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Abstract

Natural antimicrobial peptides have been shown as one of the important tools to combat certain pathogens and play important
role as a part of innate immune system in plants and, also adaptive immunity in animals. Defensin is one of the antimicrobial
peptides with a diverse nature of mechanism against different pathogens like viruses, bacteria and fungi. They have a broad
function in humans, vertebrates, invertebrates, insects, and plants. Plant defensins primarily interact with membrane lipids
for their biological activity. Several antimicrobial peptides (AMPs) have been overexpressed in plants for enhanced disease
protection. The plants defensin peptides have been efficiently employed as an effective strategy for control of diseases in
plants. They can be successfully integrated in plants genome along with some other peptide genes in order to produce trans-
genic crops for enhanced disease resistance. This review summarizes plant defensins, their expression in plants and enhanced

disease resistance potential against phytopathogens.
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Introduction

The production of natural antimicrobial peptides by the
plants and other organisms has been an important mecha-
nism to counteract certain pathogens and play key role as
a part of innate immunity in the plants and also adaptive
immunity in the animals. Defensin is one of the antimicro-
bial peptides with a diverse nature of mechanism against a
vast number of pathogens including viruses, bacteria and
fungi. They have a broad function in humans (Ganz et al.
1985), insects (Hoffmann et al. 1992), vertebrates (Erick-
sen et al. 2005), invertebrates (Rodriguez et al. 2005), and
plants (Lay et al. 2005). Firstly, defensins were isolated from
human and rabbit neutrophils, where these polypeptides
contributed to host’s immunity against various microbial
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pathogens and viral infections (Ganz et al. 1985). These
antimicrobial peptides are also a part of adaptive immunity
and regulate different processes such as expression of the
cytokines and chemokines, the enhancement of antibody
responses against invading pathogens and the production of
some neurotransmitters such as histamine (Ganz et al. 2003,
2004, 2005). In fusion with non-immunogenic tumor anti-
gens, they also help to induce and boost antitumor immunity
(Yang et al. 2002). Defensins also regulate the signal trans-
duction pathways and inflammatory effects, wound healing,
control proliferation and chemotaxis (Kim and Kaufmann
2006; Shi 2007).

Defensins make an important class of antimicrobial pep-
tides consisting of highly conserved structural scaffold, with
cysteine stabilized aff conformation that binds and interacts
with negatively charged microbial cell membranes. So, it
could be assumed that all genes for defensins have evolved
from single ancestral gene. Two independent types of
defensins, cis-defensins (like from plants and insects) and
trans-defensins (mammalian defensins), with similar struc-
tures as indicated by their disulphide topology have origi-
nated through convergent evolution (Pairisi et al. 2018). In
general, defensins consist of three to five disulfide bonds
(Fig. 1a), stabilizing the antiparallel f-sheet conformation
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Fig. 1 Three-dimensional structure of six antifungal defensins from
plants. Pink (darker) region indicates the y-core motif of each pep-
tide. B1: B-sheet 1, p2: P-sheet 2 and P3: B-sheet3. L1: Loopl and
L2; Loop2; NaD1 from Nicotiana alata defensinl, Rs-AFP1 from

flanked by a-helical segment forming a compact structure
that confers resistance to protease-mediated degradation,
extreme temperature and pH (Bullet et al. 2005; Tavares
et al. 2008; Batta et al. 2009). Plant defensins commonly
have a three-dimensional structure consisting of triple-
stranded antiparallel p-sheets and one a-helix lying paral-
lel to the pB-sheet. They consist of a cystine-stabilized (Cs)
motif (C1XnC2X3C3XnC4XnC5X1C6) (Lay et al. 2005).
The Cs-motif can also be found in toxins and defensins from
other organisms such as scorpions and insects, respectively
(Garcia-Olmedo et al. 1998; Lay et al. 2003). Interestingly,
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Raphanus sativus antifungal peptide 1, SPE10 from Pachyrrihizus
erosu peptide, PhD1 from Petunia hybrida defensinl, Sd5 from Sac-
charum officinarum defensinS and VrD2 from Vigna radiata defen-
sin2 (Lacerda et al. 2014)

two defensins, PhD1 and PhD2, from Petunia hybrida, were
found with a different structural pattern; presenting an extra
disulfide bond, replacing a conserved H-bond present in the
8C-defensin peptides (C1m,XnC2XnC3XnC4X3C5XnC6X
nC7X1C8) (Pelegrini et al. 2008).

Defensins have a range of activities against bacteria, both
gram-positive and gram-negative, and kill them in a number
of ways. Some defensins create voltage-dependent channels in
bacterial membranes that allow the influx of water. Increased
osmotic pressure ruptures the bacterial membranes. Other
defensins move through bacterial cell walls, bind to target
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cells, and disrupt normal metabolism. Defensins have exhib-
ited enhanced resistance against a number of fungi (Thevissen
et al. 2000a, b; Thomma et al. 2002; Lay and Anderson 2005;
Khan et al. 2006; Wong et al. 2007, 2011a, b, 2014).

Types of defensins

Among the all host defense peptides (HDP), defensins
are the first peptides to be identified. First cationic and
cysteine-rich a-defensin was isolated from the mamma-
lian neutrophils phagocytes in the early 1980. Lehrer et al.
(2004) coined the term “defensin” for the first time. Simi-
larly, some analogous molecules termed “cryptdins” were
identified from host defense cells of the intestinal crypts.
Another term corticostatin was coined due to the ability of
inhibiting adrenocortical steroidogenesis (Zue et al. 1989).
Similarly, p-defensins were discovered in the epithelial and
white blood cells of the mammals in the early 1990s and
then in the avian leukocytes and more recently in the reptiles
and fish (Dalla et al. 2012; Zou et al. 2007), having a slight
difference in the cysteine bridges connectivity. Most of the
animal defensins are antibacterial, which show their effect
by disrupting the integrity of host’s cell membrane leading
to leakage of intracellular contents and cell lysis (Park et al.
2018).

The term “insect defensin” was coined in the late 1980s,
when an inducible peptide from insect hemolymph was iden-
tified having significant similarity to the mammalian defen-
sin (Dimarcq et al. 1998). Mammalian defensins consist of
three structural subfamilies, alpha, beta and theta defensins.
Theta defensins, derived from Old World monkeys, are pro-
duced by binary ligation of two truncated alpha defensins
(Selsted 2004). In plants, same antimicrobial peptides
were identified in the early 1990s and named as y-thionins.
Subsequently, the proteins from plants homologous to the
y-thionins were identified as plant defensins in 1995 because
of their structural resemblance with the animal and insect
defensins (Lay et al. 2005). Finally, their discovery in fungi
shows the antiquity of defensin and defensin-like peptides
in innate immune responses (Zhu et al. 2008). So, the term
“defensin” is not a single word but a group of several pep-
tides with the same structure of cysteine stabilized -sheet
and host defense function. Evolutionary evidences show that
all defensins from invertebrates, fungi, insects, plants and
animals share an evolutionarily related group (Zhu et al.
2008; Rehaume et al. 2008).

Plant defensins

The origin of plant defensins traces back to the prokaryotic
genera (Myxobacterium, Anaeromyxobacter dehalogen-
ans and Stigmatella aurantiaca) because of their structural

resemblance with the insect defensin as both have similar
conserved y-core motif. It has been supposed that these pep-
tides were present as endosymbionts of eukaryotes which
then transferred the gene from prokaryotes to the eukaryotic
lineage and over a course of evolution this peptide under-
went some alteration and modification which gave rise to
modern day defensin (Phoenix et al. 2013). Only in Arabi-
dopsis genome, about 317 genes are found to be coding for
defensin and defensin-like peptides (Silverstein et al. 2005;
Stotz 2009). Similarly, 778 potential sequences in Med-
icago truncatula genome (Graham et al. 2004), and 79 such
sequences in Vitis vinifera genome (Nanni et al. 2014) have
been found. Such a large number of defensin and defensin-
like peptides expressed in various parts of plants shows
their importance in innate host resistance triggered by these
peptides.

The first plant defensin was isolated from seeds of
monocot and dicot plant species as reported by Terras et al.
(1995). Plant defensins, small cationic peptides of 45-54
amino acids, consist of Bapf pattern, whereas mamma-
lian defensins consist of an N-terminal a-helix with appp-
folding. Seventy eight percent of defensins and defensin-like
peptides isolated from Arabidopsis consist of cysteine-sta-
bilized af-motif (Silverstein et al. 2005).

Although plant defensins are antibacterial like human
defensin and show their effect against gram positive bac-
teria thus playing a role in innate immunity (Bulet et al.
2004; Lacerda et al. 2014), but plants are often attacked
by fungal pathogen, so plant’s defensins are antifungal in
function (Mith et al. 2015) unlike human defensins which
are all antibacterial. This discrepancy may attribute to a
difference in the structural scaffold of a plant (faff) and
human defensin (afpp) which make it specific for the respec-
tive pathogen type. For example, a human p-defensin gene
(HBD-2) of about 2.0 kb consisting of two small exons and
one intron, was induced by inflammation (Liu et al. 1998).
These changes in specificity of pathogen type are due to
positive changes at the gene level coding for this peptide. So,
the plant defensin was evolved from the prokaryotic peptides
with some positive modification in the gene, thus showing a
strong defense mechanism against fungal pathogens (Bulet
et al. 2005; Zhu et al. 2008).

Plant defensin genes make precursor proteins that have a
mature defensin domain with endoplasmic reticulum target-
ing a signal at the amino terminal and pro-peptide at c-ter-
minal (CTPP). This CTPP is optional, it may be present in
some defensins while not in others. Those peptides having a
c-terminal pro-peptide signal (CTPP) of 27-33 amino acids
residues are classified as class II plant defensins. These
amino acid residues are rich in glutamic acid and aspar-
tic acid that give minus charge and neutralizes the positive
charge of the defensin domain as reported by Lay et al.
(2014). The other class lacking such signals is classified as
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class I. Plant defensins of class II are found to be abundantly
expressed in both reproductive and vegetative parts of the
plant (Lay et al. 2003) and class I defensins are found to be
present in seeds only. The expression of class II defensins
with no CTPP in plants caused retarded growth which indi-
cated the phytotoxicity of these defensin peptides (Lay et al.
2014; Francisco and Georgina 2017).

Plant defensins, abundantly present in the stomatal and
peripheral cells, the entry point of plant pathogens, show
their primary effect on the invading pathogens (Broekaert
et al. 1995). Some of the plant defensins are found to be
involved in signal transduction pathways and show induced
expression during certain abiotic stress conditions (Lay and
Anderson 2005). In growing seeds, they are expressed to
prevent the newly formed radical tissues from fungal inva-
sion (Stotz et al. 2009). Some defensins, as reported, also
inhibited protein formation (Mendez et al. 1990). In addi-
tion, overexpression of a tomato defensin, DEF2 in trans-
genic tomato caused decreased pollen viability and low seed
yield (Stotz et al. 2009).

Structural conformation of plant defensins

Plant defensins have a well conserved CSaf-motif arranged
in a three-dimensional pattern of one alpha helix and three
antiparallel beta sheets. Similarly, amino acid residues of
plant defensins are also conserved, showing four to five
disulfide bridges. According to Lay and Anderson (2005),
the sequence of these disulfide bonds is as Cys1-Cys8,
Cys2—Cys5, Cys3—Cys6, and Cys4—Cys7. The peptides hav-
ing four disulfide bridges are termed as 8C- plants e.g. NaD1
(defensin from Nicotiana alata), VrD1 (defensin from Vigna
radiate), AIfAFP (antifungal protein from alfalfa), Ms-Def1
(defensin from Medicago sativa), w-hordothionin, Psdl
(defensin from Pisum sativum) and Rs-AFPs (antifungal pro-
teins from Raphanus sativus), while those having five sulfide
bridges are termed as 10C- plants eg. PhDs (defensins from
Petunia hybrida). The NaD1 (47 aa) was first isolated from
flowering parts of Nicotiana alata as it provides protection
to the reproductive organs. NaD1 inhibited the growth of
Fusarium oxysporum and Botrytis cinerea (Lay et al. 2003).
The mung bean (Vigna radiata) contains an antimicrobial
peptide (VrD1) of 46 amino acid residues which is a protein
synthesis inhibitor and insect (bruchids)-resistant (Chen
et al. 2002). Rs-AFPs from Raphanus sativus, released in
response to fungal invasions where they created fungal sup-
pressing microenvironment in nearly matured and matured
seeds (Terras et al. 1995). SPE10, isolated from seeds of
Pachyrrhizus erosus, had a conserved hydrophobic patch on
the molecular head which was found responsible for their
antifungal activity (Song et al. 2004). PhD1 and PhD2, the
antifungal peptides from Petunia hybrida flowers, are 10-C
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peptides consisting of a disulfide bond between alpha-helix
and the loop after p1 (Lay et al. 2003). It does not change
the side-chain orientation of substituted residues and the
typical CSaf topology (Janssen et al. 2003) but only change
the corresponding hydrophobic interaction due to change
of hydrogen bond to a covalent disulfide bond. Structural
studies of many plant defensins using nuclear magnetic res-
onance (NMR) and crystallography have been carried out
extensively in the last decades. The antifungal peptides with
known structures are given in Fig. 1.

Mode of action

Two models were presented for explaining the mechanism
of action of defensin. One is the carpet model and the other
is the Toroidal pore model. In both these models, the inter-
action of defensin with the negatively charged membrane is
common which causes increase in permeability of the cell
membrane and its leakage thus causing cell death. Accord-
ing to the carpet model small pores are formed due to inward
movement of hydrophobic sides of AMPs molecules at the
surface of cell-membrane, while the latter shows that pep-
tides first form oligomers which then, create multiple pores
in the cell membrane (Fig. 2). Jarva et al. (2018) determined
the crystal structure of the plant defensin NaD1 bound to PA
(phosphatidic acid). The X-ray structure indicated a 20-mer
that adopts carpet-like topology in which the NaD1 dimers
make one face and the PA acyl chains form the other face
of the sheet.

According to another hypothesis, defensins only inter-
act with cell membrane and cause increased ion permeabil-
ity and transportation access to intracellular environment
(Fig. 3). Defensins can also accelerate production of reactive
oxygen species (ROS) and hence, activate programmed cell
death (PCD) (Lacerda et al. 2014). Plant defensins may first
bind to specific binding sites called receptors of the micro-
bial membranes as found in Rs-AFP2, Hs-AFP1 (AFP from
Heuchera sanguine), and Dm-AMP1 (AMP from Dahlia
merckii) (Thevissen et al. 2000a, b, 2004) which results in
the ion leakage and inflow, outflow of the positive ions like
Ca2* and K* (Thevissen et al. 1996) (Fig. 3).

The mechanism of action of plant defensins, PhD1, Rs-
AFP1, and VrD2 involves the electrostatic interaction as they
contain an y-core region in the second loop which is highly
positively charged and an important site for antifungal activ-
ity. Antifungal activity of NaD1 involves the membrane per-
meabilization of hyphae of the pathogen, Fusarium oxyspo-
rum and upon getting into cytoplasm of the cell, it induces
production of reactive oxygen species. NaD1 requires a cell
specific receptor rather than causing membrane permeabi-
lization of the membrane (Van der Weerden et al. 2008).
Whereas, Hayes and his colleagues reported that if the
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Fig.2 Schematic representation of some action mechanisms of mem-
brane-active AMPs. Red color shows hydrophilic part while blue
indicates the hydrophobic portions. a Carpet model. The hydrophobic

Defensin

l

Host membrane compound
(fungal sphingolipids or
fungal phospholipids

Ca2+ signalling or/and

| Activation of MAPK pathways | | homeostasis

Fungal cell death

Fig.3 A generalized schematic diagram showing mode of action of
plant defensins. Interaction of defensins with fungal membrane may
results in ions leakage, Ca ions signaling, MAPK activation, produc-
tion of reactive oxygen species and ultimately death of fungal cells

pathway of high-osmolarity glycerol (HOG) is inhibited, it
will increase the NaD1 antimicrobial activity against fungal
pathogen, Candida albicans (Hayes et al. 2013; Tam et al.
2015).

AMPs in aqueous solution
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Binding of AMPs to the membrane
and forming a-helix structures’

sides of AMP molecules facing inward make pores in the membrane.
b Toroidal pore model. AMPs are always in contact with phospho-
lipid head groups of the membrane (Bahar and Ren 2013)

Structural analysis of sugarcane defensin (Sd5) showed
that hydrophobic core of defensin is an important compo-
nent for membrane interaction and its permeabilization (de
Paula et al. 2011). In addition, further evaluations on con-
formational dynamics of the Sd5 suggested that these struc-
tural changes in the backbone of the peptide may change
the membrane interaction, such as the hydrogen bond dis-
tance between -sheet and a-helix of the peptide increase
the binding ability with the membrane. Then membrane per-
meabilization and ion leakage from the membrane occurs
due to the interaction of serine residue with glycosyl part
of the fungal cell membrane (de Paula et al. 2011). Some
defensins show their activity through dimerization in which
dimers of peptides are formed by arranging side by side in
a manner, in which a-helix of one monomer interact with
the p-sheet of the second monomer (Fig. 2). The arrange-
ment like Arg36-Trp42-Arg40 has been found in SPE10
defensin from Pachyrrihizus erosus, which is essential for
dimer formation. Studies have revealed that Trp42 is key
component of antifungal activity as it was found absent in
non-antifungal peptides (Song et al. 2011). Similarly, dimer
formation was observed in NaD1 defensin, but the dimer was
formed between B-sheets unlike SPE10, but the antifungal
activity remained same (Lay et al. 2012). So, plant defensin
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positively charged coupled dimers interact with negatively
charged glycoproteins of the fungal membrane. Several
other reviews have been discussed in detail about the plant
defensins and their mechanism of action (Wimley 2010; Tam
et al. 2015; Jung and Kang 2014; Vriens et al. 2014).

Plant defensins as antimicrobial peptides

Plant defensins possess diverse biological functions includ-
ing antifungal (Gao et al. 2000; Khan et al. 2006, 2014),
antibacterial (Fant et al. 1998; Fujimura et al. 2003; Sit-
aram 2006; Kaewklom et al. 2018; Velivelli et al. 2018)
and a-amylase and trypsin inhibitory activity (Wijaya et al.
2000). BcDef1, isolated from Brugmansia X candida (Bc)
exhibited antibacterial activity against both Gram-posi-
tive and Gram-negative pathogens with the lowest MIC
(15.70 pM) against the Staphylococcus epidermidis. The
BcDefl1 also showed antioxidant activity and low cytotox-
icity against the mouse fibroblast 1L.929 cells (Kaewklom
et al. 2018). MtDef5 (defensin from Medicago trunca-
tula) were found effective against plant bacterial pathogen,
Xanthomonas campestris (Velivelli et al. 2018). Mendez
and his co-workers isolated defensins from the wheat and
barley and called them as y-thionins due to 25% struc-
ture similarity i.e. a small size and presence of 8 cysteine
residues like other thionins but later on it was discovered
that they are different from thionin in the structure aspect
and were called as defensins (Mendez et al. 1990). Terras
and his colleagues in 1995 coined the term family of plant
peptide “plant defensins” when they discovered Rs-AFP1
and Rs-AFP2, antifungal peptides from Rhapanus sativus.
According to them, the structure was similar to animal and
insect defensins but later on (Thevissen et al. 2000a, b,
2002) noticed that unlike mammalian and insect defensins
which are antibacterial, plant defensins are antifungal in
function. In addition to being antimicrobial in function,
plant defensins also give responses to biotic stress and are
involved in plant growth regulation and developmental pro-
cesses. Defensins have exhibited resistance to broad range
of fungal pathogens (Thevissen et al. 2000a,b Thomma et al.
2002; Lay and Anderson 2005; Wong et al. 2007; Khan
et al. 2006, 2008, 2010, 2011, 2013, 2014). Plant defensins
also inhibited root hair’s growth in A. thaliana (Allen et al.
2008). Defensins have played a great function of defense
against pathogens and other developmental processes by
altering the growth of several organs in tomato (Stotz 2009).
Defensins are the most studied family of plant AMP’s found
in all parts of plant. More than 80 genes of defensins have
been sequenced from a number of plant species as reported
by Thomma et al. (2002).

Although defensins are expressed in each part of the
plant, they are found in abundance in seeds which enhance
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their survival rate and resistance against pathogens like
fungi. Defensins have been identified in almost every organ
of the plant. One gene is expressed in each organ, but some
organs express more than two genes as in Arabidopsis. The
ectopic expression of defensins results in growth retar-
dation of some plants as these are organ specific (Hanks
et al. 2005). Defensin genes, PDF1.1 and PDF1.2 (plant
defensins from Arabidopsis) were expressed in the seeds
and in the leaves, respectively during a pathogen infection
(Thomma et al. 2002). PDF2.3 was expressed constitutively
in all tissues of Arabidopsis except roots. Hanks et al. (2005)
reported that the defensins, MsDefl and MtDef2 isolated
from Medicago, could not be expressed in the roots of this
plant.

The peripheral cells and stomatal cells of the plant have
maximum defensin gene expression for their protection
against pathogens. Expression of the defensin gene has been
induced upon pathogen infection in tobacco, Arabidopsis
and spruce plants (Thomma et al. 2002; Lay and Anderson
2005). The environmental stresses (drought stress, salt stress
and cold stress) and certain molecules like ethylene, salicy-
clic acid and methylene jasmonate also affect the expression
of defensin (Lay and Anderson 2005; Hanks et al. 2005).
These stresses provide a cross-talk between signal transduc-
tion pathway and gene expression.

Most of the defensins are antifungal in function. Different
defensins show different mode of responses to different fungi
as their activity depends on fungal species (Thevissen et al.
2000a, b). On the basis of their effect on fungi, they have
been divided into two groups, one is morphogenetic plant
defensins that inhibit the growth of hyphae and decrease
their branching, while non-morphogenetic ones inhibit only
hyphal growth and do not lead to significant morphological
damage (Yamano et al. 1994). For the first time Terras et al.
(1992a) isolated two isoforms of antifungal plant defensin,
Rs-AFP1 and Rs-AFP2 from radish seed, and their activity
was checked against different fungi like Pyricularia Oryza,
Phoma betae and Cercospora beticola. Both the isoforms
inhibited the growth of these fungi (Terras et al. 1992b).
Another defensin, Ms-Defl showed resistance against fungal
pathogens like Verticillium dahlia in transgenic potato (Gao
et al. 2000; Lay et al. 2003). Other homologous antifun-
gal proteins which were isolated and reported include pro-
teins from Aesculus hippocastanum, Dahlia merckii (Dm-
AMP1), Clitoria ternatea (Ct-AMP1), Heuchera sanguine
(Hs-AFP1) and Lens culinaris (Lc-def) (Osborn et al. 1995;
Fant et al. 1999). Bloch and Richardson (1991) isolated three
defensins, Slal, S1a2 and Sla3 from seeds of Sorghum
bicolor, and checked their a-amylase inhibitory effect. All
the three proteins showed inhibitory action against the insect
and human saliva a-amylase. Several plant defensins such
as y1-zeathionin and y2-zeathionin from the maize kernels
have been identified which have shown inhibitory action on
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several ion channels. These defensins inhibited Ca2 + chan-
nels while no such inhibitory function was observed on
K + channels (de Oliveira Carvalho and Gomes 2007). Seli-
trennikoff (2001) isolated two homologous peptides, 5459
and 5144 (according to their molecular weight) from Cassia
fistula showing sequence similarity with plant defensins. The
5459 showed inhibitory effect against trypsin, whereas the
5144 did not show any inhibitory effect. Huang et al. (2008)
reported another defensin peptide, Cp-thionin from seeds
of V. uguiculata, which is active against bovine trypsin of
the pancreas.

Transgenic plants overexpressing defensins

A variety of plant defensins have been identified, isolated
and overexpressed in different plant species to enhance the
level of defense against the pathogens. The most thoroughly
studied defensins are Rs-AFP1, Rs-AFP2 and Rs-AFP3/4
which were isolated from seeds of Raphanus sativus (Car-
valho and Gomes 2009). Rs-AFP2 has been expressed in
wheat and showed an enhanced resistance to F. gramine-
arum and R. cerealis (Li et al. 2011). Dm-AMP1, isolated
from seeds of Dhalia merckii (Osborn et al. 1995), was
expressed in rice and papaya and restricted growth of several
fungal pathogens (Zhu et al. 2007; Jha et al. 2010) (Table 1).
Br-AMPI, isolated from seeds of Brassica rapa (Terras
et al. 1993), has been overexpressed in transgenic rice to
increase insect and fungal resistance. Similarly, the antimi-
crobial peptides, Psd1 from Pisum sativum (Almeida et al.
2002), VrD1 from Vigna radiata (Chen et al. 2004), and
MtDef2 from Medicago trunculata (Spelbrink et al. 2004)
are seed specific antimicrobial peptides which can inhibit
many fungal species. CADEF1 from Capsicum annuum has
been expressed in transgenic tomato and showed resistance
to Fusarium spp and Phytophthora infestans (Zainal et al.
2009). Another defensin, Ms-Def1 isolated from seeds of
Medicago sativa showed resistance against fungal patho-
gens like Verticillium dahlia in transgenic potato plants (Gao
et al. 2000). Defensins isolated from Vigna unguiculata
and w-hordothionin from H. vulgare, also inhibited insect
a-amylase (Pelegrini et al. 2008). Wasabi defensin (iso-
lated from Wasabia japonica) was overexpressed in potato,
tomato, petunia and exhibited enhanced resistance against
phytopathogenic fungi (Khan et al. 2006; 2006b,2011a)
(Table 1).

Co-transformation of defensins and other
pathogenesis-related proteins

The advantages of gene ‘stacking’ or ‘pyramiding’ are obvi-
ous in genetically modified (GM) crops, and several different
multi-transgene-stacking methods are available. Using linker
peptides for multiple gene transformation is considered to be
a good method to meet a variety of needs. As a modern and
effective protection strategy against phytopathogens, trans-
genic approaches are employed to use the natural defense
mechanism of plants (Tiwari et al. 2008). Using these strat-
egies may lead to reduced cost of crop protection as well
as the potentially hazardous effect of pesticides on ecosys-
tems (Holland et al. 2012). The defensin family, as reported,
has quite diverse biological activity and strong potential to
be utilized for production of disease resistant transgenic
crops (Lay et al. 2003). Researchers have been elucidating
the ways to co-transform more than one gene in transgenic
plants for enhanced and effective disease resistance. Over-
expression of a fusion gene of fenugreek (Trigonella foe-
numgraecumdefensin 2; Tfgd2) and radish (R. Sativus anti-
fungal protein 2; RsAFP2) resulted in enhanced resistance
against fungal pathogens and insects (Vasavirama and Kirti
2011, 2013). Bala et al. (2016) co-transformed a fusion gene,
Tfgd2 and RsAFP2 defensins attached by a linker peptide,
in transgenic peanut for enhanced resistance to early leaf
spot (ELS) and late leaf spot (LLS) diseases. Similarly, Chen
et al. (2009) has produced transgenic tomato carrying CHI
and AFP genes and reported that co-transforming plants with
defense genes can be an effective approach to restrict infec-
tion of B. cinerea than individual transformation (Table 2).

Marker-free transgenic plants have also been produced
which had enhanced disease resistance against plant patho-
gens; transgenic tobacco co-transformed with chitinase
and wasabi defensin genes exhibited increased resistance
to Fusarium oxysporum (Ntui et al. 2011). They concluded
that the transgenic tobacco lines co-expressing both the
transgenes, ChiC and WD genes, conferred higher resist-
ance against Fusarium oxysporum and Alternaria solani than
the non-transformed control, and the transgenic plants trans-
formed with either of the individual genes. Similarly, Khan
et al. (2014) have reported that co-transformation of ChiC
and WD genes in transgenic potato showed increased resist-
ance against Fusarium oxysporum and Alternaria solani.
These findings suggest that disease resistance of the trans-
genic plants could be enhanced by multiple transformations
or transgene stacking. These findings would further eluci-
date various possible biological activities of fusion proteins
leading to the insights into the exact mode of action of these
defensins.
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Table 1 Summary of plant defensins isolated from different plant species and overexpressed in transgenic plants for enhanced resistance against

phytopathogens
AMP/signal Source of defensin Transgenic plant Pathogens tested References
BrD1 Brassica rapa Rice Nilaparvatalugens (brown Choi et al. (2009)
planthopper insect)
Fusarium graminearum
Rhizoctonia cerealis Lietal. (2011)
RsAFP2 Raphanus sativus Wheat/rice Magnaporthe oryza Jha and Chattoo (2010)
Rhizoctonia solani Terras et al. (1995)
Alternaria longipes
Magnaporthe oryzae
Dm-AMPI Dahlia merckii Rice/papaya Rhizoctonia solani Zhu et al. (2007)
Phytophthora palmivora Jha et al. (2010)
Magnaporthe oryzae
MsDef1 Medicago sativa Tomato Fusarium oxysporum Abdallah et al. (2010)
Phytophthora parasitica
Peronospora hyoscyami
NmDef02 N. megalosiphon Tobacco/potato Phytophthora infestans Portieles et al. (2010)
Alternaria solani
WjAMP-1 Wasabia japonica Melon Fusarium oxysporum Ntui et al. (2010)
Alternaria solani
cadefl Chili Tomato Fusarium sp. Zainal et al. (2009)
Phytophthora infestans
DEF2 Capsicum annum Tomato Botrytis cinerea Stotz et al. (2009)
BjD Mustard Peanut Phaeoisariopsis personata Swathi Anuradha et al.
(2008)
Cercospora arachidicola
icaL
alfAFP Alfalfa Potato Verticillium dahliae Gao et al. (2000)
DRR206 Pea Canola Leptosphaeria maculans Wang et al. (1999)
WjAMP-1 Wasabia japonica Rice Magnaporthe grisea Kanzaki et al. (2002)
Wasabi defensin Wasabia japonica Potato Botrytis cinerea Khan et al. (2006)
Tomato Botrytis cinerea Khan et al. (2011b,a)
Alternaria solani
Fusarium oxysporum
Erysiphe lycopersici
Petunia Botrytis cinerea Khan et al. (2011b,a)

MiAMP1

Human p-defensin 2

NaD1

PaDef

Macadamia integrifolia
Human

Nicotiana alata

Persea americana

Phalaenopsis
Canola
Arabidopsis
Cotton

Bovine endothelial

Cell line BVE-E6E7

Erwinia carotovora
Leptosphaeria maculans
Botrytis cinerea
Fusarium oxysporum
Verticillium dahliae

E. coli

Staphylococcus aureus

Candida albicans

Sjahril et al. (2006)
Kazan et al. (2002)
Aerts et al. (2007)

Gaspar et al. (2014)

Guzman-Rodriguez
et al. (2013)

Conclusion and future’s prospects

As plant defensins, in general, are not toxic to human cells,
exhibit in vivo efficacy and with low resistance occurrence,
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their therapeutic potential could be used in the fight against
fungal infections in future medicine. Plant defensins could

be used as potential alternatives to pesticides to control path-
ogenic fungi. Further investigation is required to evaluate
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Table 2 Co-transformation of

) . Co-transformed peptides  Plant species transformed Target pathogen References
defensin gene with other genes
for f:nhanced disease resistance Dm-AMP1 and Rs-AFP2 Rice Magnaporthe oryzae Jha and chattoo (2009)
against phytopathogens . . .
Rhizoctonia solani
Chitinase and defensin Tomato Botrytis cinerea Chen et al. (2009)
Tfgd2 and RsAFP2 Peanut Cercospora arachidicola Bala et al. (2016)
Phaeoisariopsis personate
Wasabi-def and ipr gene  Eggplant Alternaria solani Darwish et al. (2014)

Wasabi-def and chitinase
WD and LjNRT2 and
AtNRT2.1 promoters
Chitinase and WD

(AFP and hpt)

Petunia hybrida

Botrytis cinere

Khan et al. (2011b,a)

Tomato Botrytis cinereal Khan et al. (2011b,a)
Alternaria solani
Fusarium oxysporum
Erysiphe lycopersici

Tobacco Fusarium oxysporum Ntui et al. (2011)

Tobacco, tomato

Fusarium oxysporum

Kong et al. (2014)

Tomato Fusarium oxysporum Khan et al. (2014)
Alternaria solani
Tomato Fusarium oxysporum El-Siddig et al. (2011)

Leveilula Taurica,
Alternaria solani/alternate

Phytophthora infestans

potential of plant defensins as therapeutic agents and bio-
logical control agents (biopesticides). Defensin-based agro-
bioproducts are also expected to be explored for improved
crop production.

The plant defensins also could be used against cancer for
their potential anticancer and cytotoxicity effects.

Hexima, a biotechnology company working on develop-
ment of plant-derived peptides and proteins for their poten-
tial applications as human therapeutics, has recently started
research on application of plant defensin technology to
assess its potential in control of medically important Candi-
daemias and Candida-based biofilms. Hexima is conducting
phase I/I1a clinical trials to evaluate safety and preliminary
efficacy of its lead therapeutic agent, HXP124 (a small plant
defensin) for treatment for fungal nail infections.
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