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Chapter 6
Antifungal Plant Defensins: Insights into 
Modes of Action and Prospects 
for Engineering Disease-Resistant Plants

Jagdeep Kaur, Siva LS Velivelli, and Dilip Shah

Abstract Defensins are small, cysteine-rich peptides that are ubiquitously present 
in all plants. They are important components of the plant immune system and serve 
as first line of defense against invading pathogens. Plant defensins share conserved 
tetradisulfide connectivity but vary in their sequence, net charge, and hydrophobic-
ity. A number of plant defensins with potent broad-spectrum antifungal activity 
have been identified and characterized. Studies conducted during the past decade 
have highlighted the diverse modes of action (MOA) of a few antifungal defensins. 
Constitutive expression of these defensins has been demonstrated to confer in planta 
resistance to several economically important fungal and oomycete pathogens in 
transgenic crops. Here, we provide a brief review of recent findings that have con-
tributed to our current understanding of the MOA of these peptides and their deploy-
ment for disease resistance in crops.

Keywords Plant defensins · Antifungal activity · Mode of action · Fungal  
resistance · Genetic engineering

6.1  Introduction

Plants are continuously exposed to a plethora of potentially harmful pathogens. 
Fungal and oomycete pathogens of considerable economic importance impose 
major constraints globally on agricultural production and pose a clear threat to food 
security (Collinge et al. 2010). Plants lack a somatic adaptive immune system to 
protect themselves from pathogen attack and therefore must rely on their 
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sophisticated innate immune system for defense against these pathogens (Jones and 
Dangl 2006). The innate immunity of plants comprises fortification of cell wall, 
hypersensitive response, and production of antimicrobial compounds and antimi-
crobial peptides (AMPs). AMPs serve as one of the first lines of defense against 
pathogen invasion and make up the crucial effector arm of the plant’s immune sys-
tem (van der Weerden et al. 2013).

Defensins represent a large family of AMPs in all higher plants and are at the 
forefront of their defense against pathogens. Plant defensins are cysteine-rich cat-
ionic peptides of 45–54 amino acids. First isolated from wheat and barley seeds in 
1990 (Colilla et al. 1990; Mendez et al. 1990), plant defensins have since been dis-
covered in several phyla of plant kingdom. They have been identified in a variety of 
plant tissues and are either ubiquitously or conditionally expressed in response to 
various biological or environmental cues. Based on their subcellular localization, 
plant defensins have been designated either as class I or class II. Class I defensins 
are secreted to the apoplast and synthesized by plant cells as precursor proteins 
comprising of the secretory signal peptide followed by the mature peptide. Class II 
defensins, localized to the vacuole and expressed in floral tissue of plants from 
Solanaceae and Poaceae families, are synthesized containing an additional carboxy- 
terminal propeptide (CTPP) (Lay et al. 2003).This C-terminal propeptide may serve 
dual function, i.e., it protects against autocytoxicity by neutralizing the deleterious 
cationicity of the peptides during export to the vacuole and acts as a chaperone to 
assist in folding (Lay et al. 2014). Plant defensins share a conserved 3D structure 
consisting of one α-helix and three antiparallel β-strands that are connected by four 
disulfide bonds forming a cysteine-stabilized αβ (CSαβ) motif (Broekaert et  al. 
1997; Thomma et al. 2002). The structure of each plant defensin is also character-
ized by the occurrence of a functionally important signature γ-core motif GXCX3-9C 
(where G is glycine, C is cysteine, and X is any amino acid) that is conserved among 
all antimicrobial peptides containing disulfide bonds. Despite their structural simi-
larity, plant defensins exhibit very low sequence homology outside the eight con-
served cysteines. This divergence in primary sequences may account for the 
multi-functionality of plant defensins including antifungal and antibacterial activity, 
proteinase inhibitor activity, pollen tube guidance and discharge of male gametes, 
zinc tolerance, and plant development (Carvalho Ade and Gomes 2009). During the 
past decade, significant inroads into understanding the structure-activity relation-
ships and MOA of a few antifungal plant defensins have been made. This chapter 
highlights current knowledge of their MOA and their deployment for improving 
plant resistance to fungal and oomycete pathogens.

6.2  MOA of Antifungal Plant Defensins

To fully comprehend the roles of defensins in plant defense and to harness their 
potential for engineering disease-resistant crops, it is important to unravel the MOA 
of antifungal plant defensins. First studies aimed at unraveling the MOA of 
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defensins revealed interactions with fungus-specific membrane components 
(Thevissen et al. 1997, 2000, 2004). Defensins permeabilize fungal plasma mem-
brane, induce Ca2+ influx, and disrupt a tip-focused Ca2+ gradient essential for polar 
growth of hyphal tips (Thevissen et al. 1996, 1997, 1999). In 2004, we presented 
evidence that defensin MsDef1 from Medicago sativa blocks the L-type calcium 
channel in mammalian cells (Spelbrink et al. 2004). It remains to be determined, 
however, if a fungal calcium channel plays a functional role in the antifungal action 
of MsDef1. Using Neurospora crassa expressing the Ca2+ reporter aequorin, MsDef1 
and the cognate peptides containing its γ-core motif were each shown to perturb 
Ca2+ homeostasis in a highly specific and distinct manner (Munoz et  al. 2014). 
Recently, Arabidopsis thaliana defensin AtPDF2.3 has been shown to block volt-
age-gated potassium channels expressed in frog oocytes indicating the role for 
potassium transport and/or homeostasis in the antifungal action of this defensin 
(Vriens et al. 2016).

Some defensins bind with high affinity to specific sphingolipids present in the 
fungal cell wall and/or plasma membrane of their target fungi (Thevissen et  al. 
2003, 2005, 2007; Aerts et al. 2008). Sphingolipids are important structural compo-
nents of the fungal cell wall and plasma membrane and serve as second messengers 
regulating delicate balance between cell death and survival (Thevissen et al. 2006). 
Plant defensins RsAFP2 from Raphanus sativus, MsDef1 from M. sativa, and Psd1 
from Pisum sativum bind specifically to fungal cell wall localized glucosylce-
ramide (GlcCer) (Fig. 6.1). Importantly, RsAFP2 does not interact with soybean or 
human GlcCer, suggesting that its preferential binding to yeast GlcCer may be due 
to structural differences. RsAFP2/GlcCer interaction has been shown to result in 
the induction of cell wall stress, accumulation of ceramides and reactive oxygen 

Fig. 6.1 Amino acid sequence comparison of sphingolipid (MsDef1, Psd1, RsAFP2, and 
DmAMP1)- and phospholipid (MtDef4, NaD2, TPP3, NsD7, NaD1, HsAFP1, and MtDef5)-
binding defensins. The presence of eight cysteines and the γ-core motif (GXCX3-9C, where X is 
any amino acid) in each defensin is shown in red and blue, respectively. Each defensin comprises 
one α-helix and three β-strands as shown below the amino acid sequences
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species (ROS), and ultimately cell death (De Coninck et al. 2013; van der Weerden 
et al. 2013). The ability of MsDef1 to disrupt a Ca2+ gradient in N. crassa is also 
dependent on its ability to interact with GlcCer (Munoz et al. 2014). Dahlia merckii 
defensin DmAMP1 targets a different sphingolipid mannose-(inositol phosphate)2-
ceramide in fungal cells (Thevissen et al. 2000). At present, very little is known 
regarding the biochemical steps downstream of defensin/sphingolipid interaction 
that lead to fungal growth arrest or cell death.

During the past decade, evidence has emerged that some antifungal plant defen-
sins bind to a variety of bioactive plasma membrane resident phospholipids, induce 
membrane disruption, and gain entry into fungal cells (Lobo et al. 2007; van der 
Weerden et  al. 2008, 2010). The phospholipid-binding plant defensins shown in 
Fig. 6.1 have received much attention lately, for studies aimed at unraveling their 
MOA. These include NaD1 from Nicotiana alata, TPP3 from tomato (Baxter et al. 
2015), NsD7 from N. suaveolens (Kvansakul et al. 2016), and MtDef4 and MtDef5 
from M. truncatula (Sagaram et al. 2013; Islam et al. 2017). These defensins bind 
to different membrane phospholipids (Fig. 6.2). MtDef4 and NsD7 target phospha-
tidic acid (PA), a precursor for the biosynthesis of other phospholipids and a regula-
tor of membrane-cytoskeleton interactions and membrane curvature. They also 
bind to a lesser extent to other bioactive phospholipids, in particular, phosphati-
dylinositol mono- and bisphosphates. MtDef4 mutants that fail to bind PA also fail 
to gain entry into fungal cells and show much reduced or complete loss of antifun-
gal activity. Recently, HsAFP1 from Heuchera sanguinea has also been shown to 
bind PA (Cools et al. 2017). HsAFP1 mutant that exhibits much reduced PA bind-
ing also exhibits loss of antifungal activity greater than twofold. Structural analysis 
of the NsD7-PA complex has revealed a double helix forming right-handed coiled 

LPA

LPC

Ptdlns

Ptdlns(3,4)P2

Ptdlns(3,5)P2

Ptdlns(4,5)P2

Ptdlns(3,4,5)P3

PA

PS

Blank

Ptdlns(3)P

Ptdlns(4)P

Ptdlns(5)P

PE

PC

SIP

NaD1 TPP3 MtDef4 MtDef5

A B C D

Fig. 6.2 Phospholipid-binding profile of defensins using protein-lipid overlay assay. (A) NaD1 
binds to a broad range of bioactive phospholipids with a strong preference for phosphatidylinositol 
4,5-bisphosphate PI(4,5)P2. (B) TPP3 binds specifically to PI(4,5)P2. (A, B, reproduced from 
Baxter et  al. 2015). (C) MtDef4 bound preferentially to phosphatidic acid and PI(3,5)P2. 
(Reproduced from Sagaram et al. 2013). (D) MtDef5 binds to a range of bioactive phospholipids 
with a strong preference to PI3P, PI4P, and PI5P. (Reproduced from Islam et al. 2017)
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oligomeric defensin fibril, and PA is required for oligomerization. It remains to be 
determined if MtDef4 forms oligomeric complexes in the presence of PA. Interaction 
with PA is important for the antifungal activity of these defensins.

NaD1 and TPP3 bind to plasma membrane-localized phosphoinositides, in par-
ticular, phosphatidylinositol 4,5-bisphosphate (PIP2), a key mediator of cytoskeletal- 
membrane interactions (Fig. 6.2a, b). NaD1 also binds to other phospholipids and 
thus appears to be more promiscuous than TPP3 (Poon et al. 2014; Baxter et al. 
2015). In absence of phospholipids, NaD1 has been shown to form dimers in solu-
tion, and dimerization enhances its antifungal activity (Lay et al. 2012). However, 
in presence of PIP2, structural analysis has shown that 7 dimers cooperatively bind 
to the anionic head groups of 14 molecules of PIP2 and form arch-shaped “cationic 
grip” configuration, and this PIP2-mediated oligomerization is important for fungal 
plasma membrane permeabilization. NaD1 thus employs a unique PIP2-dependent 
mechanism to disrupt fungal plasma membrane. NaD1 also forms oligomers in 
solution in presence of PIP2 (Fig. 6.3A), and these oligomers lead to the formation 
of fibrils as observed by transmission electron microscopy. TPP3, which shares 63% 
sequence identity with NaD1, binds specifically to PIP2, and structural analysis has 
shown that it too forms a dimeric cationic grip only in presence of this phospholipid 
(Fig. 6.3B). This interaction with PIP2 also leads to higher order oligomerization of 
this defensin and formation of string-like fibrils (Poon et  al. 2014; Baxter et  al. 
2015). Whether TPP3 and NaD1 form fibrils in contact with the fungal plasma 
membrane in vivo is not known.

Another phospholipid-binding antifungal defensin MtDef5 has been recently 
studied in our lab (Islam et al. 2017). It is a novel bi-domain defensin which con-
sists of 2 defensin monomers, 50 amino acids each, linked by a 7-amino acid  
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Fig. 6.3 Oligomerization profile of defensins using protein cross-linking analysis. (A, B) NaD1 
and TPP3 form oligomers in the presence of PIP2. (Reproduced from Baxter et  al. 2015). (C) 
MtDef4 forms oligomers in the presence of phosphatidic acid. (Reproduced from Sagaram et al. 
2013). (D) MtDef5 forms oligomers in the presence of PI3P, PI4P, and PI5P. (Reproduced from 
Islam et al. 2017)
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peptide sequence APKKVEP (Fig. 6.1). It carries a net charge of +16 and exhibits 
broad- spectrum antifungal activity against filamentous fungi at submicromolar 
concentrations. MOA studies have shown that MtDef5 is a highly promiscuous 
defensin which binds to a number of phospholipids but with a strong preference for 
phosphatidylinositol 3-phosphates (PI3P), PI4P, and PI5P, substrates for synthesis 
of PIP2 and contributors to polar tip growth in fungi (Fig. 6.2D).The phospholipid-
binding profile of MtDef5 is different from those of MtDef4 and NsD7 which bind 
to PA and also different from those of NaD1and TPP3 which bind preferentially to 
PIP2. MtDef5 forms oligomers in presence of PIP, but surprisingly, it also oligomer-
izes in presence of PI and PA to which it has relatively weak binding (Fig. 6.3D). 
Similarly, both NaD1 and NsD7 have also been reported to oligomerize in presence 
of PA and PIP2 (Poon et  al. 2014; Baxter et  al. 2015; Kvansakul et  al. 2016) 
(Fig. 6.3A, C). In preliminary studies, MtDef5/PIP complexes form nanonet-like 
structures when observed under the transmission electron microscope. Mutagenesis 
studies have revealed that cationic amino acids present in the γ-core motif are 
involved in PIP binding and oligomerization of this defensin and facilitating mem-
brane disruption and fungal killing by this protein (Islam et al. 2017).

From the studies described above, it is becoming increasingly clear that plant 
defensins which gain entry into fungal cells utilize a broad “phospholipid code” to 
identify and attack fungal membranes as part of the first line of plant defense (Baxter 
et al. 2017). However, one outstanding issue which needs to be addressed is whether 
phospholipid binding is required for their antifungal activity. Bleackley and col-
leagues have addressed this issue by analyzing the phospholipid binding and anti-
fungal activity of a series of NaD1 chimeras with NaD2 that exhibits poor antifungal 
activity (Bleackley et  al. 2016). These chimeras were produced by replacing the 
sequence between the two neighboring cysteine residues of NaD1 with the corre-
sponding sequence of NaD2. Surprisingly, some of the chimeras that lost PIP2 bind-
ing retained their ability to inhibit fungal growth suggesting mechanisms other than 
phospholipid binding exist for antifungal activity.

Defensin NaD1 has been shown to permeabilize the plasma membrane of 
Fusarium oxysporum f. sp. vasinfectum ultimately leading to granulation of the 
cytoplasm and cell death (van der Weerden et  al. 2008) (Fig.  6.4A). Similarly, 
MtDef4 rapidly permeabilizes plasma membrane of F. graminearum where it accu-
mulates in the cytoplasm that eventually leads to death (Sagaram et  al. 2013) 
(Fig. 6.4B). The important question related to the antifungal action of a specific 
plant defensin is whether its MOA is conserved in different fungi. Surprisingly, we 
have found that mechanisms used by MtDef4 to inhibit the growth of F. gra-
minearum and N. crassa are not the same even though these two fungi belong to the 
same phylum Ascomycota, subphylum Pezizomycotina, and order Sordariomycetes 
(El-Mounadi et al. 2016).When used at minimal inhibitory concentration, MtDef4 
permeabilizes the plasma membrane of F. graminearum but not N. crassa (Fig. 6.5). 
After its internalization, MtDef4 is localized to vesicular bodies in the conidia and 
germlings of N. crassa but shows diffuse cytoplasmic localization in those of  
F. graminearum. Further, cellular uptake of MtDef4 into N. crassa is energy  
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dependent and involves endocytosis, whereas it is only partially energy dependent 
in F. graminearum. Brefeldin A (an ER to Golgi transport inhibitor) and filipin (a 
lipid raft-mediated endocytosis inhibitor) significantly inhibit internalization of 
MtDef4 in N. crassa but not in F. graminearum. In fungi, PA is generated mainly 
through the action of phospholipase D (PLD). N. crassa and F. graminearum each 
express three PLDs, namely, PLD1, PLD, and PLDA.  Surprisingly, the plasma 
membrane-localized PLD1 is required for entry of this defensin in N. crassa, but 
not in F. graminearum (El-Mounadi et al. 2016). These findings indicate that the 
cell wall and plasma membrane compositions are different even in closely related 
fungi and markedly influence the antifungal activity of plant defensins. They also 
raise the possibility that pathogenic and saprophytic fungi respond differently to 
challenge by a specific antifungal plant defensin.

Fig. 6.4 Immunogold labeling of defensins (A) Micrograph of NaD1-treated hyphae of F. oxyspo-
rum f. sp. vasinfectum. NaD1 has been internalized at a high concentration inside a treated hypha. 
(Reproduced from van der Weerden et  al. 2008). (B) Micrograph of MtDef4-treated F. gra-
minearum hypha. MtDef4 internalized at a high concentration inside the fungal cell. (Reproduced 
from Sagaram et al. 2013)

Fig. 6.5 Permeabilization 
of fungal plasma 
membrane by plant 
defensins. (A, B) MtDef4 
permeabilizes the plasma 
membrane of F. 
graminearum but not of N. 
crassa as revealed by 
SYTOX green uptake 
assay. (Reproduced from 
El-Mounadi et al. 2016). 
(C–D) MtDef5, in contrast, 
permeabilizes the plasma 
membrane of both fungi. 
(Reproduced from Islam 
et al. 2017)
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Deeper knowledge of different MOA employed by defensins for fungal killing 
highlighted here will undoubtedly enable rational design and exploitation of these 
peptides for engineering disease-resistant crops, a topic discussed below.

6.3  Deployment of Plant Defensins to Engineer Disease- 
Resistant Plants

Combatting plant fungal and oomycete diseases by varietal genetic resistance,  
management practices, and fungicide application is the current norm. Novel tech-
nologies that could augment the above disease control strategies, however, will be 
required to stay ahead of fast-evolving pathogens and changing climate. Plant 
defensins with their potent broad-spectrum antifungal and anti-oomycete activity 
combined with nontoxicity to humans hold potential for use as antifungal agents in 
transgenic crops. Several labs including ours have reported enhanced resistance to 
various plant fungal and oomycete pathogens in transgenic plants expressing plant 
defensins. The reader is referred to excellent reviews on this topic (Kaur et al. 2011; 
DeConinck et  al. 2013). While majority of these studies demonstrated in planta 
efficacy of defensins in controlled environment of a growth chamber or a green-
house, few have shown resistance to fungal and/or oomycete pathogens in the field. 
One of the pioneer studies, first reported in 2000, demonstrated that constitutive 
expression of alfAFP (MsDef1) controlled Verticillium wilt caused by fungus V. 
dahliae in field-grown potato (Gao et al. 2000). Almost a decade later, constitutive 
expression of N. megalosiphon defensin NmDef02 was shown to confer resistance 
to an oomycete pathogen Phytophthora infestans, causal agent of potato late blight, 
in the field (Portieles et al. 2010). In both studies, defensin peptides were secreted 
to the apoplast in transgenic lines and field efficacy of these lines correlated with the 
peptide expression levels. In another exciting study, expression of vacuole-targeted 
NaD1 was shown to provide substantial field level resistance to F. oxysporum f. sp. 
vasinfectum and V. dahliae in transgenic cotton (Fig. 6.6A). When compared with 
non-transgenic control lines, transgenic cotton lines had increased survival rate and 
produced two- to fourfold increase in lint yield under disease pressure. In non- 
diseased soil, transgenic lines showed no negative impact on agronomic character-
istics relative to non-transgenic lines (Gasper et al. 2014). Collectively, these studies 
demonstrate that antifungal defensins can be used to engineer resistance to eco-
nomically important fungal and oomycete pathogens.

Targeting a specific defensin to the appropriate subcellular compartment to 
match the lifestyle of a fungal or oomycete pathogen is the key for design of effec-
tive disease control strategies. We have shown that targeting MtDef4 to the apoplast, 
but not to the intracellular compartments, is necessary to control an obligate biotro-
phic oomycete Hyaloperonospora arabidopsidis causing downy mildew in trans-
genic Arabidopsis thaliana (Kaur et  al. 2012). The efficacy of apoplast-targeted 
MtDef4 to confer resistance to an obligate biotroph Puccinia triticina, causal fungal 
pathogen of leaf rust, was also demonstrated in transgenic wheat (Kaur et al. 2017) 
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(Fig. 6.6B). It is proposed that antifungal defensin optimally expressed in the extra-
cellular milieu makes direct contact with the biotrophic pathogen and impedes its 
growth. In a recently published study, transgenic peanuts overexpressing apoplast-
targeted MsDef1 or MtDef4 exhibit near immunity to Aspergillus flavus and accu-
mulate drastically reduced levels of aflatoxins (Sharma et  al. 2017). Aflatoxin 
contamination caused by A. flavus infection of peanuts poses a major food safety 
problem for people in sub-Saharan Africa and South Asia. This finding clearly indi-
cates that the defensin technology when employed strategically could have impor-
tant implications to mitigate the toxin levels.

Expression of defensins using strong constitutive promoters in transgenic plants 
provides yield advantage under epidemic conditions but can also result in deleteri-
ous side effects in the absence of a disease. In such cases, expression of defensins 
using tissue-specific or pathogen-inducible promoters will be crucial for commer-
cially viable deployment of defensin-mediated resistance. A number of such tissue- 
specific and pathogen-inducible promoters are available to choose from to match 
the target pathogen’s lifestyle. For root-colonizing pathogens, for example, expres-
sion of defensins using root-specific promoters might be sufficient to confer opti-
mal resistance without the deleterious effects of their constitutive expression. 
Recently, kernel-specific zein promoter was used to express RNA interference gene 
cassette directed against the aflatoxin biosynthesis pathway for development of A. 
flavus- resistant maize with much reduced aflatoxin accumulation (Thakare et  al. 
2017). This promoter might prove useful for expression of A. flavus inhibitory 
defensins in transgenic maize kernels to reduce aflatoxin levels. The Lem2 promoter 
known to be expressed in lemma and palea of florets in wheat and barley might 

Fig. 6.6 Disease resistance in transgenic lines overexpressing defensins. (A) Transgenic cotton 
line D1 expressing NaD1 showed resistance to F. oxysporum f. sp. vasinfectum compared to non- 
transgenic Coker parent line. (Reproduced from Gasper et al. 2014). (B) MtDef4 overexpressing 
transgenic wheat lines conferred resistance to Puccinia triticina. Transgenic lines BW-A-11, 
BW-B-4, BW-F-10, and XC9–104-1 in comparison to their respective non-transgenic controls BW 
and XC9. (Reproduced from Kaur et al. 2017)
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prove useful for expression of antifungal defensins and conferring resistance to 
Fusarium graminearum. Interestingly, Lem2 promoter is also induced by Fusarium 
infection (Abebe et al. 2005, 2006). Pathogen-inducible promoters such as OsPR10a 
(Hwang et al. 2008) and GER4c (Himmelbach et al. 2010) induced by pathogens 
and defense hormones can also be tested for resistance to economically important 
fungal and oomycete pathogens in transgenic cereals. In addition, synthetic designer 
promoters that are responsive to a number of phytohormones (Liu et al. 2011) could 
also be used for appropriate targeting of defensins. With much greater understand-
ing of the MOA of sequence divergent antifungal plant defensins in recent years and 
the availability of tools for their pathogen-inducible or tissue-specific expression 
and subcellular localization, we are in an excellent position to engineer durable, 
agronomically useful level of fungal resistance in transgenic crops.
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