chloroplast
genome, which has been used to express Bt toxin (De Cosa et al, 2001) and viral antigens
(Molina et al., 2004). This was also done for an AMP analog of magainin 2, which
resulted in increased disease resistance (DeGray et al., 2001). An additional
complementary strategy is to target the foreign protein to a subcellular compartment,
such as the endoplasmic reticulum (ER), a method that was successful for expressing an
anti-Hepatitis B virus surface antigen (HBsAg) in tobacco (Ramirez et al.,2002).
Similarly targeting the foreign protein to the vacuole resulted in increased levels of the
Lt-B protein of enterotoxigenic E.coli in maize (Streatfield et al., 2003). However, such
sequestration strategies may not improve disease resistance in the plant as the invading
microbes may not be exposed to the protein. The PTGS-MAR expression system
(Butaye et al., 2004), in which the transgene construct is bordered by MAR sequences
and the construct transferred to a PTGS mutant plant, is another possibility for enhancing
transgene expression as the presence of the MAR sequence reduces positional effects and
the PTGS mutation reduces silencing of the transgene. This strategy has been used to
achieve relatively high levels of plant and animal defensins in A. thaliana leaves (Sels eta
l., 2007; Aerts et al., 2007). However, it is suitable only for generating transgenic plants
for protein extraction and not for developing disease resistant plants because PTGS
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mutant plants are more susceptible to diseases, for example A. thaliana to cucumber
mosaic virus (CMV) (Mourrain et al., 2000) and A. thaliana to Verticillium dahliae
(Ellendorff et al., 2009).
The research reported in this thesis demonstrates the challenges faced by those
attempting to express AMP genes in plants for therapeutic or plant disease purposes. It is
clear that different approaches are required for different applications. For example, the P.
pastoris expression system is more efficient for the extraction, purification,
characterization and testing of AMPs. However, it is likely that for each AMP a specific
secretion signal or fusion partner may need to be developed to achieve high protein
levels, a daunting task if one desires to test several genes. Agroinfiltration may also be
useful for AMP extraction and purification, especially if one desires to examine
properties of the protein produced in a plant system. However, as shown in this thesis
and elsewhere, agroinfiltration would not be useful for testing antimicrobial activity of a
gene in planta. For the purpose of generating transgenic plants with increased disease
resistance, a good starting point, especially for genes with only a putative function, would
be to determine the antimicrobial activity of the AMP gene following production of the
AMP in a P. pastoris expression system. The data from such experiments could be used
to select the most promising candidate genes, and then AMP could be further tested for
expression and stability in plants using agroinfiltration. If such tests are promising, then
one could be even more confident of the decision to generate stably transformed plants
and test the AMP for biological activity.

216

References
Abdallah, N.A., Shah, D., Abbas, D., and Madkour, M. 2010. Stable integration and
expression of a plant defensin in tomato confers resistance to fusarium wilt. GM crops
1:344-350.
Aerts, A.M., Thevissen K., Bresseleers, S.M., Sels, J., Wouters, P., Cammue, B.P.A., and
François, I.E.J.A. 2007. Arabidopsis thaliana plants expressing human-defensin-2 are
more resistant to fungal attack: functional homology between plant and human defensins.
Plant Cell Reports 26:1391-1398.
Aerts, A.M., François, I.E., Cammue, B.P., and Thevissen, K. 2008. The mode of
antifungal action of plant, insect and human defensins. Cellular and Molecular Life
Sciences 65:2069-2079.
Akama, K., Shiraishi, H., Ohta, S., Nakamura, K., Okada, K., and Shimura, Y. 1992.
Efficient transformation of Arabidopsis thaliana: comparison of the efficiencies with
various organs, plant ecotypes and Agrobacterium strains. Plant Cell Reports 12:7-11.
Alan, A.R., Blowers, A., and Earle, E.D. 2004. Expression of a magainin-type
antimicrobial peptide gene (MSI-99) in tomato enhances resistance to bacterial speck
disease. Plant Cell Reports 22:388-396.
Allefs, J.J.H.M., Florack, D.E.A., Hoogendoorn, C., and Stiekema, W.J. 1995. Erwinia
soft rot resistance of potato cultivars transformed with a gene construct coding for
antimicrobial peptide cecropin B is not altered. American Journal of Potato Research
72:437-445.
Allefs, S., De Jong, E., Florack, E., Hoogendoorn, C., and Stiekema, W. 1996. Erwinia
soft rot resistance of potato cultivars expressing antimicrobial peptide tachyplesin I.
Molecular Breeding 2:97-105.
Allen, A., Snyder, A.K., Preuss, M., Nielsen, E.E., Shah, D.M., and Smith, T.J. 2008.
Plant defensins and virally encoded fungal toxin KP4 inhibit plant root growth. Planta
227:331-339.
Aly, K.A., and Baron, C. 2007. The VirB5 protein localizes to the T-pilus tips in
Agrobacterium tumefaciens. Microbiology 153:3766-3775.
Aly, K.A., Krall, L., Lottspeich, F., and Baron, C. 2008. The type IV secretion system
component VirB5 binds to the trans-zeatin biosynthetic enzyme Tzs and enables its
translocation to the cell surface of Agrobacterium tumefaciens. Journal of Bacteriology
190:1595-1604.
Anand, A., Uppalapati, S.R., Ryu, C.M., Allen, S.N., Kang, L., Tang, Y., and Mysore,
K.S. 2008. Salicylic acid and systemic acquired resistance play a role in attenuating
217

crown gall disease caused by Agrobacterium tumefaciens. Plant Physiology 146:703715.
Annamalai, P., Rofail, F., Demason, D.A., and Rao, A.L. 2008. Replication-coupled
packaging mechanism in positive-strand RNA viruses: synchronized coexpression of
functional multigenome RNA components of an animal and a plant virus in Nicotiana
benthamiana cells by agroinfiltration. Journal of Virology 82:1484-1495.
Apelbaum, A. and Burg, S.P. 1971. Altered cell microfibrillar orientation in ethylenetreated Pisum sativum stems. Plant Physiology 48:648-652.
Atnaseo, C. 2003. Expression of antimicrobial peptide in plants. MSc. Thesis,
University of Guelph.
Bailey, J.A., O’Connell, R.J., Pring, R.J., and Nash, C. 1992. Infection strategies of
Colletotrichum species. In: Bailey J.A. and Jeger M.J. (Ed.) Colletotrichum: Biology,
Pathology and Control. CAB International, Wallingford, pp 88-120.
Bako, L., Umeda, M., Tiburcio, A.F., Schell, J., and Koncz, C. 2003. The VirD2 pilot
protein of Agrobacterium-transferred DNA interacts with the TATA box-binding protein
and a nuclear protein kinase in plants. Proceedings of the National Academy of Sciences
USA 100:10108-10113.
Balaji, V., Sessa, G., and Smart, C.D. 2011. silencing of host basal defense responserelated gene expression increases susceptibility of Nicotiana benthamiana to Clavibacter
michiganensis subsp. michiganensis. Phytopathology 101:349-357.
Bahramnejad, B., Erickson, L.R., Atnaseo, C., and Goodwin, P.H. 2009. Differential
expression of eight defensin genes of N. benthamiana following biotic stress, wounding,
ethylene, and benzothiadiazole treatments. Plant Cell Reports 28:703-717.
Ballas, N. and Citovsky, V. 1997. Nuclear localization signal binding protein from
Arabidopsis mediates nuclear import of Agrobacterium VirD2 protein. Proceedings of
the National Academy of Sciences USA 94:10723-10728.
Banzet, N., Latorse, M.-P., Bulet, P., Francois, E., Derpierre, C., and Dubald, M. 2002.
Expression of insect cystein-rich antifungal peptides in transgenic tobacco enhances
resistance to a fungal disease. Plant Science 162:995-1006.
Berger, B.R., and Christie, P.J. 1993. The Agrobacterium tumefaciens virB4 gene
product is an essential virulence protein requiring an intact nucleoside triphosphatebinding domain. Journal of Bacteriology 175:1723-1734.
Berger, B.R., and Christie, P.J. 1994. Genetic complementation analysis of the
Agrobacterium tumefaciens virB operon: virB2 through virB11 are essential virulence
genes. Journal of Bacteriology 176:3646-3660.

218

Bevins, L.C., Martin-Porter, E., and Ganz, T. 1999. Defensins and innate host defense
of the gastrointestinal tract. Gut 45:911-915.
Bhattacharjee, S., Lee, L.Y., Oltmanns, H., Cao, H., Veena, J.H., Cuperus, J., and Gelvin,
S.B. 2008. IMPa-4, an Arabidopsis importin alpha isoform, is preferentially involved in
agrobacterium-mediated plant transformation. Plant Cell 20: 2661-2680.
Bleecker, A.B., Estelle, M.A., Somerville, C., and Kende, H. 1988. Insensitivity to
ethylene conferred by a dominant mutation in Arabidopsis thaliana. Science 241:10861089.
Bloch, C., and Richardson, M. 1991. A new family of small (5 kDa) protein inhibitors
of insect alpha-amylases from seeds or sorghum (Sorghum bicolar (L) Moench) have
sequence homologies with wheat gamma-purothionins. FEBS Letters 279:101-104.
Boller, T., and Felix, G. 2009. A renaissance of elicitors: perception of
microbeassociated molecular patterns and danger signals by pattern-recognition
receptors. Annual Review of Plant Biolology 60:379-406.
Boman, H.G. 1995. Peptide antibiotics and their role in innate immunity. Annual
Review of Immunology 13:61-92.
Bowdish, D.M.E., Davidson, D.J., and Hancock, R.E.W. 2005. A re-evaluation of the
role of host defence peptides in mammalian immunity. Current Protein Peptide Science
6:35-51.
Broekaert, W.F., Cammue, B.P.A., De Bolle, M.F.C., Thevissen, K., De Samblanx,
G.W., and Osborn, R.W. 1997. Antimicrobial peptides from plants. Critical Reviews in
Plant Sciences 16:297-323.
Broekaert, W.F., Terras, F.R.G., Cammue, B.P.A., and Vanderleyden, J. 1990. An
automated quantitative assay for fungal growth. FEMS Microbiology Letters 69:55-60.
Broekaert, W.F., Terras, F.R.G., Cammue, B.P.A, and Osborn, R.W. 1995. Plant
defensins: novel antimicrobial peptides as components of the host defense system. Plant
Physiology 108:1353-1358.
Bulet, P., Stöcklin, R., and Menin, L. 2004. Anti-microbial peptides: from invertebrates
to vertebrates. Immunological Reviews 198:169-184.
Bulet, P., and Stöcklin, R. 2005. Insect antimicrobial peptides: structures, properties and
gene regulation. Protein and Peptide Letters 12:3-11.
Butaye, K.M., Goderis, I.J., Wouters, P.F., Pue,s J.M., Delaure, S.L., Broekaert, W.F.,
Depicker, A., Cammue, B.P., and De Bolle, M.F. 2004. Stable high-level transgene

219

expression in Arabidopsis thaliana using gene silencing mutants and matrix attachment
regions. Plant Journal 39:440-449.
Butaye, K.M.J., Cammue, B.P.A., Delaure, S.L. and De Bolle, M.F.C. 2005.
Approaches to minimize variation of transgene expression in plants. Molecular Breeding
16:79-91.
Cereghino, G.P.L., Cereghino, J.L., Ilgen, C., and Cregg, J. 2002. Production of
recombinant proteins in fermenter cultures of the yeast Pichia pastoris. Current Opinion
in Biotechnology 13:329-332.
Carvalho, A.D.O., and Gomes, V.M. 2009. Plant defensins-prospects for the biological
functions and biotechnological properties. Peptides 30:1007-1020.
Cary, J.W., Rajasekaran, K., Jaynes, J.M., and Cleveland, T.E. 2000. Transgenic
expression of a gene encoding a synthetic antimicrobial peptide results in inhibition of
fungal growth in vitro and in planta. Plant Science 154:171-181.
Chakrabarti, A., Ganapathi, T.R., Mukherjee, P.K., and Bapat, V.A. 2003. MSI-99, a
magainin analogue, imparts enhanced disease resistance in transgenic tobacco and
banana. Planta 216:587-596.
Charkowski, A.O., Alfano, J.R., Preston, G., Yuan, J., He, S.Y., and Collmer, A. 1998.
The Pseudomonas syringae pv. tomato HrpW protein has domains similar to harpins and
pectate lyases and can elicit the plant hypersensitive response and bind to pectate.
Journal of Bacteriology 180:5211-5217.
Chase, M.W., Knapp, S., Cox, A.V., Clarkson, J. J., Butsko,Y., Joseph, J.S.V., and
Parokonny, A.S. 2003. Molecular systematics, GISH and the origin of hybrid taxa in
Nicotiana (Solanaceae). Annals of Botany 92:107-127.
Chen, K.C., Lin, C.Y., Kuan, C.C., Sung, H.Y. and Chen, C.S. 2002. A novel defensin
encoded by a mungbean cDNA exhibits insecticidal activity against bruchid. Journal of
Agricultural and Food Chemistry 50:7258-7263.
Chen, N., Goodwin, P.H., and Hsiang, T. 2003. The role of ethylene during the infection
of Nicotiana tabacum by Colletotrichum destructivum. Journal of Experimental Botany
54:2449-2456.
Chen Jr, J., Chen, G.-H., Hsu, H.-C., Li S.-S., and Chen C.-S. 2004. Cloning and
functional expression of a mungbean defensin VrD1 in Pichia pastoris. Journal of
Agricultural and Food Chemistry 52:2256-2261.
Chen, G.-H., Hsu, M.-P., Tan. C.-H., Sung, H.-Y., Kuo, C.G., Fan, M.-J., Chen, H.M.,
Chen, S., and Chen, C.S. 2005. Cloning and characterization of a plant defensin VaD1
from azuki bean. Journal of Agricultural and Food Chemistry 53:982-988.
220

Chesnokova, O., Coutinho, J.B., Khan, I.H., Mikhail, M.S., and Kado C.I. 1997.
Characterization of flagella genes of Agrobacterium tumefaciens, and the effect of a bald
strain on virulence. Molecular Microbiology 23:579-590.
Chilton, M.-D., Drummond, M.H., Merlo, D.J., Sciaky, D., Montoya, A.L., Gordon, M.
P., and Nester, E.W. 1977. Stable incorporation of plasmid DNA into higher plant cells:
the molecular basis of crown gall tumorigenesis. Cell 11:263-271.
Choi, M.S., Kim, Y.H., Park, H.M., Seo, B.Y., Jung, J.K., Kim, S.T., Kim, M.C., Shin,
D.B., Yun, H.T., Choi, I.S., Kim, C.K., and Lee J.Y. 2009. Expression of BrD1, a plant
defensin from Brassica rapa, confers resistance against brown planthopper (Nilaparvata
lugens) in transgenic rices. Molecules and Cells 28:131-137.
Christie, P.J. 2004. Type IV secretion: the Agrobacterium VirB/D4 and related
conjugation systems. Biochimica et Biophysica Acta 1694:219-234.
Chong, D.K., and Langridge, W.H. 2000. Expression of full-length bioactive
antimicrobial human lactoferrin in potato plants. Transgenic Research 9:71-78.
Citovsky, V., Kozlovsky, S.V., Lacroix, B., Zaltsman, A., Dafny-Yelin, M., Vyas, S.,
Tovkach, A., and Tzfira, T. 2007. Biological systems of the host cell involved in
Agrobacterium infection. Cellular Microbiology 9:9-20.
Clare, J.J, Rayment, F.B., Ballantyne, S.P., Sreerkrishna, K., and Romanos, M.A. 1991.
High-level expression of tetanus toxin fragment C in Pichia pastoris strains containing
multiple tandem integrations of the gene. Nature Biotechnology 9:455-460.
Conrad, U., and Fiedler, U. 1998. Compartment-specific accumulation of recombinant
immunoglobulins in plant cells: an essential tool for antibody production and
immunomodulation of physiological functions and pathogen activity. Plant Molecular
Biology 38:101-109.
Conrath, U., Beckers, G.J., Flors, V., García-Agustín, P., Jakab, G., Mauch, F., Newman,
M.A., Pieterse, C.M., Poinssot, B., Pozo, M.J., Pugin, A., Schaffrath, U., Ton, J.,
Wendehenne,. D, Zimmerli, L., and Mauch-Mani, B. 2006. Priming: getting ready for
battle. Molecular Plant-Microbe Interactions 19:1062-1071.
Cornet, B., Bonmatin, J.M., Hetru, C., Hoffmann, J.A., Ptak, M., and Vovelle, F. 1995.
Refined three-dimensional solution structure of insect defensin A. Structure 3:435-448.
Cortes-Barco, A.M., Goodwin, P.H., and Hsiang, T. 2010. Comparison of induced
resistance activated by benzothiadiazole, (2R,3R)-butanediol and an isoparaffin mixture
against anthracnose of Nicotiana benthamiana. Plant Pathology 59:643-653.

221

Costet, L., Cordelier, S., Dorey, S., Baillieul, F., Fritig, B., and Kauffmann, S. 1999.
Relationship between localized acquired resistance (LAR) and the hypersensitive
response (HR): HR is necessary for LAR to occur and salicylic acid is not sufficient to
trigger LAR. Molecular Plant-Microbe Interactions 12:655-662.
Cotter, P.D., Hill, C., and Ross, R.P. 2005. Bacteriocins: developing innate immunity
for food. Nature Reviews Microbiology 3:777-788.
Cregg, J.M., Cereghino, L., Shi, J., and Higgins, D.R. 2000. Recombinant protein
expression in Pichia pastoris. Molecular Biotechnology 16:23-52.
da Cunha, L., Sreerekha, M.V., and Mackey, D. 2007. Defense suppression by virulence
effectors of bacterial phytopathogens. Current Opinion in Plant Biology 10:349-357.
Dafny-Yelin, M., Levy, A., and Tzfira, T. 2008. The ongoing saga of Agrobacteriumhost interactions. Trends in Plant Science 13:102-105.
Daniell, H., Streatfield, S.J., and Wycoff, K. 2001. Medical molecular farming:
production of antibodies, biopharmaceuticals and edible vaccines in plants. Trends in
Plant Science 6:219-226.
Dean, J.D., Goodwin, P. H., and Hsiang, T. 2002. Comparison of relative RT-PCR and
northern blot analyses to measure expression of β-1,3-Glucanase in Nicotiana
benthamiana infected with Colletotrichum destructivum. Plant Molecular Biology
Reporter 20: 347-356.
Dean, J.D., Goodwin, P.H., and Hsiang, T. 2005. Induction of glutathione S-transferase
genes of Nicotiana benthamiana following infection by Colletotrichum destructivum and
C. orbiculare and involvement of one in resistance. Journal of Experimental Botany
56:1525-1533.
De Coninck, B.M., Sels, J., Venmans, E., Thys, W., Goderis, I.J., Carron, D., Delaure,
S.L., Cammue, B.P., De Bolle, M.F., and Mathys, J. 2010. Arabidopsis thaliana plant
defensin AtPDF1.1 is involved in the plant response to biotic stress. New Phytologist
187:1075-1088.
De Cosa, B., Moar, W., Lee, S.B., Miller, M., and Daniell, H. 2001. Overexpression of
the Bt cry2Aa2 operon in chloroplasts leads to formation of insecticidal crystals. Nature
Biotechnology 19:71-74.
de Frammond, A.J., Barton, K.A., and Chilton, M.-D. 1983. Mini-Ti-: a new vector
strategy for plant genetic engineering. Nature Biotechnology 5:262-269.
DeGray, G., Rajasekaran, K., Smith, F., Sanford, J., and Daniell, H. 2001. Expression of
an antimicrobial peptide via the chloroplast genome to control phytopathogenic bacteria
and fungi. Plant Physiology 127:852-862.
222

Delaney, T.P., Uknes, S., Vernooij, B., Friedrich, L., Weymann, K., Negrotto,
D., Gaffney, T., Gut-Rella, M., Kessmann, H., Ward, E., and Ryals, J. 1994. A central
role of salicylic acid in plant disease resistance. Science 266:1247-1250.
DeLucca, A.J., Bland, J.M., Grimm, C., Jacks, T.J., Cary, J.W., Jaynes, J.M., Cleveland,
T.E., and Walsh T.J. 1998. Fungicidal properties, sterol binding, and proteolytic
resistance of the synthetic peptide D4E1. Canadian Journal of Microbiology 44:514520.
De Leeuw, E., Li, C., Zeng, P., Li, C., Diepeveen-De Buin, M., Lu, W.-Y., Breukink, E.,
and Lu, W. 2010. Functional interaction of human neutrophil peptide-1 with the cell
wall precursor lipid II. FEBS Letters 584:1543-1548.
Deng, W., Chen, L., Wood, D.W., Metcalfe, T., Liang, X., Gordon, M.P., Comai, L., and
Nester, E.W. 1998. Agrobacterium VirD2 protein interacts with plant host cyclophilins.
Proceedings of the National Academy of Sciences USA 95:7040-7045.
De Samblanx, G.W., Goderis, I.J., Thevissen, K., Raemaekers, R., Fant, F., Borremans,
F., Acland, D.P., Osborn, R.W., Patel, S., and Broekaert, W.F. 1997. Mutational
analysis of a plant defensin from radish (Raphanus sativus L.) reveals two adjacent sites
important for antifungal activity. Journal of Biological Chemistry 272:1171-1179.
Devine, D.A., Marsh, P.D., Percival, R.S., Rangarajan, M., and Curtis, M.A. 1999.
Modulation of antibacterial peptides activity by products of Porphyromonas gingivalis
and Prevotella spp. Microbiology 145:965-971.
de Zélicourt, A., Letousey, P., Thoiron, S., Campion, C., Simoneau, P., Elmorjani, K.,
Marion, D., Simier, P., and Delavault, P. 2007. Ha-DEF1, a sunflower defensin, induces
cell death in Orobanche parasitic plants. Planta 226:591-600.
Ding, Z., and Christie, P.J. 2003. Agrobacterium tumefaciens twin-arginine-dependent
translocation is important for virulence, flagellation, and chemotaxis but not type IV
secretion. Journal of Bacteriology 185:760-771.
Dirnberger, D., Steinkellner, H., Abdennebi, L., Remy, J.J., and Van De Wiel, D. 2001.
Secretion of biologically active glycoforms of bovine follicle stimulating hormone in
plants. The Federation of European Biochemical Societies Journal 268: 4570-4579.
Ditt, R.F., Nester, E.W., and Comai, L. 2001. Plant gene expression response to
Agrobacterium tumefaciens. Proceedings of the National Academy of Sciences USA 98:
10954-10959.
Ditt, R.F., Nester, E.W., and Comai, L. 2005. The plant cell defense and Agrobacterium
tumefaciens. FEMS Microbiology Letters 247:207-213.

223

Ditt, R.F., Kerr, K.F., de Figueiredo, P., Delrow, J., Comai, L, and Nester, E.W. 2006.
The Arabidopsis thaliana transcriptome in response to Agrobacterium tumefaciens.
Molecular Plant-Microbe Interactions 19:665-681.
Dodds, P.N., and Rathjen, J.P. 2010. Plant immunity: towards an integrated view of
plant-pathogen interactions. Nature Reviews Genetics 11:539-548.
Dombek, P., and Ream, W. 1997. Functional domains of Agrobacterium tumefaciens
single-stranded DNA-binding protein VirE2. Journal of Bacteriology 179:1165-1173.
Doran, P.M. 2006. Foreign protein degradation and instability in plants and plant tissue
cultures. Trends in Biotechnology 24:426-432.
Dorey, S., Baillieul, F., Pierrel, M.-A., Saindrenan, P., Fritig, B., and Kauffmann, S.
1997. Spatial and temporal induction of cell death, defense genes, and accumulation of
salicylic acid in tobacco leaves reacting hypersensitively to a fungal glycoprotein elicitor.
Molecular Plant-Microbe Interactions 10:646-655.
Dunoyer, P., Himber, C., and Voinnet, O. 2006. Induction, suppression and requirement
of RNA silencing pathways in virulent Agrobacterium tumefaciens infections. Nature
Genetics 38:258-262.
Edwards, K., Johnstone, C., and Thompson, C. 1991. A simple and rapid method for the
preparation of plant genomic DNA for PCR analysis. Nucleic Acids Research 19:1349.
Elahi, S., Buchanan, R.M., Attah-Poku, S., Townsend, H.G., Babiuk, L.A., and Gerdts V.
2006. The host defense peptide beta-defensin 1 confers protection against Bordetella
pertussis in newborn piglets. Infection and Immunity 74:2338-2352.
Ellendorff, U., Fradin, E.F., de Jonge, R., Thomma, B.P.H.J. 2009. RNA silencing is
required for Arabidopsis defense against Verticillium wilt disease. Journal of
Experimental Botany 60:591-602.
El Oirdi, M., and Bouarab, K. 2007. Plant signalling components EDS1 and SGT1
enhance disease caused by the necrotrophic pathogen Botrytis cinerea. New Phytology
175:131-139.
Epple, P., Apel, K., and Bohlman, H. 1997a. ESTs reveal a multigene family for plant
defensins in Arabidopsis thaliana. FEBS Letters 400:168-172.
Epple, P., Apel, K., and Bohlman, H. 1997b. Overexpression of an endogenous thionin
enhances resistance of Arabidopsis against Fusarium oxysporum. The Plant Cell 9:509520.
Erbs, G., Silipo, A., Aslam, S., De Castro, C., Liparoti, V., Flagiello, A., Pucci, P,
Lanzetta, R., Parrilli, M., Molinaro, A., Newman, M.A., and Cooper, R.M. 2008.
224

Peptidoglycan and muropeptides from pathogens Agrobacterium and Xanthomonas elicit
plant innate immunity: structure and activity. Chemistry and Biology 15:438-448.
Escobar, M.A., and Dandekar, A.M. 2003. Agrobacterium tumefaciens as an agent of
disease. Trends in Plant Science 8:380-386.
Espinosa, A., and Alfano, J.R. 2004. Disabling surveillance: bacterial type III secretion
system effectors that suppress innate immunity. Cell Microbiolology 6:1027-1040.
Felix, G., Duran, J.D., Volko, S. and Boller, T. 1999. Plants have a sensitive perception
system for the most conserved domain of bacterial flagellin. The Plant Journal 18:265276.
Felix, G., and Boller, T. 2003. Molecular sensing of bacteria in plants. The highly
conserved RNA-binding motif RNP-1 of bacterial cold shock proteins is recognized as an
elicitor signal in tobacco. Journal of Biological Chemistry 278:6201-6208.
Fernandez, D., Dang, T.A., Spudich, G.M., Zhou, X.R., Berger B.R., and Christie, P.J.
1996a. The Agrobacterium tumefaciens virB7 gene product, a proposed component of the
T-complex transport apparatus, is a membrane-associated lipoprotein exposed at the
periplasmic surface. Journal of Bacteriology 178:3156-3167.
Fernandez, D., Spudich, G.M., Zhou, X.R., and Christie, P.J. 1996b. The Agrobacterium
tumefaciens VirB7 lipoprotein is required for stabilization of VirB proteins during
assembly of the T-complex transport apparatus. Journal of Bacteriology 178:3168-3176.
Florack, D.E., Allefs, S., Bollen, R., Bosch, D., Visser, B., and Stiekema, W.J. 1995.
Expression of giant silkmoth cecropin B genes in tobacco. Transgenic Research 4:132141.
Fronzes, R., Christie, P.J., and Waksman, G. 2009. The structural biology of type IV
secretion systems. Nature Reviews Microbiology 7:703-714.
Froy, O., and Gurevitz, M. 1998. Membrane potential modulators: a thread of scarlet
from plants to humans. FASEB Journal 12:1793-1796.
Fu, R.Z., Peng, Y.F., Cao, G.C., Chen, C.X., Ma, J.S., Zhang, L.M., Li, W.B., and Sun,
Y.R. 1998. Expression of rabbit defensin NP-1 gene in transgenic tobacco plants and its
activity against bacterial wilt. Chinese Science Bulletin 43: 1519-1522.
Gaffney, T., Friedrich, L., Vernooij, B., Negrotto, D., Nye, G., Uknes, S., Ward, E.,
Kessmann, H., and Ryals, J. 1993. Requirement of salicylic acid for the induction of
systemic acquired resistance. Science 261:754-756.
Gan, S., and Amasino, R.M. 1997. Making sense of senescence (Molecular genetic
regulation and manipulation of leaf senescence). Plant Physiology 113:313-319.
225

Ganz, T. 2001. Fatal attraction evaded: how pathogenic bacteria resist cationic
polypeptides. The Journal of Experimental Medicine 193:F31-F33.
Ganz, T. 2003a. The role of antimicrobial peptides in innate immunity. Integrative and
Comparative Biology 43:300-304.
Ganz, T. 2003b. Defensins: antimicrobial peptides of innate immunity. Nature Review
Immunology 3:710-720.
Gao, A.G., Hakimi, S.M., Mittanck, C.A., Wu, Y., Woerner, B.M., Stark, D.M., Shah,
D.M., Liang, J., and Rommens, C.M. 2000. Fungal pathogen protection in potato by
expression of a plant defensin peptide. Nature Biotechnology 18:1307-1310.
Garcia-Olmedo, F., Molina, A., Alamillo, J.M., and Rodriguez-Palenzuela, P. 1998.
Plant defense peptides. Biopolymer 47:479-491.
Garcia-Rodriguez, F.M., Schrammeijer, B., and Hooykaas, P.J.J. 2006. The
Agrobacterium VirE3 effector protein:a potential plant transcriptional activator. Nucleic
Acids Research 34:6496-6504.
Gaspar, Y.M., Nam, J., Schultz, C.J., Lee, L.Y., Gilson, P.R., Gelvin, S.B., and Bacic, A.
2004. Characterization of the Arabidopsis lysine-rich arabinogalactanprotein AtAG17
mutant (rat1) that results in a decreased efficiency of Agrobacterium transformation.
Plant Physiology 135:2162-2171.
Gelvin, S.B. 2003. Agrobacterium-mediated plant transformation : the biology behind
the “ gene-jockeying ” tool. Microbiology and Molecular Biology Reviews 67:16-37.
Gelvin, S.B. 2010. Plant proteins involved in Agrobacterium- mediated genetic
transformation. Annual Review of Phytopathology 48:45-68.
Ghannam, A., Jacques, A., De Ruffray, P., Baillieul, F. and Kauffmann, S. 2005.
Identification of tobacco ESTs with a hypersensitive response (HR)-specific pattern of
expression and likely involved in the induction of the HR and/or localized acquired
resistance (LAR). Plant Physiology and Biochemistry 43:249-259.
Goodin, M.M., Dietzgen, R.G., Schichnes, D., Ruzin, S. and Jackson, A.O. 2002. pGD
vectors: versatile tools for the expression of green and red fluorescent protein fusions in
agroinfiltrated plant leaves. The Plant Journal 31:375-383.
Goodin, M.M., Zaitlin, D., Naidu, R.A., and Lommel, S.A. 2008. Nicotiana
benthamiana: its history and future as a model for plant-pathogen interactions.
Molecular Plant-Microbe Interactions 21:1015-1026.

226

Goodspeed, T.H. 1954. The Genus Nicotiana: Origins, Relationships and Evolution of
its Species in the Light of Their Distribution, Morphology and Cytogenetics. Chronica
Botanica, Waltham.
Gouka, R.J., Punt, P.J., and van den Hondel, C.A. 1997. Glucoamylase gene fusions
alleviate limitations for protein production in Aspergillus awamori at the transcriptional
and (post) translational levels. Applied Environmental Microbiology 63:488-497.
Goulet, C, Goulet, M.C., Michaud, D. 2010. 2-DE proteome maps for the leaf apoplast
of Nicotiana benthamiana. Proteomics 10:2536-2544.
Gu, Q., Kawata, E.E., Morse, M.J., Wu, H.M., and Cheung, A.Y. 1992. A flowerspecific cDNA encoding a novel thionin in tobacco. Molecular and General Genetics
234:89-96.
Guyon, P., Chilton, M.-D., Petit, A., and Tempé, J. 1980. Agropine in ‘null type’ crown
gall tumors: evidence for generality of the opine concept. Proceedings of the National
Academy of Sciences USA 77:2693-2697.
Hammami, R., Ben Hamida J., Vergoten, G., and Fliss, I. 2009. PhytAMP: a database
dedicated to antimicrobial plant peptides. Nucleic Acids Research 37: D963-968.
Hancock, R.E.W., and Lehrer, R. 1998. Cationic peptides: a new source of antibiotics.
TIBTECH 16:82-88.
Hancock, R.E.W., and Diamond, G. 2000. The role of cationic antimicrobial peptides in
innate host defenses. Trends in Microbiology. 8:402-410.
Hancock, R.E.W., and Sahl, H.G. 2006. Antimicrobial and host-defense peptides as new
anti-infective therapeutic strategies. Nature Biotechnology 24:1551-1557.
Hann, D.R., and Rathjen, J.P. 2007. Early events in the pathogenicity of Pseudomonas
syringae on Nicotiana benthamiana. Plant Journal 49:607-618.
Hann, D.R., Gimenez-Ibanez, S., and Rathjen, J.P. 2010. Bacterial virulence effectors
and their activities. Current Opinion in Plant Biology 13:388-393.
Herrera-Estrella, A., Chen, Z.-M.,Van Montagu, M., and Wang, K. 1988. VirD proteins
of Agrobacterium tumefaciens are required for the formation of a covalent DNA-protein
complex at the 5' terminus of T-strand molecules. EMBO Journal 7:4055-4062.
Hightower, R., Baden, C., Penzes, E., and Dunsmuir, P. 1994. The expression of
cecropin peptide in transgenic tobacco does not confer resistance to Pseudomonas
syringae pv. tabaci. Plant Cell Reports 13:295-299.

227

Hobbs, S.L.A., Warkentin, T.D., and DeLong, C.M.O. 1993. Transgene copy number
can be positively or negatively associated with transgene expression. Plant Molecular
Biology 21:17-26.
Hoekema, A., Hirsh, P.R., Hooykaas, P.J.J., and Schilperoort R.A. 1983. A binary plant
vector strategy based on separation of vir-and T-region of the Agrobacterium tumefaciens
Ti-plasmid. Nature 303:179-180.
Hondred, D., Walker, J.M., Mathews, D.E., and Vierstra, R.D. 1999. Use of ubiquitin
fusions to augment protein expression in transgenic plants. Plant Physiology 119:713724.
Howard, E.A., Zupan, J.R., Citovsky, V., and Zambryski, P.C. 1992. The VirD2 protein
of A. tumefaciens contains a C-terminal bipartite nuclear localization signal: implications
for nuclear uptake of DNA in plant cells. Cell 68:109-118.
Hsu, K.-H., Pei, C., Yeh, J.-Y., Shih, C.-H., Chung, Y.-C., Hung, L.-T., and Ou, B.-R.
2009. Production of bioactive human α-defensin 5 in Pichia pastoris. The Journal of
General and Applied Microbiology 55:395-401.
Huang, Y., Nordeen, R.O., Di, M., Owens, L.D., and McBeath, J.H. 1997. Expression of
an engineered cecropin gene cassette in transgenic tobacco plants confers disease
resistance to Pseudomonas syringae pv. tabaci. Phytopathology 87:494-499.
Huang, W.H. 2000. Action of antimicrobial peptides: Two-state model. Biochemistry
39:8347-8352.
Ikemura, T. 1993. Plant nucleic acids codon usage. In:Croy R.R.D. (Ed.) Plant
Molecular Biology Labfax. BIOS Scientific Publishers Ltd., Oxford, pp 37-48.
James, V.A., Avart, C., Worland, B., Snape, J.W., and Vain, P. 2002. The relationship
between homozygous and hemizygous transgene expression levels over generations in
populations of transgenic rice plants. Theoretical and Applied Genetics 104:553-561.
Janssen, B.J., Schirra, H.J., Lay, F.T., Anderson, M.A., and Craik, D.J. 2003. Structure
of Petunia hybrida defensin 1, a novel plant defensin with five disulfide bonds.
Biochemistry 42:8214-8222.
Janeway, C.A., and Medzhitov, R. 2002. Innate immune recognition. Annual Review of
Immunology 20:197-216.
Jarchow, E., Grimsley, N.H., and Hohn, B. 1991. virF, the host-range determining
virulence gene of Agrobacterium tumefaciens, affects T-DNA transfer to Zea mays.
Proceedings of the National Academy of Sciences USA 88:10426-10430.

228

Jaynes, J.M., Nagpala, P., Destefano-Beltran, L., Huang, J.H., Kin, J., Denny, T., and
Cetiner, S. 1993. Expression of a cecropin B peptide analog in transgenic tobacco
confers enhanced resistance to bacterial wilt caused by Pseudomonas solanacearum.
Plant Science 89:43-53.
Jefferson, R.A. 1987. Assaying chimeric genes in plants: The GUS gene fusion system.
Plant Molecular Biology Reporter 5:387-405.
Jha, S., Tank, H.G., Prasad, B.D., and Chattoo, B.B. 2009. Expression of Dm-AMP1 in
rice confers resistance to Magnaporthe oryzae and Rhizoctonia solani. Transgenic
Research 18:59-69.
Jha, S., and Chattoo, B.B. 2010. Expression of a plant defensin in rice confers resistance
to fungal phytopathogens. Transgenic Research 19:373-384.
Jiang, L.-H., Lu, H.-R., Huang, D.-X., Yi, J.-B., Li, L.-Y., and Lin, F. 2006. Expression
of porcine beta-defensin 1 gene in Pichia pastoris. Chinese Journal of Biotechnology
22:1036-1039.
Johansen, L.K., and Carrington, J.C. 2001. Silencing on the spot. Induction and
suppression of RNA silencing in the Agrobacterium-mediated transient expression
system. Plant Physiology 126:930-938.
Joly, S., Maze, C. McCray, P.B., and Guthmiller, J.M. 2004. Human β-defensins 2 and 3
demonstrate strain-selective activity against oral microorganisms. Journal of Clinical
Microbiology 42:1024-1029.
Kagan, L.B., Selsted, E.M., Ganz, T., and Lehrer, R. 1990. Antimicrobial defensin
peptides from voltage-dependent ion-permeable channels in planar lipid bilayer
membranes. Proceedings of the National Academy of Sciences USA 87:210-214.
Kant, P., Liu, W.Z., and Pauls, K.P. 2009. PDC1, a corn defensin peptide expressed in
Escherichia coli and Pichia pastoris inhibits growth of Fusarium graminearum. Peptides
30:1593-1599.
Kanzaki, H., Nirasawa, S., Saitoh, H., Ito, M., Nishihara, M., Terauchi, R., and
Nakamura, I. 2002. Overexpression of the wasabi defensin gene confers enhanced
resistance to blast fungus (Magnaporthe grisea) in transgenic rice. Theoretical and
Applied Genetics 105:809-814.
Kapila, J., De Rycke, R., Van Montagu, M., and Angenon, G. 1997. An Agrobacteriummediated transient gene expression system for intact leaves. Plant Science 122:101-108.
Karunanandaa, B., Singh, A., and Kao, T.H. 1994. Characterization of a predominantly
pistil-expressed gene encoding a gamma-thionin-like protein of Petunia inflata. Plant
Molecular Biology 26:459-464.
229

Kazan, K., Rusu, A., Marcus, J.P., Goulter, K.C., and Manners, J.M. 2002. Enhanced
quantitative resistance to Laptosphaeria maculans conferred by expression of a novel
antimicrobial peptide in canola (Brassica napus L.). Molecular Breeding 10:63-70.
Keller, A., Nesvizhskii, A.I., Kolker, E., and Aebersold, R. 2002. Empirical statistical
model to estimate the accuracy of peptide identifications made by MS/MS and database
search. Analytical Chemistry 74:5383-5392.
King, E.O., Ward, M.K., and Raney, D.E. 1954. Two simple media for the
demonstration of pyocyanin and fluorescein. Journal of Laboratory and Clinical
Medicine 44:301-307.
Kitamura, S., Inoue, M., Shikazono, N., and Tanaka, A. 2001. Relationships among
Nicotiana species revealed by the 5S rDNA spacer sequence and fluorescence in situ
hybridization. Theoretical and Applied Genetics 103:678-686.
Klee, H., Montoya, A., Horodyski, F., Lichtenstein, C., Garfinkel, D., Fuller, S., Flores,
C., Peschon, J., Nester, E., and Gordon, M. 1984. Nucleotide sequence of the tms genes
of the pTiA6NC octopine Ti plasmid: two gene products involved in plant tumorigenesis.
Proceedings of the National Academy of Sciences USA 8:1728-1732.
Knapp, S., Chase, M.W., and Clarkson, J.J. 2004. Nomenclatural changes and a new
sectional classification in Nicotiana (Solanaceae). Taxon 52:73-82.
Knoester, M., van Loon, L.C., van den Heuvel, J., Hennig, J., Bol, J.F., and Linthorst,
H.J.M. 1998. Ethylene-insensitive tobacco lacks non host resistance against soil-borne
fungi. Proceedings of the National Academy of Sciences USA 95:1933-1937.
Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T., and Felix, G. 2004. The N
terminus of bacterial elongation factor Tu elicits innate immunity in Arabidopsis plants.
Plant Cell 16:3496-3507.
Kushmerick, C., de Souza Castro, M., Santos Cruz, J., Bloch ,C. Jr., and Beirao, P.S.
1998. Functional and structural features of γ-zeathionins, a new class of sodium channel
blockers. FEBS Letters 440:302-306.
Kusnadi, A.R., Nikolov, Z.L., and Howard, J.A. 1997. Production of recombinant
proteins in transgenic plants: practical considerations. Biotechnology and Bioengineering
56:473-484.
Lacroix, B., Vaidya, M., Tzfira, T., and Citovsky, V. 2005. The VirE3 protein of
Agrobacterium mimics a host cell function required for plant genetic transformation.
EMBO Journal 24:428-437.

230

Lacroix, B., Tzfira, T., Vainstein, A., and Citovsky, V. 2006. A case of promiscuity:
Agrobacterium’s endless hunt for new partners. Trends in Genetics 22:29-37.
Langen, G., Imani, J., Altincicek, B., Kieseritzky, G., Kogel, K., and Vilcinskas, A.
2006. Transgenic expression of gallerimycin, a novel antifungal insect defensin from the
greater wax moth Galleria mellonella, confers resistance to pathogenic fungi in tobacco.
Biological Chemistry 387:549-557.
Lay, F.T., Brugliera, F., and Anderson, M.A. 2003. Isolation and properties of floral
defensins from ornamental tobacco and petunia. Plant Physiology 131:1283-1293.
Lay, F.T., and Anderson, M.A. 2005. Defensins-components of the innate immune
system in plants. Current Protein and Peptide Science 6:85-101.
Leckie, B.M., and Stewart Jr., C.N. 2011. Agroinfiltration as a technique for rapid
assays for evaluating candidate insect resistance transgenes in plants. Plant Cell Report
30: 325-334.
Lee, L.Y., Gelvin, S.B., and Kado, C.I. 1999. pSa causes oncogenic suppression of
Agrobacterium by inhibiting VirE2 protein export. Journal of Bacteriology 181:186-196.
Lee, L.Y., and Gelvin, S.B. 2008. T-DNA binary vectors and systems. Plant Physiology
146:325-332.
Lee, R.W.H., Cornelisse, M., Ziauddin, A., Slack, P.J., Hodgins, D.C., Strommer, J.N.,
Shewen, P.E., and Lo, R.Y.C. 2008a. Expression of a modified Mannheimia
haemolytica GS60 outer membrane lipoprotein in transgenic alfalfa for the development
of an edible vaccine against bovine pneumonic pasteurellosis. Journal of Biotechnology
135:224-231.
Lee, S.C., Hwang, I.S., Choi, H.W., and Hwang, B.K. 2008b. Involvement of the pepper
antimicrobial protein CaAMP1 gene in broad spectrum disease resistance. Plant
Physiology 148:1004-1020.
Lee, C.-W., Efetova, M., Engelmann, J. C., Kramell, R., Wasternack, C., Ludwig-Müller,
J., Hedrich, R., and Deeken, R. 2009a. Agrobacterium tumefaciens promotes tumor
induction by modulating pathogen defense in Arabidopsis thaliana. The Plant Cell
21:2948-2962.
Lee, S.W., Han, S.W., Sririyanum, M., Park, C.J., Seo, Y.S., and Ronald, P.C. 2009b. A
type I-secreted, sulfated peptide triggers XA21-mediated innate immunity. Science 326:
850-853.
Lehrer, R.I., Lichtenstein, K.A., and Ganz, T. 1993. Defensin: antimicrobial and
cytotoxic peptides of mammalian cells. Annual Review of Immunology 11:105-128.

231

Lehrer, R. I. 2004. Primate defensins. Nature Reviews Microbiology 2:727-738.
Lewis, R.S., and Nicholson, J.S. 2007. Aspects of the evolution of Nicotiana tabacum L.
and the status of the United States Nicotiana germplasm collection. Genetic Resources
and Crop Evolution 54:727-740.
Li, H.Y., and Gray, J.E. 1999. Molecular characterization of cDNA, NTS13, encoding a
defensin-like protein in tobacco styles (accession No. X99403) (PGR99-071). Plant
Physiology 120:633.
Li, Q., Lawrence, C.B., Xing, H., Babbitt, R.A., Bass, W.T., Maiti, I.B., and Everett, N.P.
2001. Enhanced disease resistance conferred by expression of an antimicrobial magainin
analog in transgenic tobacco. Planta 212:635-639.
Li, Z., Zhou, M., Zhang, Z., Ren, L., Du, L., Zhang, B., Xu, H., and Xin, Z. 2011.
Expression of a radish defensin in transgenic wheat confers increased resistance to
Fusarium graminearum and Rhizoctonia cerealis. Functional Integrative Genomics
11:63-70.
Lichtenstein, C., Klee, H., Montoya, A., Garfinkel, D., Fuller, S., Flores, C., Nester, E.,
and Gordon, M. 1984. Nucleotide sequence and transcript mapping of the tmr gene of
the pTiA6NC octopine Ti-plasmid: a bacterial gene involved in plant tumorigenesis.
Journal of Molecular and Applied Genetics 2:354-362.
Lindeberg, M., Stavrinides, J., Chang, J.H., Alfano, J.R., Collmer, A., Dangl, J.L.,
Greenberg, J.T., Mansfield, J.W., and Guttman, D.S. 2005. Proposed guidelines for a
unified nomenclature and phylogenetic analysis of type III Hop effector proteins in the
plant pathogen Pseudomonas syringae. Molecular Plant-Microbe Interactions 18:275282.
Liu, Q., Ingersoll, J., Owens, L., Salih, S., Meng, R., and Hammerschlag, F. 2001.
Response of transgenic Royal Gala apple (Malus X domestica Borkh.) shoots carrying a
modified cecropin MB39 gene, to Erwinia amylovora. Plant Cell Reports 20:306-312.
Liu, P., and Nester, E.W. 2006. Indoleacetic acid, a product of transferred DNA, inhibits
vir gene expression and growth of Agrobacterium tumefaciens C58. Proceedings of the
National Academy of Sciences USA 103:4658-4662.
Macauley-Patrick, S., Fazenda, M.L., McNeil, B., and Harvey, L.M. 2005. Heterologous
protein production using the Pichia pastoris expression system. Yeast 22:249-270.
Manandhar, B., Hartman, G.L., and Sinclair, J.B. 1986. Colletotrichum destructivum, the
anamorph of Glomerella glycines. Phytopathology 76:282-285.
Mansfield, J., Jenner, C., Hockenhull, R., Bennett, M.A., and Stewart, R. 1994.
Characterization of avrPphE, a gene for cultivar-specific avirulence from Pseudomonas
232

syringae pv. phaseolicola which is physically linked to hrpY, a new hrp gene identified
in the halo-blight bacterium. Molecular Plant-Microbe Interactions 7:726-739.
McCullen, C.A., and Binns, A.N. 2006. Agrobacterium tumefaciens and plant cell
interactions and activities required for interkingdom macromolecular transfer. Annual
Review of Cell and Developmental Biology 22:101-127.
Meyer, B., Houlne, G., Pozueta-Romero, J., Shantz, M.-L., and Shantz, R. 1996. Fruitspecific expression of a defensin-type gene family in bell pepper. Plant Physiology
112:615-622.
Medzhitov, R., and Janeway, C.A. Jr. 1997. Innate immunity: impact on the adaptive
immune response. Current Opinion in Immunology 9:4-9.
Melo, F.R., Rigden, D.J., Franco, O.L., Mello, L.V., Ary, M.B., De Sa, M.F.G., and
Bloch, C. 2002. Inhibition of trypsin by cowpea thionin: characterization, molecular
modeling, and docking. Proteins 48:311-319.
Menassa, R., Nguyen, V., Jevnikar, A., and Brandle, J. 2001. A self-contained system
for the field production of plant recombinant interleukin-10. Molecular Breeding 8:177185.
Mendez, E., Moreno, A., Colilla, F., Pelaez, F., Limas, G.G., Mendez, R., Soriano, F.,
Salinas, M., and De Haro, C. 1990. Primary structure and inhibition of protein synthesis
in eukaryotic cell-free system of a novel thionin, γ-hordothionin, from barley endosperm.
European Journal of Biochemistry 194:533-539.
Mendez, E., Rocher, A., Calero, M., Girbes, T., Citores, L., and Soriano, F. 1996.
Primary structure of omega-hordothionin, a member of a novel family of thionins from
barley endosperm, and its inhibition of protein synthesis in eukaryotic and prokaryotic
cell-free systems. European Journal of Biochemistry 239: 67-73.
Meyer, B., Houlné, G., Pozueta-Romero, J., Schantz, M. L., and Schantz, R. 1996. Fruitspecific expression of a defensin-type gene family in bell pepper. Upregulation during
ripening and upon wounding. Plant Physiology 112:615-622.
Milligan, S.B., and Gasser, C.S. 1995. Nature and regulation of pistil-expressed genes in
tomato. Plant Molecular Biology 28:691-711.
Molina, A., Hervás-Stubbs, S., Daniell, H., Mingo-Castel, A. M., and Veramendi, J.
2004. High-yield expression of a viral peptide animal vaccine in transgenic tobacco
chloroplasts. Plant Biotechnology Journal 2:141-153.
Moreno, M., Segura, A., and Garcia-Olmedo, F. 1994. Pseudothionin-St1, a potato
peptide against potato pathogens. European Journal of Biochemistry 223:135-139.

233

Mourrain, P., Béclin, C., Elmayan, T., Feuerbach, F., Godon, C., Morel, J.B., Jouette, D.,
Lacombe, A.M., Nikic, S., Picault, N., Rémoué, K., Sanial, M., Vo T.A., and Vaucheret,
H. 2000. Arabidopsis SGS2 and SGS3 genes are required for post-transcriptional gene
silencing and natural virus resistance. Cell 101:533-542.
Murashige, T., and Skoog, F. 1962. A revised medium for rapid growth and bio-assay
with tobacco tissue cultures. Physiologia Plantarum 15:473-497.
Napoli, C., Lemieux, C., and Jorgensen, R. 1990. Introduction of a chimeric chalcone
synthase gene into petunia results in reversible co-suppression of homologous genes in
trans. Plant Cell 2:279-289.
Nesvizhskii, A.I., Keller, A., Kolker, E., and Aebersold, R. 2003. A statistical model for
identifying proteins by tandem mass spectrometry. Analytical Chemistry 75:4646-4658.
Nonaka, S., Yuhashi, K., Takada, K., Sugaware, M., Minamisawa, K., and Ezura, H.
2008. Ethylene production in plants during transformation suppresses vir gene
expression in Agrobacterium tumefaciens. New Phytologist 178:647-656.
Ntui, V.O., Thirukkumaran, G., Azadi, P., Khan, R.S., Nakamura, I., and Mii, M. 2010.
Stable integration and expression of wasabi defensin gene in “Egusi” melon (Colocynthis
citrullus L.) confers resistance to Fusarium wilt and Alternaria leaf spot. Plant Cell
Reports 29:943-954.
Nürnberger, T., Brunner, F., Kermmerling, B., and Piater, L. 2004. Innate immunity in
plants and animals: striking similarities and obvious differences. Immunological Review
198:249-266.
Nyvall, R.F. 1989. Field Crop Diseases Handbook 2nd ed. Van Nostrand Reinhold,
New York.
Obembe, O.O., Popoola, J.O., Leelavathi, S., and Reddy, S.V. 2010. Advances in plant
molecular farming. Biotechnology Advances 29:210-222.
Ohshima, M., Mitsuhara, I., Okamoto, M., Sawano, S., Nishiyama, K., Kaku, H., Natori,
S., and Ohashi, Y. 1999. Enhanced resistance to bacterial diseases of transgenic tobacco
plants overexpressing sarcotoxin IA, a bactericidal peptide of insect. Journal of
Biochemistry 125:431-435.
Okamoto, M., Mitsuhara, I., Ohshima, M., Natori, S., and Ohashi, Y. 1998. Enhanced
expression of an antimicrobial peptide sarcotoxin IA by GUS fusion in transgenic
tobacco plants. Plant Cell Physiology 39:57-63.
Osborn, R.W., De Samblanx, G.W., Thevissen, K., Goderis, I., Torrekens, S., Van
Leuven, F., Attenborough, S., Rees, S.B., and Broekaert, W.F. 1995. Isolation and

234

characterisation of plant defensins from seeds of Asteraceae, Fabaceae, Hippocastanaceae
and Saxifragaceae. FEBS Letters 368:257-262.
Osusky, M., Zhou, G., Osuska, L., Hancock, R.E.W., Kay, W.W., and Misra, S. 2000.
Transgenic plants expressing cationic peptide chimeras exhibit broad-spectrum resistance
to phytopathogens. Nature Biotechnology. 18:1162-1166.
Owens, L.D., and Heutte, T.M. 1997. A single amino acid substitution in the
antimicrobial defense protein cecropin B is associated with diminished degradation by
leaf intercellular fluid. Molecular Plant-Microbe Interactions 10:525-528.
Padovan, L., Scocchi, M., and Tossi, A. 2010. Structural aspects of plant antimicrobial
peptides. Current Protein Peptide Science 11:210-219.
Pancer, Z., and Cooper, M.D. 2006. The evolution of adaptive immunity. Annual
Review of Immunology 24:497-518.
Pelegrini, P.B., Lay, F.T., Murad, A.M., Anderson, M.A., and Franco, O.L. 2008. Novel
insights on the mechanism of action of α-amylase inhibitors from the plant defensin
family. Proteins 73:719-729.
Perfect, S.E., Hughes, H.B., O’Connell, R.J., and Green, J.R. 1999. Colletotrichum: a
model genus for studies on pathology and fungal-plant interactions. Fungal Genetics and
Biology 27:186-198.
Perlak, F.J., Fuchs, R.L., Dean, D.A., McPherson, S.L., and Fischhoff, D.A. 1991.
Modification of the coding sequence enhances plant expression of insect control protein
genes. Proceedings of the National Academy of Sciences USA 88:3324-3328.
Perron, G.G., Zasloff, M., and Bell, G. 2006. Experimental evolution of resistance to an
antimicrobial peptide. Proceedings of the Royal Society B:Biological Sciences 273:251256.
Piers, K.L., Brown, M.H., and Hancock, R.E. 1993. Recombinant DNA procedures for
producing small antimicrobial cationic peptides in bacteria. Gene 134:7-13.
Pitzschke, A., and Hirt, H. 2010. New insights into an old story: Agrobacterium-induced
tumour formation in plants by plant transformation. EMBO Journal 29:1021-1032.
Portieles, R., Ayra, C., Gonzalez, E., Gallo, A., Rodriguez, R., Chacón, O., López, Y.,
Rodriguez, M., Castillo, J., Pujol, M., Enriquez, G., Borroto, C., Trujillo, L., Thomma, B.
P., and Borrás-Hidalgo, O. 2010. NmDef02, a novel antimicrobial gene isolated from
Nicotiana megalosiphon confers high-level pathogen resistance under greenhouse and
field conditions. Plant Biotechnology Journal 8:678-690.

235

Powers, J.-P.S., and Hancock, R.E.W. 2003. The relationship between peptide structure
and antibacterial activity. Peptides 24:1681-1691.
Pruss, G.J., Nester, E.W., and Vance, V. 2008. Infiltration with Agrobacterium
tumefaciens induces host defense and development-dependent responses in the infiltrated
zone. Molecular Plant-Microbe Interactions 21:1528-1538.
Punja, Z.K. 2001. Genetic engineering of plants to enhance resistance to fungal
pathogens-a review of progress and future prospects. Canadian Journal of Plant
Pathology 23:216-235.
Qiu, X., Wu, Y., Du, S., and Erickson, L. 1997. A new arabinogalactan protein-like gene
expressed in the pollen of alfalfa. Plant Science 124:41-47.
Ramirez, N., Ayala, M., Lorenzo, D., Palenzuela, D., Herrera, L., Doreste, V., Perez, M.,
Gavilond, J.V., and Oramas, P. 2002. Expression of a single-chain Fv antibody fragment
specific for the hepatitis B surface antigen in transgenic tobacco plants. Transgenic
Research 11:61-64.
Reynoird, J.P., Mourgues, F., Norelli, J., Aldwinckle, H.S., Briset, M.N., and Chevreau,
E. 1999. First evidence for improved resistance to fire blight in transgenic pear
expression the attacin E gene from Hyalophora cecropia. Plant Science 149:23-31.
Rico, A., Bennett, M.H., Forcat, S., Huang, W.E., and Preston, G.M. 2010.
Agroinfiltration reduces ABA levels and suppresses Pseudomonas syringae-elicited
salicylic acid production in Nicotiana tabacum. PLoS ONE 5: e8977.
Riley, M.A. 1998. Molecular mechanisms of bacteriocin evolution. Annual Review of
Genetics 32:255-278.
Robinette, D., and Matthysse, A.G. 1990. Inhibition by Agrobacterium tumefaciens and
Pseudomonas savastanoi of development of the hypersensitive response elicited by
Pseudomonas syringae pv. phaseolicola. Journal of Bacteriology 172:5742-5749.
Ronald, P.C., Salmeron, J.M., Carland, F.M., and Staskawicz, B.J. 1992. The cloned
avirulence gene avrPto induces disease resistance in tomato cultivars containing the Pto
resistance gene. Journal of Bacteriology 174:1604-1611.
Ross, A.F. 1961. Systemic acquired resistance induced by localized virus infections in
plants. Virology 14:340-358.
Salmeron, J.M., and Vernooij, B. 1998. Transgenic approaches to microbial disease
resistance in crop plants. Current Opinion in Plant Biology 1:347-352.

236

Salmon, V., Legrand, D., Slomianny, M.C., el Yazidi, I., Spik, G., Gruber, V., Bournat,
P., Olagnier, B., Mison, D., Theisen, M., and Merot, B. 1998. Production of human
lactoferrin in transgenic tobacco plants. Protein Expression and Purification 13:127-135.
Sambrook, J., Fritsch E.F., and Maniatis, T. 1989. Molecular Cloning: A Laboratory
Manual 2nd ed. Cold Spring Harbor Laboratory Press, New York.
Sang, Y., Patil, A.A., Zhang, G., Ross, C.R., and Blecha, F. 2006. Bioinformatic and
expression analysis of novel porcine beta-defensins. Mammalian Genome 17:332-339.
Sang, Y., and Blecha, F. 2009. Porcine host defense peptides: expanding repertoire and
functions. Developmental and Comparative Immunology 33:334-343.
Schafer, J.F. 1971. Tolerance to plant disease. Annual Review of Phytopathology 9:235252.
Schagger, H. 2006. Tricine-SDS-PAGE. Nature Protocol 1:16-22.
Schmidt-Eisenlohr, H., Domke, N., and Baron, C. 1999a. TraC of IncN plasmid
pKM101 associates with membranes and extracellular high-molecular-weight structures
in Escherichia coli. Journal of Bacteriology 181:5563-5571.
Schmidt-Eisenlohr, H., Domke, N., Angerer, C., Wanner, G., Zambryski, P.C., and
Baron, C. 1999b. Vir proteins stabilize VirB5 and mediate its association with the T
pilus of Agrobacterium tumefaciens. Journal of Bacteriology 181:7485-7492.
Schmitt, P., Wilmes, M., Pugnière, M., Aumelas, A., Bachère, E., Sahl, H.-G., Schneider,
T., and Destoumieux-Garzón, D. 2010. Insight into invertebrate defensin mechanism of
action: oyster defensins inhibit peptidoglycan biosynthesis by binding to lipid II. Journal
of Biological Chemistry 285:29208-29216.
Schneider, T., Kruse,T., Wimmer,R., Wiedemann, I., Sass,V., Pag,U., Jansen, A.,
Nielsen, A.K., Mygind, P.H., Raventos, D.S., Neve, S., Ravn, B., Bonvin, A.M., De
Maria, L., Andersen, A.S., Gammelgaard, L., Sahl, H.G., and Kristensen, H.H. 2010.
Plectasin, a fungal defensin, targets the bacterial cell wall precursor Lipid II. Science
328:1168-1172.
Scholthof, K.B., Scholthof, H.B., and Jackson, A.O. 1995. Identification of tomato
bushy stunt virus host-specific symptom determinants by expression of individual genes
from a potato virus X vector. The Plant Cell 7:1157-1172.
Schrammeijer, B., Beijersbergen, A., Idler, K.B., Melchers, L.S., Thompson, D.V., and
Hooykaas, P.J. 2000. Sequence analysis of the vir-region from Agrobacterium
tumefaciens octopine Ti plasmid pTi15955. Journal of Experimental Botany 51:11671169.

237

Schrammeijer, B., Risseeuw, E., Pansegrau, W., Regensburg-Tuïnk, T.J., Crosby, W.L.,
and Hooykaas, P.J. 2001. Interaction of the virulence protein VirF of Agrobacterium
tumefaciens with plant homologs of the yeast Skp1 protein. Current Biology 11:258-262.
Schuch, W. 1991. Using antisense RNA to study gene function. Symposia of the Society
for Experimental Biology 45:117-127.
Segura, A., Moreno, M., Molina, A., and García-Olmedo, F. 1998. Novel defensin
subfamily from spinach (Spinacia oleracea). FEBS Letters 435:159-162.
Self, L.S., Guthrie, F.E., and Hodgson, E. 1964. Metabolism of nicotine by tobaccofeeding insects. Nature 204:300-301.
Sels, J., Delaure´, S.J., Aerts, A.M., Proost, P., Cammue, B.P., and De Bolle, M.F. 2007.
Use of a PTGS-MAR expression system for efficient in planta production of bioactive
Arabidopsis thaliana plant defensins. Transgenic Research 16:531-538.
Sharma, A., Sharma, R., Imamura, M., Yamakawa, M., and Machii H. 2000. Transgenic
expression of cecropin B, an antibacterial peptide from Bombyx mori, confers enhanced
resistance to bacterial leaf blight in rice. FEBS Letters 484:7-11.
Shen, S., Goodwin, P.H., and Hsiang, T. 2001a. Hemibiotrophic infection and identity
of the fungus, Colletotrichum destructivum, causing anthracnose of tobacco.
Mycological Research 105:1340-1347.
Shen, S., Goodwin, P.H., and Hsiang, T. 2001b. Infection of Nicotiana species by the
anthracnose fungus, Colletotrichum orbiculare. European Journal of Plant Pathology
107:767-773.
Shew, H.D. and Lucas, G.B. 1991. Compendium of Tobacco Diseases. APS Press, St.
Paul.
Shi, J., Zhang, G., Wu, H., Ross, C., Blecha, F., and Ganz, T. 1999. Porcine epithelial
beta-defensin-1 is expressed in the dorsal tongue at antimicrobial concentrations.
Infection and Immunity 67:3121-3127.
Silverstein, K.A.T., Graham, M.A., Paape, T.D. and VandenBosch, K.A. 2005. Genome
organization of more than 300 defensin-like genes in Arabidopsis. Plant Physiology
138:600-610.
Silverstein, K.A., Moskal Jr, W.A., Wu, H.C., Underwood, B.A., Graham, M.A., Town,
C.D., and VandenBosch, K.A. 2007. Small cysteinerich peptides resembling
antimicrobial peptides have been underpredicted in plants. The Plant Journal 51:262280.

238

Smith, E.F., and Townsend, C.O. 1907. A plant-tumor of bacterial origin. Science 25:
671-673.
Smith, N.A., Singh, S.P., Wang, M.-B., Stoutjesdijk, P.A., Green, A.G. and Waterhouse,
P.M. 2000. Total silencing by intron-spliced hairpin RNAs. Nature 407:319-320.
Snelgrove, R.P. 2004. Enhanced the expression of a therapeutic protein in transgenic
plants. MSc. Thesis, University of Guelph.
Spiker S. and Thompson W.F. 1996. Nuclear matrix attachment regions and transgene
expression in plants. Plant Physiology 110:15-21.
Stachel, S.E., Messens, E., Van Montagu, M., and Zambryski, P. 1985. Identification of
the signal molecules produced by wounded plant cells that activate T-DNA transfer in
Agrobacterium tumefaciens. Nature 318:624-629.
Stachel, S.E., Timmerman, B., and Zambryski, P. 1986. Generation of single-stranded
T-DNA molecules during the initial stages of T-DNA transfer from Agrobacterium
tumefaciens to plant cells. Nature 322:706-712.
Stachel, S.E., and Nester, E.W. 1986. The genetic and transcriptional organization of the
vir region of the A6 Ti plasmid of Agrobacterium tumefaciens. EMBO Journal 5:14451454.
Staswick, P.E., Yuen, G.Y., and Lehmann, C.C. 1998. Jasmonate signalling mutants of
Arabidopsis are susceptible to the soil fungus Pythium irregulare. Plant Journal 15:747754.
Staub, J.M., Garcia, B., Graves, J., Hajdukiewicz, P.T., Hunter, P., Nehra, N., Paradkar,
V., Schlittler, M., Carroll, J. A., Spatola, L., Ward. D., Ye, G., and Russell, D.A. 2000.
High-yield production of a human therapeutic protein in tobacco chloroplasts. Nature
Biotechnology 18:333-338.
Stiekema, W.J., Heidekamp, F., Dirkse, W.G., van Beckum, J., Haan, P., ten Bosch, C.
and Louwerse, J.D. 1988. Molecular cloning and analysis of four potato tuber mRNAs.
Plant Molecular Biology 11:255-269.
Stotz, H.U., Spence, B., and Wang, Y. 2009a. A defensin from tomato with dual
function in defense and development. Plant Molecular Biology 71:131-143.
Stotz, H.U., Thomson, J.G., and Wang, Y. 2009b. Plant defensins: defense,
development and application. Plant Signaling and Behavior 4:1010-1012.
Streatfield, S.J., Lane, J.R., Brooks, C.A., Barker, D.K., Poage, M.L., Mayor, J.M.,
Lamphear, B.J., Drees, C.F., Jilka, J.M., Hood, E.E., and Howard, J.A. 2003. Corn as a
production system for human and animal vaccines. Vaccine 21:812-815.
239

Studholme, D., Ibanez, S., MacLean, D., Dangl, J., Chang, J., and Rathjen, J. 2009. A
draft genome sequence and functional screen reveals the repertoire of type III secreted
proteins of Pseudomonas syringae pathovar tabaci 11528. BMC Genomics 10:395.
Swathi Anuradha, T., Divya, K., Jami, S.K., and Kirti, P.B. 2008. Transgenic tobacco
and peanut plants expressing a mustard defensin show resistance to fungal pathogens.
Plant Cell Reports 27:1777-1786.
Tan, Y., Tillett, D.J., and McKay, I.A. 2000. Molecular strategies for overcoming
antibiotic resistance in bacteria. Molecular Medicine Today 6:309-314.
Tang, Y., Yuan, J., Osapay, G., Osapay, K., Tran, D., Miller, C.J., Ouellette, A.J., and
Selsted, M.E. 1999. A cyclic antimicrobial peptide produced in primate leukocytes by
the ligation of two truncated α-defensin. Science 286:498-502.
Takemoto, D., and Kawakita, K. 1999. Molecular cloning of fungal elicitor inducible
genes of tobacco. Genbank direct submission Accession number AB034956.
Terras, F.R.G., Schoofs, H.M.E., De Bolle, M.F.C., Van Leuven, F.V., Rees,
S.B., Vanderleyden, J., Cammue, B.P.A., and Broekaert, W.F. 1992. Analysis of two
novel classes of plant antifungal proteins from radish (Raphanus sativus L.) seeds.
Journal of Biological Chemistry 267:15301-15309.
Terras, F.R., Eggermont, K., Kovaleva, V., Raikhel, N.V., Osborn, R.W., Kester, A.,
Rees, S.B., Torrekens, S.,Van Leuven,F., and Vanderleyden, J. 1995. Small cysteinerich antifungal proteins from radish: their role in host defense. Plant Cell 7:573-588.
Thevissen, K. Osborn, R.W., Acland, D.P., and Broekaert, W.F. 1997. Specific, high
affinity binding sites for an antifungal plant defensin on Neurospora crassa hyphae and
microsomal membranes. Journal of Biological Chemistry 272:32176-32181.
Thevissen, K., François, I.E.J.A., Takemoto, J.Y., Ferket, K.K.A., Meert, E.M.K., and
Cammue, B.P.A. 2003. DmAMP1, an antifungal plant defensin from dahlia (Dahlia
merckii), interacts with sphingolipids from Saccharomyces cerevisiae. FEMS
Microbiology Letters 226:169-173.
Thevissen, K., Warnecke, D.C., François, I.E.J.A., Leipelt, M., Heinz, E., Ott, C.,
Zähringer, U., Thomma, B.P.H.J., Ferket, K.K.A., and Cammue, B.P.A. 2004.
Defensins from insects and plants interact with fungal glucosylceramides. The Journal of
Biological Chemistry 279:3900-3905.
Thevissen, K., Kristensen, H.H., Thomma, B.P., Cammue, B.P., and Francois, I.E. 2007.
Therapeutic potential of antifungal plant and insect defensins. Drug Discovery Today
12:966-971.

240

Thomas, M.D., Langston-Unkefer, P.J., Uchytil, T.F., and Durbin, R.D. 1983. Inhibition
of glutamine synthetase from pea by tabtoxinine-beta-lactam. Plant Physiology 71:912915.
Thomashow, M.F., Nutter, R., Montoya, A.L., Gordon, M.P. and Nester, E.W. 1980.
Integration and organization of Ti plasmid sequences in crown gall tumors. Cell 19:729739.
Thomma, B.P.H.J., Cammue, B.P.A., and Thevissen, K. 2002. Plant defensins. Planta
216:193-202.
Thomma, B.P.H.J., Cammue, B.P.A., and Thevissen, K. 2003. Mode of action of plant
defensins suggests therapeutic potential. Current Drug Targets Infectious Disorders 3:18.
Thomma, B.P., Nürnberger, T., and Joosten, M.H. 2011. Of PAMPs and effectors: the
blurred PTI-ETI dichotomy. Plant Cell 23:4-15.
Towbin, H., Staehlin, T. and Gordon, J. 1979. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications.
Proceedings of the National Academy of Sciences USA 76:4350-4354.
Tran, D., Tran, P.A., Tang, Y.Q., Yuan, J., Cole, T., and Selsted, M.E. 2002.
Homodimeric theta-defensins from rhesus macaque leukocytes: isolation, synthesis,
antimicrobial activities, and bacterial binding properties of the cyclic peptides. Journal
of Biological Chemistry 277:3079-3084.
Twyman, R.M., Stoger, E., Schillberg, S., Christou, P., and Fischer, R. 2003. Molecular
farming in plants: host systems and expression technology. Trends in Biotechnology
21:570-578.
Tzfira, T., and Citovsky, V. 2000. From host recognition to T-DNA integration: the
function of bacterial and plant genes in the Agrobacterium-plant cell interaction.
Molecular Plant Pathology 1:201-212.
Tzfira, T., Vaidya, M., and Citovsky, V. 2002. Increasing plant susceptibility to
Agrobacterium infection by overexpression of the Arabidopsis nuclear protein VIP1.
Proceedings of the National Academy of Sciences USA 99:10435-10440.
Tzfira, T., Vaidya, M., and Citovsky, V. 2004. Involvement of targeted proteolysis in
plant genetic transformation by Agrobacterium. Nature 431:87-92.
Vallad, E.G., and Goodman, R.M. 2004. Systemic acquired resistance and induced
systemic resistance in conventional agriculture. Crop Science 44:1920-1934.

241

van den Heuvel, K.J., Hulzink, J.M., Barendse, G.W., and Wullems, G.J. The expression
of tgas118, encoding a defensin in Lycopersicon esculentum, is regulated by gibberellin.
Journal of Experimental Botany 52:1427-1436.
Van der Hoorn, R.A.L., Laurent, F., Roth, R. and De Wit, P.J.G.M. 2000.
Agroinfiltration is a versatile tool that facilitates comparative analyses of Avr9/Cf-9induced and Avr4/Cf-4-induced necrosis. Molecular Plant-Microbe Interactions 13:439446.
van der Weerden, N.L., Lay, F.T., and Anderson, M.A. 2008. The plant defensin, NaD1,
enters the cytoplasm of Fusarium oxysporum hyphae. Journal of Biological Chemistry
283:14445-14452.
van Kregten, M., Lindhout, B.I., Hooykaas, P.J.J., and van der Zaal, B.J. 2009.
Agrobacterium-mediated T-DNA transfer and integration by minimal VirD2 consisting
of the relaxase domain and a Type IV secretion system translocation signal Molecular
Plant-Microbe Interactions 22:1356-1365.
van Loon, L., and van Strien, E. 1999. The families of pathogenesis related proteins,
their activities, and comparative analysis of PR-1 type proteins. Physiological and
Molecular Plant Pathology 55:85-97.
Vaquero, C., Sack, M., Chandler, J., Drossard, J., Schuster, F., Monecke, M., Schillberg,
S., and Fischer, R. 1999. Transient expression of a tumor-specific single-chain fragment
and a chimeric antibody in tobacco leaves. Proceedings of the National Academy of
Sciences USA 96:11128-11133.
Vaquero, C., Sack, M., Schuster, F., Finnern, R., Drossard, J., Schumann, D., Reimann,
A., and Fischer, R. 2002. A carcinoembryonic antigen-specific diabody produced in
tobacco. The FASEB journal 16:408-410.
Veena, J.H., Doerge, R.W., and Gelvin, S.B. 2003. Transfer of T-DNA and Vir proteins
to plant cells by Agrobacterium tumefaciens induces expression of host genes involved in
mediating transformation and suppresses host defense gene expression. Plant Journal
35: 219-236.
Velasquez, A.C., Chakravarthy, S., and Martin, G.B. 2009. Virus-induced Gene
Silencing (VIGS) in Nicotiana benthamiana and tomato. Journal of Visualized
Experiments 28:20-23.
Veldhuizen, E.J.A., Hendriks, H.G.C.J.M., Hogenkamp, A., Dijk, A.V., Gaastra, W.,
Tooten, P.C.J., and Haagsman, H.P. 2006. Differential regulation of porcine betadefensins 1 and 2 upon Salmonella infection in the intestinal epithelial cell line IPI-2I.
Veterinary Immunology and Immunopathology 114:94-102.

242

Veldhuizen, E.J.A., van Dijk, A., Tersteeg, M.H.G., Kalkhove, S.I.C., van der Meulen, J.,
Niewold, T.A., and Haagsman, H.P. 2007. Expression of betadefensins pBD-1 and
pBD-2 along the small intestinal tract of the pig: lack of upregulation in vivo upon
Salmonella typhimurium infection. Molecular Immunology 44:276-283.
Veldhuizen, E.J.A., Rijnders, M., Claassen, E.A., van Dijk, A., and Haagsman, H.P.
2008. Porcine beta-defensin 2 displays broad antimicrobial activity against pathogenic
intestinal bacteria. Molecular Immunology 45:386-394.
Veldhuizen, E.J.A., Koomen, I., Ultee, T., van Dijk, A., and Haagsman, H.P. 2009.
Salmonella serovar specific upregulation of porcine defensins 1 and 2 in a jejunal
epithelial cell line. Veterinary Microbiology 136:69-75.
Vergunst, A.C., Van Lier, M.C.M., Den Dulk-Ras, A., Grosse Stüve, T.A., Ouwehand,
A., and Hooykaas, P.J.J. 2005. Positive charge is an important feature of the C-terminal
transport signal of the VirB/D4-translocated proteins of Agrobacterium. Proceedings of
the National Academy of Sciences USA 102:832-837.
Voinnet, O., Rivas, S., Mestre, P., and Baulcombe, D. 2003. An enhanced transient
expression system in plants based on suppression of gene silencing by the p19 protein of
tomato bushy stunt virus. The Plant Journal 33:949-956.
Wachter, R., Fischer, K., Gabler, R., Urban, W., Bögemann, G.M., Voesenek, L.A.C.J.,
Blom, C.W.P.M. and Ullrich, C.I. 1999. Ethylene production and ACC-accumulation in
Agrobacterium tumefaciens-induced plant tumours and their impact on tumour and host
stem structure and function. Plant Cell and Environment 22:1263-1273.
Wang, Y., Nowak, G., Culley, D., Hadwiger L.A., and Fristensky, B. 1999. Constitutive
expression of pea defense gene DRR206 confers resistance to blackleg (Leptosphaeria
maculans) disease in transgenic canola (Brassica napus). Molecular Plant-Microbe
Interactions 12:410-418.
Wang, Z., Gerstein, M., and Snyder, M. 2009. RNA-Seq: a revolutionary tool for
transcriptomics. Nature Reviews Genetics 10:57-63.
Ward, D., and Zambryski, P. 2001. The six functions of Agrobacterium VirE2.
Proceedings of the National Academy of Sciences USA 98:385-386.
Wei, C.-F., Kvitko, B. H., Shimizu, R., Crabill, E., Alfano, J.R., Lin, N.-C., Martin, G.
B., Huang, H.-C. and Collmer, A. 2007. A Pseudomonas syringae pv. tomato DC3000
mutant lacking the type III effector HopQ1-1 is able to cause disease in the model plant
Nicotiana benthamiana. The Plant Journal 51:32-46.
Wijaya, R., Neumann, G.M., Condron, R., Hughes, A.B., and Polya, G.M. 2000.
Defense proteins from seed of Cassia fistula include a lipid transfer protein homologue
and a protease inhibitory plant defensin. Plant Science 159:243-255.
243

Wilmes, M., Cammue, B.P.A., Sahl, H.-G., and Thevissen, K. 2011. Antibiotic activities
of host defense peptides: more to it than lipid bilayer perturbation. Natural Product
Reports 28:1350-1358.
Wisniewski, M., Bassett, C.L., Artlip, T.S., Webb, R.P., Janisiewicz, W.J., Norelli, J.L.,
Goldway, M., and Droby, S. 2003. Characterization of a defensin in bark and fruit
tissues of peach and antimicrobial activity of a recombinant defensin in the yeast, Pichia
pastoris. Physiologia Plantarum 119:563-572.
Wong, J.H., Xia, L., and Ng, T.B. 2007. A review of defensins of diverse origins.
Current Protein Peptide Science 8:446-459.
Wroblewski, T., Tomczak, A. and Michelmore, R. 2005. Optimization of
Agrobacterium-mediated transient assays of gene expression in lettuce, tomato and
Arabidopsis. Plant Biotechnology Journal 3:259-273.
Wydro, M., Kozubek, E., and Lehmann, P. 2006. Optimization of transient
Agrobacterium-mediated gene expression system in leaves of Nicotiana benthamiana.
Acta Biochimica Polonica 53:289-298.
Yang, D., Biragyn, A., Kwak, L.W., and Oppenheim, J.J. 2002. Mammalian defensins
in immunity: more than just microbicidal. Trends in Immunology 23:291-296.
Yang, S., Carter, S.A., Cole, A.B., Cheng, N., and Nelson, R. 2004. A natural variant of
a host RNA-dependent RNA polymerase is associated with increased susceptibility to
viruses by Nicotiana benthamiana. Proceedings of the National Academy of Sciences
USA 101:6297-6302.
Yuan, Z.C., Haudecoeur, E., Faure, D., Kerr, K.F., and Nester, E.W. 2008. Comparative
transcriptome analysis of Agrobacterium tumefaciens in response to plant signal salicylic
acid, indole-3-acetic acid and gamma-amino butyric acid reveals signalling cross-talk and
Agrobacterium-plant co-evolution. Cell Microbiology 10:2339-2354.
Zainal, Z., Marouf, E., Ismail, I., and Fei, C.K. 2009. Expression of the Capsicuum
annum (Chili) defensin gene in transgenic tomatoes confers enhanced resistance to fungal
pathogens. American Journal of Plant Physiology 4:70-79.
Zasloff, M. 2002. Antimicrobial peptides of multicellular organisms. Nature 415:389395.
Zhang, N., Jones, B.L., and Tao, H.P. 1997. Purification and characterization of a new
class of insect α-amylase inhibitors from barley. Cereal Chemistry Journal 74:119-122.
Zhang, G., Wu, H., Ganz, T., Ross, R.C., and Blecha, F. 1998. Molecular cloning and
tissue expression of porcine β-defensin-1. FEBS Letters 424:37-40.
244

Zhang, X.H., Guo, D.J., Zhang, L.M., Li, W.B., and Sun, Y.R. 2000. The research on
the expression of rabbit defensin (NP-1) gene in transgenic tomato. Acta Genetica Sinica
27:953-958.
Zhao, S.M., Zu, G.C., Liu, G.Q., Huang, M.R., Xu, J.X., and Sun, Y.R. 1999.
Introduction of rabbit defensin NP-1 gene into poplar (P. tomentosa) by Agrobacteriummediated transformation. Acta Genetica Sinica 26:711-714.
Zhao, P., and Cao, G. 2011. Production of bioactive sheep β-defensin-1 in Pichia
pastoris. Journal of Industrial Microbiology and Biotechnology, in press. Epub ahead of
print retrieved September 15, 2011, from
http://www.springerlink.com/content/y5j3808538822l80/
Zhu, Y. J., Agbayani, R., and Moore, P.H. 2007. Ectopic expression of Dahlia merckii
defensin DmAMP1 improves papaya resistance to Phytophthora palmivora by reducing
pathogen vigor. Planta 226:87-97.
Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E., Jones, J.D.G., Felix, G., and Boller, T.
2004. Bacterial disease resistance through flagellin perception in Arabidopsis. Nature
428:764-767.
Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J.D., Boller, T., and Felix, G.
2006. Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts
Agrobacterium-mediated transformation. Cell 125:749-760.
Zipfel, C., and Robatzek, S. 2010. Pathogen-associated molecular pattern-triggered
immunity: veni, vidi...?. Plant Physiology 154:51-554.
Zupan, J., Hackworth, C.A., Aguilar, J., Ward, D., and Zambryski, P. 2007. VirB1*
promotes T-pilus formation in the vir-Type IV secretion system of Agrobacterium
tumefaciens. Journal of Bacteriology 189:6551-6563.

245

World Wide Web References
The Plant Gene Index. http://compbio.dfci.harvard.edu/tgi/. Accessed 2011 July 8.

246

Appendix A
All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK).
Mascot was set up to search P. pastoris database (the NCBInr_20090719 database) and
against the expected proteins database assuming digestion with trypsin. The Mascot
search was conducted with a fragment ion mass tolerance of 0.50 Da and a parent ion
tolerance of 3.0 Da. The iodoacetamide derivative of cysteine was specified in Mascot as
a fixed modification. Deamidation of asparagine and oxidation of methionine were
specified in Mascot as variable modifications.
Scaffold (version Scaffold_2_06_02, Proteome Software Inc., Portland, OR) was
used to validate MS/MS based peptide and protein identifications. Peptide identifications
were accepted if they could be established at greater than 80.0% probability as specified
by the Peptide Prophet algorithm (Keller et al., 2002). Protein identifications were
accepted if they could be established at greater than 95.0% probability and contained at
least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet
algorithm (Nesvizhskii, 2003). Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles of
parsimony.)
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