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Abstract

Classical plant breeding methods are limited in their ability to confer disease resistance on plants.
However, in recent years, advancements in molecular breeding and biotechnological have provided
new approaches to overcome these limitations and protect plants from disease. Antimicrobial
peptides (AMPs) constitute promising agents that may be able to protect against infectious agents.
Recently, peptides have been recombinantly produced in plants at scale and low cost. Because
AMPs are less likely than conventional antimicrobials to elicit resistance of pathogenic bacteria,
they open up exciting new avenues for agricultural applications. Here, we review recent advances
in the design and production of bioactive recombinant AMPs that can effectively protect crop
plants from diseases.
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1.

2.

Introduction

In the universe of extant antimicrobial molecules, antimicrobial peptides (AMPs) hold great
promise to protect crop plants, farm animals, and even humans against pathogens and insects
(Lei et al., 2019). Unlike the existing armamentarium of antimicrobial drugs, one interesting
feature of AMPs is their nonspecific mode of action, which is to destabilize the membrane
of microbial pathogens. This results in considerably less development of bacterial resistance
than seen with conventional antibiotics (Lei et al., 2019; Mwangi et al., 2019).

AMPs are peptides chains composed of 6 to 50 amino acid residues (Srivastava et al., 2021)
expressed by almost all living organisms as part of their innate immune system (Nguyen et
al., 2011; Zasloff, 2002, 2006). In eukaryatic cells, they are either constitutively expressed
or induced upon abiotic and abiotic stresses (Nawrot et al., 2014). The prevalence of cationic
amino acid residues such as lysine and arginine over the acidic ones make AMPs have
positive net charged (+2 to +12), enabling more effective electrostatic interactions with
negatively charged membrane components (Da Costa et al., 2015; Sani and Separovic,
2016). As of December 2023, around 21,367 AMPs have been characterized, including 1923
AMPs from plants (https://dbaasp.org/home).

Purothionin, which is found in the endosperm of wheat kernels, was the first plant-derived
AMP isolated and characterized (Balls et al., 1942). Since then, hundreds of AMPs
belonging to different classes have been isolated from plant organs and species (Table 1).
Similar to other AMPs classes, plant peptides have been also classified based on their amino
acids sequence, number of disulfide bridges, mechanism of action (Lay and Anderson,
2005), and net charge (Barbosa Pelegrini et al., 2011). In addition to their antimicrobial
activities, some plant AMPs have been shown to regulate plant growth and development (Li
et al., 2021). Although a number of plant-derived AMPs have been proposed as potential
alternatives to conventional antibiotics, none are currently used in clinical practice to treat
fungal or bacterial infections (Porto et al., 2018; Divyashree et al., 2020), partly because
most plant encoding AMPs undergo post-translational modifications, so often to achieve a
therapeutic effect, a high dose is needed.

Mechanisms of action of antimicrobial peptides

Unlike antibiotics, which usually have specific intracellular targets, AMPs have diverse,
and sometimes multiple, mechanisms of action (Sumi et al., 2015; Torres et al., 2019).
According to their mechanism of action, AMPs can be grouped into membrane-targeting

or intracellular-targeting agents. Most known AMPs actively engage with the bacterial

cell membrane via electrostatic interactions (Hollmann et al., 2018). When the peptide is
sufficiently close to the phospholipids of bacterial membranes, van der Waals and hydrogen
bonds come into play, and the amphiphilic sequence of the AMP effectively interacts with
the lipid bilayer of the membrane via non-specific interactions. As a result, pathogens rarely
develop resistance to membrane-targeting peptides (Pfalzgraff et al., 2018), so these are
excellent candidates as ways to help plants resist pathogenic invaders. Membrane-targeting
AMPs are mainly amphipathic molecules, i.e., they present a balance between cationic

and non-polar residues, leading to pathogen membrane disruption mechanisms, such as
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destabilization, changes in fluidity, and depolarization; whereas AMPs such as dermaseptin
act through either cytolysis or cell membrane disruption, killing the cell (Belmadani et al.,
2018).

Despite their ability to disrupt the bacterial cell membrane, dermaseptins (except
dermaseptin S4) exhibit no toxicity against erythrocytes or other mammalian cells, a
desirable property for antimicrobial agents (Feder et al., 2000). Some AMPs, such as
defensins (Shafee et al., 2017) and melittin (Sun et al., 2017), act by forming pores on the
bacterial membrane, resulting in its depolarization. Most AMPs exhibit various structures
upon interactions with cell membranes (Haney et al., 2017; Mingeot-Leclercq and Décout,
2016). It has also been reported that AMPs suppress the synthesis of proteins, nucleic acids,
and cell walls, as well as host enzymatic activities (Cudic and Otvos Jr, 2002; Krizsan et
al., 2014; Mansour et al., 2014). Although most AMPs when interacting with the membrane
present amphipathic conformations (Matsuzaki, 1999), additional evidence suggests that
some AMPs can penetrate the membrane lipid layer, subsequently targeting intracellular
processes (Savini et al., 2018). Various models have been devised to illustrate the mode of
action of AMPs on the membrane, including the barrel-stave model (Shabir et al., 2018),
the carpet model (Han et al., 2017),and the toroidal pore model (Wimley, 2010). However,
we still do not fully understand how peptides act on the membrane because nonspecific
interactions make it challenging to predict the optimal physicochemical balance needed for
each of the membrane-targeting mechanisms to take place. Indeed, AMPs are often found to
operate through multiple mechanisms of action.

3. Role of AMPs in plant defense responses

As they evolve, plants are continuously exposed to diverse biotic and abiotic stresses.
Abiotic stresses such as drought, heat, salinity, and cold stresses could reduce the yield
of economically important crops worldwide by more than 50%. Also, biotic stresses such
as living organisms (including infectious agents) can decrease yields by as much as 35%
(Flood, 2010; Spence et al., 2015).

To counteract pathogenic infections, plants have developed various mechanisms of defense,
including the generation of antimicrobial compounds (Tam et al., 2015; Campos et al.,
2018). Plants can respond to diverse biotic stresses via the recognition of pathogen/microbe-
associated molecular patterns (PAMPs/MAMPSs). PAMPs, once sensed by plant membrane
receptors, trigger an immediate immune response that can prevent the spread of infection
to other plant organs (Bigeard et al., 2015). Even though plant immunity is robust, many
pathogens have evolved mechanisms that suppress plant immune responses by synthesizing
effector molecules, which can facilitate plant cell infection. According to the zigzag model,
plants have evolved specific receptors to sense PAMPs (Thomma et al., 2011). Upon
pathogen recognition, plant cells initiate the expression of the conserved mitogen-activated
protein kinase (MAPK) cascade, involving the activation of MYB, WRKY, AP2/ERF, and
bZIP genes belonging to the specific transcription factor (TF) families. Consequently,
MAPK signal transduction pathways activate the biosynthesis of AMPs, as well as
secondary metabolites such as phytoanticipins, phytoalexins, and pathogenesis-associated
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proteins (Karpun et al., 2015; Miller et al., 2017; Onaga and Wydra, 2016; Piasecka et al.,
2015).

The expression of AMPs seems to share the same signaling module associated with the
control of several other plant defense-related responses; therefore, it has been proposed
that AMP-encoding genes are part of a general immunity-signaling network. For instance,
plant growth regulators such as jasmonic acid, ethylene, and salicylic acid induce the
expression of AMP genes in plant species. The correlation between AMP expression and
the involvement of various families of plant TFs in plant innate immunity indicates that
AMPs are a vital component of the plant’s resistance to pathogens.

AMPs play bifunctional roles as either positive or negative regulators of abiotic and biotic
stress responses related to reactive oxygen species (ROS), hormone production, heat shock
protein synthesis, and MAPK cascade initiation steps. For instance, a pea defensin that

is constitutively expressed in seeds and leaves crosses fungal membranes to interact with
nuclear-localized proteins involved with the regulation of fungal cell wall synthesis as well
as cell division cycling, thereby hampering pathogen cell growth (Almeida et al., 2000;
Lobo et al., 2007). Furthermore, AMPs directly regulate cellular redox status. For instance,
a defensin peptide from sweet potato (SPD1) was shown to regulate the redox status of
ascorbate (Huang et al., 2008). Similarly, the expression of a chickpea defensin gene
(Ca-AFP) led to increased drought tolerance through the regulation of catalase, ascorbate
peroxidase, superoxide dismutase, and the amount of proline in Arabidopsis transgenic
plants (Kumar et al., 2019).

Thus, AMPs are part of complex immune defense responses in plant systems. Some of these
responses may be redundant, as it was found that knocking out the expression of certain
AMPs and analyzing the loss of function of mutated AMPs from plants may not necessarily
result in a detectable imbalance in the response of plants to pathogenic infection (Campos
et al., 2018); this study suggested that identifying AMPs via traditional molecular genetic
approaches (e.g., gene knockouts or gene silencing) may not yield effective results.

Important features for the antimicrobial activity of AMPs

The physicochemical features of AMPs are essential for their anti-microbial activity. By
understanding these features, AMPs can be identified and designed with improved biological
activities. The most studied and accepted physicochemical features of AMPs from plants
include: (i) positive net charge, containing cationic (+2 to +9) amino acid residues such

as lysine and arginine; (ii) hydrophobicity, AMPs from plants are usually slightly more
hydrophobic than other AMPs; (iii) amphiphilicity, i.e., they present hydrophilic and
hydrophobic portions; (iv) length, AMPs from plants are short peptides, usually containing
10 to 50 amino acid residues in the sequence; and (v) secondary structure, AMPs from
plants present varied structure ranging from a-helical to constrained while also and adopting
[B-like structures.

In addition to the physicochemical features listed above, two additional factors influence
the antimicrobial activity of AMPs from plants. One is the presence of disulfide bonds
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stabilizing their secondary structure and favoring insertion and destabilization of the
microorganisms’ membrane (Nawrot et al., 2014; de Oliveira and Gomes, 2009). The second
is the presence of post-translational modifications made by plant cells such as glycosylation
that will directly impact how the peptide will interact with the membrane and how the AMP
will get around resistance mechanisms of bacterial cells (Grimsey et al., 2020; Bednarska et
al., 2017).

To evaluate the importance of these physicochemical features in the context of plant AMPs,
we calculated their main physicochemical features compared to all other AMPs not from
plants, using the Database of Antimicrobial Activity and Structure of Peptides (DBAASP)
server (Fig. 1).

5. Net charge

Most reported active AMPs are cationic, i.e., the frequency of positively charged amino
acid residues (arginine and lysine) present in AMPs is higher compared to those negatively
charged (aspartic and glutamic acids). Plant AMPs, on average, are slightly less cationic
compared to other AMPs (Fig. 1A). Despite this, plant AMPs are as active as other AMPs,
likely because of the balance between cationic and hydrophobic (Fig. 1B) amino acid
residues and other structural descriptors, such as angle subtended by polar residues (Fig.
1C), and amphipathicity (Fig. 1D).

A positive net charge is important for a peptide because the bacterial outer and cytoplasmic
membranes have an overall negative net charge, and plant cytoplasmic membranes mostly
display zwitterionic and neutral membrane lipids. This suggests that net charge might not
be a crucial determinant for toxicity toward plant cells, which may have implications to
improve the recombinant expression of peptides using transgenic plants (Shagaghi et al.,
2018). Since fusion partners are translationally linked, an amino acid substitution in one
fusion partner may not affect the activity of the other. Hence, increasing or decreasing the
net charge of the fusion proteins will not necessarily cause a net charge shift in the AMP
molecule. This is particularly important because sometimes it is necessary to replace certain
amino acids within AMP fusion proteins for purposes other than to improve antimicrobial
activity. For example, changes might be needed to modulate adhesiveness to host membrane
components. Since hybrid peptides are typically fused with a stable and flexible linker, the
chimeric peptide partners of the new hybrid AMP maintain their original functions.

6. Hydrophobicity

The hydrophobicity of plant AMPs is generally higher than that of other antimicrobial
peptides (Fig. 1B), such as those produced by animals or bacteria (Edwards et al., 2016).
This is likely because plant cells are surrounded by a thick cell wall that makes it difficult
for hydrophilic peptides to penetrate. As a result, plant AMPs have evolved to be more
hydrophaobic to be able to reach their target (Li et al., 2021).

The hydrophobicity of plant AMPs is also thought to play a role in their selectivity. More
hydrophobic AMPs are more likely to interact with and disrupt the membranes of Gram-
negative bacteria, which have a more hydrophobic outer membrane than Gram-positive
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bacteria (Li et al., 2021), and fungi that have a more rigid cellular membrane because of the
ergosterol molecules embedded on them and with a higher proportion of unsaturated fatty
acids to confer them flexibility.

7. Amphiphilicity

8.

According to the predictions obtained from DBAASP, we observed that AMPs from plants
present a smaller angle subtended by the hydrophobic portion of the peptide (60° on
average) compared to AMPs from other sources (110° on average) (Fig. 1C). This impacts
directly the amphiphilicity of these peptides. Plant AMPs show lower amphiphilicity than
other reported AMPs, i.e., plant AMPs present a more even distribution of hydrophobic
and hydrophilic residues than other AMPs, which have a more amphipathic sequence (Fig.
1D). The theoretical implications of this are that the interactions of plant AMPs would

not be as effective with the amphipathic phospholipids of membrane bilayers such as the
bacterial membranes, compared to AMPs from other sources. However, the activity range
and efficacy of plant-derived AMPs has been shown to be broad and considerably high,
indicating that amphiphilicity is not a determinant of activity for this class of peptides.

Length

Most AMPs are composed of approximately 4 to 70 amino acids. The effect of peptide
length on antimicrobial activity is related to secondary structure and how much the peptide
can diffuse in biological membranes. The minimal structural motifs present in a-helical and
B-like structures are heptads and octets (seven and eight amino acid residues, respectively),
but longer motifs leading to amphiphilic structures have also been reported (Bahar and

Ren, 2013; Shagaghi et al., 2018). While there are some reports indicating that variations

in length do not directly correlate with the antimicrobial activity of AMPs (Scott et al.,
1999), other studies show that longer peptides tend to be more active and with a higher net
charge (Wang, 2020). For instance, a short derivative of melittin composed of 15 residues
demonstrated almost 5- to 7-fold lower antimicrobial activity and 300-fold lower toxicity
toward rat red blood cells as compared with the native peptide. It has also been documented
that the antibacterial activity of cationic peptides decreases with increased peptide length
(Niidome et al., 2005). Thus, length by itself is not a determinant predictive of the
antimicrobial activity of the peptide; rather, the amino acid composition and distribution
should be taken into account as these play a crucial role in biological activities.

9. The impact of structure on the antimicrobial activity of AMPs

Secondary structures play a crucial role in the activity of AMPs. The well-defined
conformations adopted by AMPs facilitate their interaction with the lipid bilayer of
microbial membranes. These structures allow AMPs to insert into the membrane, disrupt

its integrity, and form pores, channels, or destabilize the membrane lipid bilayer by changing
its transmembrane potential or fluidity. There are many examples of AMPs that are highly
dependent on their secondary structure to be active (Ageitos et al., 2022; Torres et al., 2017,
Pedron et al., 2017; Silva et al., 2020; Torres et al., 2018).
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The most common secondary structures adopted by AMPs are a-helical, p-like structures,
and turns, but there are examples of families of AMPs that even upon contact with the
membrane are still coiled or unstructured (Torres et al., 2022). Although, the latter are
exceptions. Secondary structures confer structural integrity when those molecules are in the
presence of proteases besides of enabling more effective interaction with the membrane
when the AMPs are in the interface of the lipid bilayer and the extracellular environment.

The predominant secondary structure observed in AMPs is the a-helical since most are
amphipathic and cationic, and in a peptide design perspective, any significant alterations

in the overall conformation of the a-helix caused by amino acid residues substitutions can
greatly affect the antimicrobial activity (Lee et al., 2016). The B-sheet structures of AMPs
has also been connected to highly stable and active peptides (Akishiba et al., 2017; Fan et
al., 2020). AMPs with p-sheet structures tend to form supramolecular structures, creating
pores that allow the peptide to traverse the host membrane. This enables AMPs with -
sheet structures to interact with intracellular targets, including promoters, encoding regions,
mRNA-binding motifs, enzyme regulatory regions, and protein folding domains, ultimately
resulting in inhibitory effects and cell death of pathogenic microorganisms (Sharma et al.,
2016). Overall, despite recent successful attempts (Silva et al., 2020; Torres et al., 2018;
Pedron et al., 2023; Boaro et al., 2023; Pirtskhalava et al., 2021; Liu et al., 2019), it

is challenging to elucidate the structure-activity relationship (SAR) of AMPs. A general
SAR behavior to explain AMP function is still missing, and most likely, computational
methods (Wan et al., 2022; Torres et al., 2022; Wan and de la Fuente-Nunez, 2023; de la
Fuente-Nunez, 2022; Maasch et al., 2023; Cesaro et al., 2023; Liu et al., 2019) will serve as
useful tools in future studies as they can account for complex physicochemical and structural
features.

10. Design of recombinant antimicrobial peptides

Although AMPs are promising antimicrobials, their commercial application to plants is

not widespread. The most apparent obstacles are: (1) damage to plant cell membranes;

(2) production costs and technical problems limiting scale-up manufacturing; (3) instability
(breakdown by proteases or under non-standard storage conditions); (4) diminishing activity
in the presence of cations and serum with proteins, lipids, and proteases. Therefore, it has
become a priority to design new AMPs that are safe for plant cells while effective at killing
pathogens, easily expressed, and stable and active in complex environments (Li et al., 2017;
Wan et al., 2022; Torres et al., 2021).

To protect AMPs from degradation by host proteases, various approaches have been
developed. For example, chemical alteration of the AMP backbone, including N-terminal
acetylation, C-terminal amidation, and the substitution of certain amino acids with amino
acid analogs are strategies that have been devised to protect AMPs from degradation in vivo
(Shao et al., 2019; Rozek et al., 2003). However, modification, such as the substitution of
amino acids (between L- and D-amino acids) in a peptide, may be an ineffective strategy
because changes in the composition of the peptides and the side chain direction can alter
the geometry needed for target binding (Durani, 2008; Gentilucci et al., 2007; Li et al.,
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2013; Pallerla et al., 2018). Furthermore, the high cost of such modifications limits their
widespread use (Durani, 2008; Gentilucci et al., 2007; Li et al., 2013; Pallerla et al., 2018).

Currently, the main approaches to obtaining AMPs from plants involve direct isolation,
chemical synthesis, and heterologous expression. However, both extraction from natural
resources and chemical synthesis of AMPs are costly, complex, and unpredictable (Da
Cunha et al., 2017). Inexpensive genetic engineering strategies have been proposed;
however, they cannot produce peptides containing certain chemical modifications
(Holaskova et al., 2015).

Recently, computational approaches have been efficiently used for predicting recombinant
peptide behavior, accelerating the identification, design, and synthesis of bioactive peptides
(D’Annessa et al., 2020; Torres et al., 2019). Such approaches can be used to predict

the anti-microbial activity of recombinant peptide sequences, thus reducing the number of
cloning steps and in vitro bioassays performed in the lab.

The in silico analysis of peptides and recombinant derivatives has enabled researchers
and pharmaceutical companies to rationally design new bioactive peptides (Loose et al.,
2006; Marcos et al., 2008; Soltani et al., 2007; Wang, 2020). The effects of the most
accessible physicochemical features of AMPs, such as length, net charge, hydrophobicity,
and amphipathicity have been extensively evaluated.

A few approaches are being taken for the heterologous expression of AMPs in plants,
including nuclear and plastidial transformation, expression in cell suspensions, and the use
of hairy root (HR) systems (Desai et al., 2010). In all instances, the heterologous transgene
is integrated into the host plant genome (nuclear or plastidial), where it is passed on to future
generations (Abiri et al., 2016; Sampaio de Oliveira et al., 2020).

Although several research groups have developed biological expression systems for AMPs,
especially in the bacterium Escherichia coli and in yeast (Lee et al., 2000; Kaur et al.,

2018), so far only a few attempts have been made to fuse AMPs to other fusion partners

to express them in plants for molecular farming or to generate infection-resistant transgenic
plants (Badrhadad et al., 2018; Khademi et al., 2019; Khademi et al., 2020; Lee et al., 2011;
Varasteh Shams et al., 2019). To enhance the expression efficiency and increase the amount
of AMP produced, Okamoto et al. (1998) fused sarcotoxin 1A, an antimicrobial peptide from
an insect, with GUS protein and expressed the fused protein in tobacco plants by using
Agrobacterium-mediated transformation. This strategy yielded a higher level of recombinant
protein production as compared to the transgenic plants expressing sarcotoxin 1A alone.

So far, new recombinant peptides have been constructed by fusing (1) two different

AMPs, (2) an AMP to an antimicrobial active enzyme, or (3) an AMP to a truncated and
functionally active domain from an antimicrobial enzyme (Chahardoli et al., 2018; Khademi
et al., 2020; Osusky et al., 2000; Varasteh Shams et al., 2019). In most cases, the new
recombinant peptides had increased antimicrobial activity compared to the native AMPs
(Table 2), suggesting that AMP length might not be the sole determinant of antimicrobial
activity. However, one can conclude that AMPs in the fusion forms are functionally
independent because the linker sequences keep the structure of AMPs intact. Recently,
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a fusion peptide comprising dermaseptin B1 (DrsB1) peptide fused to tandem repeats

of chitin-binding domain (CBD) was recombinantly produced in HRs. The recombinant
fusion proteins demonstrated enhanced antimicrobial activity against plant phytopathogens,
especially Alternaria alternata, with a minimal inhibitory concentration (MIC) of 11.25 pg
L1 in comparison with DrsB1-expressing transgenic plants (Varasteh Shams et al., 2019).
Because the CBD has an intrinsic affinity for fungal cell wall chitin and glucans, the fused
peptide aggregates on the fungal cell wall surface, bringing the AMP in proximity with it,
such that the AMP eventually permeabilizes the plasma membrane by generating pores that
eventually result in cell leakage (Fig. 2).

11. In planta expression of AMPs

To date, a wide range of organisms, including bacteria and animals, have been the source

of AMPs that have been isolated, cloned, and incorporated into plants, resulting in the
generation of transgenic plants with resistance against various plant pathogens and insects
(Table 2). In molecular plant breeding programs, diverse strategies have been employed to
deliver/introduce AMPs into plant cells (Fig. 3) to enhance their expression in transgenic
plants, including the use of different promoters, N- and C-terminal peptide modifications,
and various cloning techniques (Soleymani-Goloujeh et al., 2018). For example, cecropin,
an AMP with significant antibacterial activity against plant pathogenic bacteria /n vitro, has
been extracted from silk moths and has been successfully used to confer protection against
invading pathogens when introduced into plants. Numerous AMPs have been transgenically
produced in plants, leading to resistance against different pathogens. For instance, transgenic
tobacco plants expressing an AMP from radish seeds (RS-AFP2) demonstrated resistance
to Alternaria longipes, a fungus responsible for brown spot in tobacco plants (Terras et al.,
1992). Similarly, the expression of a pea defensin in oilseed rape resulted in transgenic
lines resistant to Leptosphaeria maculans, the causal agent of blackleg disease (Wang et

al., 1999). Gao et al. (2000) showed that transgenic potatoes expressing an AMP from
alfalfa seeds (alfAFP) exhibited significant resistance to Verticillium wilt caused by V/
aahliae. Furthermore, the introduction of genes encoding plant defensins into crop plants
has led to enhanced resistance against fungal pathogens (Kazan et al., 2002; Lee et al.,
2008). In a recent study, Lee et al. (2018) introduced a defensin-encoding gene from pepper
into tobacco and demonstrated their resistance to Phytophthora parasiticaand Pythium
aphanidermatum.

Despite these successes, it is common for pathogenic bacteria exposed to recombinantly
expressed intact AMPs to develop partial resistance over the course of pathogen-host
evolution. Therefore, additional modifications are often necessary to enhance their
effectiveness. To this end, Tugyi et al. (2005) structurally modified peptides to increase
their bioavailability. Specifically, they replaced three L-amino acids (TPT) with their
corresponding D-amino acids at both the N- and C-termini of the MUC2 mucin
glycoprotein. The resulting alternative peptide displayed remarkable resistance to proteolytic
degradation in vitro, as observed in both in human serum and lysosomal fractions (Tugyi
et al., 2005). The simultaneous modification of the N-terminus and C-terminus residues
with D-amino acids proved to be the most effective approach in enhancing the stability
of mucin in the presence of proteolytic enzymes (Tugyi et al., 2005). In another study,
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(Arias et al., 2018) demonstrated that substitutions of arginine with lysine, coupled with
side chain modifications, led to increased antimicrobial activity and stability of certain
AMPs. Altogether, existing evidence indicates that the antimicrobial activity and increased
resistance to degradation of AMPs in host cells can be optimized.

Heterologous expression of AMPs in planta

The expression of intact AMPs in plants encounters various challenges. As previously
mentioned, both endogenous proteolytic enzymes in the host and those expressed in
transgenic plants can degrade AMPs (Flavia Cancado Viana et al., 2013; Li et al., 2011).
The small size and low molecular weight of AMPs make them susceptible to protease
digestion within eukaryotic cells. To overcome these obstacles, fusion partners have been
developed. These partners not only enhance the stability of AMPs but also influence the
expression and accumulation of peptides within cells. Moreover, heterologous expression
of AMPs offers advantages such as facilitating purification, increasing peptide efficiency
through synergistic interactions with fusion partners, and reducing potential toxic effects on
host cells. For example, the fusion of two AMPs has resulted in high-yield expression of
AMPs with increased antimicrobial activity and low cytotoxicity toward host cells (Ferre et
al., 2009).

Much effort has been devoted to designing chimeric recombinant peptides, particularly
highly active AMPs sourced from non-plant origins, with the aim of generating transgenic
plants that are resistant to specific target pathogens (Table 2). For instance, Osusky et

al. (2000) introduced an N-terminus-modified cecropin-melittin cationic peptide chimera
(MsrAl) into potato plants to enhance their resistance against bacterial and fungal
pathogens. While the expression of MsrAl appeared to be influenced by the cultivar,
transgenic potato tubers exhibited improved resistance to phytopathogens.

To control Xylella fastidiosa, the causal agent of Pierce’s disease, which affects numerous
woody plant species, a chimera was created by fusing a human elastase with cecropin

from the silk moth Bombyx mori. Analysis of transgenic grapevine lines expressing the
chimeric protein demonstrated enhanced resistance to Xy/ella fastidiosa by suppressing

its growth and significantly reducing leaf scorching and xylem clogging (Dandekar et al.,
2012). Lactoferricin (LFcin) and lactoferrampin (LFampin), derived from bovine lactoferrin,
possess a wide range of activities, including antibacterial, antifungal, antiviral, and antitumor
properties (Garcia-Montoya et al., 2012; Gifford et al., 2005). Expression of a chimeric
peptide consisting of LFcin and LFampin in tobacco plants resulted in the production of an
active recombinant peptide with anti-microbial activity (Chahardoli et al., 2018). Although
the antimicrobial activity of recombinant LFampin-Lfcin was demonstrated, transgenic
plants were not challenged with plant pathogens in tissue culture or in the greenhouse.

A chimeric protein, known as SIP14a-PPC20, was created by combining a linear alpha-
helical peptide derived from sunflower phosphoenolpyruvate carboxylase (PPC20) with a
segment of the pathogenesis-related protein SIP14a. This chimeric protein demonstrated
potent antibacterial activity in vitro against Ralstonia solanacearum, the causal agent of
bacterial wilt in tobacco and tomato plants. In transgenic tomato plants expressing SIP14a-
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PPC20, the stems exhibited significantly lower microbial populations compared to wild-type
control plants when inoculated with R. solanacearum, indicating enhanced resistance to the
pathogen (Morais et al., 2019).

DrsB1, a 31-amino acid cationic peptide with an a-helix conformation, has been isolated
from Phyllomedusa frogs (Mor et al., 1994; Mor and Nicolas, 1994). Unlike other
dermaseptins, DrsB1 exhibits potent antimicrobial activity, effectively inhibiting the growth
of various bacterial and fungal pathogens (Yevtushenko and Misra, 2007; Osusky et al.,
2004). To enhance the interaction between DrsB1 and pathogen membranes and increase its
efficacy against them, the coding sequence of DrsB1 was fused with different CBDs (chitin-
binding domains) from Cladosporium fulvum Avr4 effector protein and rice chitinases
(Alibakhshi et al., 2018; Khademi et al., 2019; Khademi et al., 2020; Varasteh Shams et

al., 2019; Badrhadad et al., 2018; Nazari et al., 2017). The fusion of DrsB1 or alfAFP

(an AMP from alfalfa seeds) with CBDs significantly enhanced resistance against a wide
range of pathogens compared to transgenic lines expressing DrsB1 alone. Scanning electron
microscopy imaging of pathogens treated with recombinant peptides revealed significant
membrane damage. In vitro and greenhouse studies involving plants expressing DrsB1

or alfAFP demonstrated elevated resistance levels against fungal and bacterial pathogens,
suggesting that targeting these peptides to the pathogen surface led to higher peptide
accumulation (Morais et al., 2019). The heterologous expression of AMPs in host plants
not only hinders plant pathogens from causing severe damage but also helps AMPs reach
target cells (Neundorf et al., 2009) and cellular components such as the cell membrane
(Khademi et al., 2020), the ribosome (Graf et al., 2017), and prevents their degradation by
cell proteases.

13. AMP construct elements

The successful engineering of plants to express a transgene largely depends on the
appropriate choice of a promoter and a terminator to ensure successful gene transcription
and RNA transcript processing. To date, a diverse range of promoters and terminators has
been employed for expressing AMPs in various plants. The widely utilized CaMV 35S
promoter, derived from the cauliflower mosaic virus CaMV, has been extensively used

in vectors to introduce AMPs into plants. While this promoter typically results in high
AMP expression in plants, it can lead to gene silencing (Al-Kaff et al., 2000) and, due to
homologous recombination, may deactivate the expression of heterologous genes (Stam et
al., 1997). In addition to the CaMV 35S promoter, several other viral promoters have also
been used for AMP expression in plants (Porto et al., 2014).

Apart from viral promoters, strong and constitutive promoters native to plants have

been engineered into vectors for expressing AMPs during plant transformation. For
example, actin promoters (Actl, Act2) and ubiquitin promoters (Ubil, Ubi2) from different
monocotyledon plants have been characterized and employed for the expression of various
AMPs in plants (Coca et al., 2006; Li et al., 2011; Madzharova et al., 2018). In some
instances, plant promoters have shown higher activity and recombinant protein expression
compared to CaMV 35S (Coussens et al., 2012; Wang and Oard, 2003).
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Due to the nature of AMPs in combating plant pathogens, a variety of inducible promoters
responsive to factors such as heat shock proteins (Hsp18, Hsp19) (Company et al., 2014),
auxin, and wounding (Langen et al., 2006; Yevtushenko et al., 2005) have also been
employed to confer resistance to transgenic plants upon pathogen contact. Additionally,
tissue-specific promoters, like oleosin (Montesinos et al., 2016) and glutenin (Holaskova et
al., 2018), have been used to drive AMP expression in specific plant tissues. In summary,
there are numerous promoter options to choose from based on the intended purpose of
expression, whether for managing biotic and abiotic stresses or for molecular farming
purposes.

When designing gene constructs for expression, transcription terminators play two crucial
roles: terminating gene transcription and enhancing the stability of mRNA transcripts during
translation (He et al., 2020). The Nopaline synthase terminator (T-nos) and the octopine
synthase terminator (T-ocs), both from Agrobacterium tumefaciens, are frequently employed
to terminate the expression of AMPs in designed gene circuits (de Felippes, 2020). Both
terminators appear to lead to the production of small interfering RNAs (siRNAs), which

are the primary factors in transgene silencing in transgenic plants. Although some other
terminators, such as the HEAT SHOCK PROTEIN 18.2 gene from Arabidopsis thaliana,
have been used for gene expression termination, the majority of transformation binary
vectors are equipped with either T-nos or T-ocs terminators (Pérez-Gonzalez and Caro,
2018).

14. Effects of AMP chimeras on pathogens

Plant-pathogen interactions have undergone coevolution over millions of years, leading to
the development of a coevolutionary model known as the zigzag model. This model depicts
a continuous arms race between plants and pathogens, with hosts evolving proteins to
evade pathogens, and pathogens evolving strategies to evade or suppress host resistance
genes (Woolhouse et al., 2002). In this dynamic relationship, both plants and pathogens
constantly adapt, and counter adapt to gain the upper hand. To counteract the detrimental
effects of pathogens and enhance crop productivity, interventions such as plant breeding or
the introduction of new resistance genes can be employed. These approaches aim to bolster
plant defenses and provide protection against pathogens. Additionally, plants need to express
proteins that not only recognize pathogen effectors during the early stages of invasion but
also trigger immune signaling to prevent pathogens from suppressing the host’s immune
system. This intricate interplay between plants and pathogens highlights the importance of
understanding their coevolutionary dynamics for effective disease management and crop
improvement strategies.

The design and expression of new recombinant resistance genes (R-genes) offer a promising
approach to generate transgenic plant lines that are resistant to pathogens. By introducing
recombinant proteins that pathogens have not yet developed ways to counteract, crop

plants can be engineered to enhance their resistance. The expression of these recombinant
proteins disrupts the growth and development of the pathogens, effectively reducing their
pathogenicity. Several recombinant proteins have been identified that exhibit enhanced
antimicrobial activity compared to their individual counterparts (Zhou et al., 2021; Wang
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etal., 2017; Khademi et al., 2019). This suggests that the combination of different protein
partners in chimeric constructs may have a synergistic effect, further bolstering their
effectiveness in combating pathogens. This research direction holds promise for developing
novel strategies to enhance plant resistance and improve crop protection against pathogens.

As noted above, most cationic peptides interfere with the microbial cell membrane, leading
to pore formation and eventually causing cell death. Indeed, when the surface of microbial
cells becomes saturated with a high concentration of recombinant peptides, it appears that
their overall integrity is compromised, resulting in damage to the cell membrane (Fig. 2).
However, microorganisms have the ability to evolve and counteract the negative charge

of their phospholipid layers, thereby reducing the susceptibility to AMPs (Maria-Neto et

al., 2015). For example, Pseudomonas aeruginosa and Staphylococcus epidermidis present
the PhoQ/PhoP and ApsR/ApsS systems, respectively, which increase resistance to cationic
AMPs. Bacteria can also develop resistance to AMPs by D-alanylation of teichoic acids in
the cell wall. As a result, an increase in the net positive charge of lipids decreases the affinity
of bacterial cell wall lipopolysaccharides (Da Cunha et al., 2017; Henderson et al., 2014).
These adaptations highlight the dynamic nature of the microbial defense mechanisms against
AMPs and their potential to overcome the antimicrobial effects of recombinant peptides.

Engineering AMPs with non-catalytic domains, especially domains with affinity for
bacterial cell membranes, offers a promising avenue for enhancing the interaction between
these peptides and the microbial membrane (Table 2). Fusing domains with high affinity
for cell membranes rather than tuning their net charge may be an interesting alternative

to pursue in the future. For instance, fusing AMPs to CBDs can increase the number of
AMP molecules that accumulate on the pathogen surface. This approach holds potential for
optimizing the effectiveness of AMPs in combatting microbial pathogens.

15. Plant expression systems for AMPs

Despite the need to produce AMPs at industrial large scale, their purification from the

native host is usually not feasible. Furthermore, except for linear AMPs which require no
disulfide bridges formation and/or other post-translational modifications, direct chemical
synthesis is too costly. To circumvent this drawback, recombinant expression of AMPs using
transgenic methods holds promise for commercial-level AMP production and purification.
Among different expression systems, plants exhibit great advantages over yeast and bacterial
expression systems. First, large quantities of AMPs can be produced at low cost, scaling

up production simply by the cultivation of transgenic plants in a high cultivation area (Tusé
et al., 2014). Second, plant systems offer two types of expression of a transgene, namely
transient and stable expression. Stable expression of AMPs can be achieved by introducing
them in either nuclear or plastid genomes (Hoelscher et al., 2022). Up to now, expression

of a vast number of AMPs in different plants has been attempted by transient, nuclear

and plastid transformation (Lee et al., 2011; Shanmugaraj et al., 2021). Both nuclear and
plastid transformation implement the stable transgene expression, however, plastids offer
some additional benefits, including exclusion from pollen transmission as well as preventing
epigenetic transgene silencing (Bock, 2015). Although plastid expression shows a number
of significant advantages over nuclear and transient expression for AMPs production,
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toxicity of AMPs toward plastid membrane, instability due to small size and presence of
hydrophobic domains are still major concerns (Giomarelli et al., 2006; Li, 2011; Scotti et al.,
2015).

Limitations and future perspectives

Similar to other expression platforms, the expression of natural AMPs in plant systems

is associated with certain drawbacks, including variable efficacy, stability in successive
generations, and potential toxicity to plant cells and tissues. Recently, machine learning
approaches have been described to predict the molecular modifications necessary to
overcome the drawbacks of AMP expression in plants (Jaiswal et al., 2023). Although
transgenic plants expressing AMPs confer varying degrees of disease protection, the
expression of AMPs has resulted in different levels of protection against plant pathogens
(Montesinos, 2007). To mitigate potential drawbacks associated with AMP-expressing
plants, engineering the chloroplast genome has been proposed as a potential avenue to
create crop plants with disease resistance. This approach may also prevent pollen-mediated
transfer of AMPs to weed and wild relatives of transgenic crop plants (DeGray et al., 2001).
Infertility is another issue associated with AMP expression. To address this drawback,
targeting AMPs into the endoplasmic reticulum may alleviate transgenic infertility in the
next generation (Coca et al., 2006). Altogether, addressing issues related to AMP expression
in plant systems requires further research to assess the stability, economic feasibility, and
biosafety of AMPs in transgenic plants.

AMPs are an essential part of the innate immunity of almost all living organisms, suggesting
that, evolutionarily, they must be safe for eukaryotic cells. However, considering ecological
concerns, the expression of foreign AMPs in host plants may pose a threat to the mutualistic
interactions between crop plants and beneficial microbes and insects. Despite the cultivation
of genetically modified (GM) plants for three decades, no clear and significant trend has
been observed regarding the negative effects of transgenes, including AMPs, on the safety
of beneficial microorganisms (Stefani and Hamelin, 2010). Rahnamaeian et al. (2009)
investigated the adverse effect of metchnikowin (Mtk), a 26-amino acid residue AMP found
in the fat body of Drosophila melanogaster, on the beneficial root endophyte Piriformospora
indica. This study revealed that Mtk did not inhibit the growth of £ indica in the roots

of transgenic plants, whereas it impaired the growth and development of devastating plant
fungal pathogens. The toxicological investigation of an antifungal defensin from chickpea
(Ca-AFP) led to the conclusion that Ca-AFP was safe for humans, insects, and beneficial
bacteria (Islam, 2008). In another study, two cultivars of Nicotiana tabacum L. transgenic
seeds expressing plastids DAE1 (an analog of the antimicrobial peptide cecropin) and
MSI-99 (an analog of Magainin 2) were tested for colonization by two mycorrhizal fungal
species, Glomus mosseae and Gigaspora rosea. No significant differences were found in

the symbiosis ability of mycorrhizal fungi between transgenic lines and non-transgenic
lines, suggesting that transgenic plants expressing AMPs were able to establish mycorrhizal
associations without adverse effects on beneficial fungi (Stewart et al., 2007). Taken
together, based on the available literature, these findings may be interpreted as suggesting
that transgenic lines expressing AMPs can be considered as safe.

Biotechnol Adv. Author manuscript; available in PMC 2024 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nazarian-Firouzabadi et al. Page 15

One of the most desirable features of AMPs is their ability to quickly kill resistant pathogens
even at low concentrations, reducing the likelihood of the emergence of AMP-resistant plant
pathogens. For instance, Niu et al. (2020) demonstrated that overexpression of an AMP
from Capsicum annuum (CaAMP1) exhibited enhanced and stable pathogen tolerance even
after four generations compared to the wild-type. Similarly, the expression of the Snakin-1
(SN1) gene from potatoes in wheat led to the stable expression of the AMP even in the T4
generation (Rong et al., 2013). The expression of a synthetic BP100-magainin derivative
AMP (BP178) in rice remained stable in T4 transgenic lines, indicating that BP178
remained functional and stable following Mendelian segregation inheritance (Montesinos
etal., 2017).

Although developing resistance against AMPs is difficult and complicated due to the
coevolution of host and pathogen interactions, plant pathogens may develop mechanisms

to sense and exhibit an adaptive response against AMP transgenes in plants. The emergence
of resistance against AMPs represents a significant challenge to human health. However,

it seems that the emergence of such resistance mechanisms is relatively nonspecific,
negligible, and occurs at a low frequency (Baindara et al., 2020). To the best of our
knowledge, there is no report indicating the development of resistance against AMPs as
transgenes by plant pathogens. This can be explained by the fact that the coevolutionary
changes between transgenic plants harboring new AMPs and plant pathogens occur over an
extended period of time.

17. Gene flow of AMP-expressing transgenic plants

Another concern related to AMP-expressing transgenic plants is that of gene flow from
transgenic plants to related wild and weedy species. Generally, there is evidence that gene
flow has occurred before the development of transgenic crops (Chandler and Dunwell,
2008). Therefore, gene flow from transgenic plants can be expected, and for some species, it
is even inevitable (Dlugosch and Whitton, 2008). Many commercial transgenic plants have
been extensively cultivated over the past three decades. So far, there has been no convincing
evidence that the cultivation of transgenic plants, such as maize, soybean, cotton, canola,
etc., has posed a greater environmental and human health risk compared to cultivars released
by traditional plant breeding programs. Various techniques have been proposed to reduce
the risk of gene flow, including plastid transformation through transplastomic approaches
(Chandler and Dunwell, 2008).

When AMPs are expressed in plants as pharmaceutical compounds, control of gene flow
becomes even more important than with approved transgenic plants used as food supplies
(Murphy, 2007). The risk assessment for AMP-expressing transgenic plants should be based
on crop-to-crop evaluation, especially when considering the use of transgenic plants as
pharmaceuticals.

18. AMPs and potential health concerns

In animals, AMPs also play roles in cell differentiation, the biosynthesis of chemokines and
cytokines, the maturation of germ cells, and the regulation of inflammation (Guryanova and
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Ovchinnikova, 2022). Therefore, it is possible that the expression of AMPs in crop plants
may trigger allergic reactions in humans. Among the diverse group of AMPs from various
sources, plant-derived AMPs belonging to pathogenesis-related (PR) proteins, which are
naturally expressed in different plant organs and tissues, may cause severe allergic reactions
in humans, such as anaphylactic shock (Midoro-Horiuti et al., 2001).

Since the expression of AMPs is inducible by environmental factors, biotic and abiotic
stresses may result in varying levels of AMP expression in transgenic plants, potentially
leading to acute allergic reactions in humans. Hence, it would be advisable to utilize
promoters for driving AMPs in plants whose regulation cannot be influenced by
environmental factors. Another approach could involve expressing peptides naturally present
in the human or animal innate immune system, which have long been recognized as safe.
Despite ongoing debates regarding the allergenic or non-allergenic nature of some AMPs,

a thorough examination is essential to ensure that AMPs, when used as transgenes, do not
trigger allergic reactions in humans or any disbalances to the surrounding biodiversity.

19. Concluding remarks

AMPs have a crucial role in plant defense against microbial pathogens (Zasloff, 2006;
Porto et al., 2018). However, these pathogens can still cause significant damage to crops.
To achieve the goal of developing transgenic plants resistant to pathogenic invasion, it is
important to expand our search for novel peptides with enhanced antimicrobial activity and
diverse structures and mechanisms of action. While plant-derived AMPs are valuable in
combating pathogens, modifications to these peptides, including the design of recombinant
peptides, can improve their effectiveness and mitigate potential bacterial resistance during
pathogen-host evolution. Genetic engineering techniques, such as the use of recombinant
fusion peptides and heterologous expression, offer promising approaches for generating
pathogen-resistant crop plants. Additionally, synthetic biology and computational methods
can expedite the design of peptides with optimized functionality (Torres and de la Fuente-
Nunez, 2019; Wan et al., 2022; Wong et al., 2023; Torres et al., 2022; Maasch et al., 2023).
Numerous transgenic plants expressing various AMPs from different sources have been
created, providing varying degrees of protection against devastating plant pathogens. Thus,
AMPs hold significant potential in plant molecular breeding as effective plant protection
agents.
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The AMPs were obtained from the Database of Antimicrobial Activity and Structure of
Peptides (DBAASP) server, as well as the physicochemical features that are most relevant
to their antimicrobial activity: (A) net charge, (B) normalized hydrophobicity, (C) angle

subtended by the hydrophobic residues, and (D) amphiphilicity index.
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Fig. 2. The mode of action proposed for the activity of a recombinant AMP against a fungal
pathogen.
First, the chitin-binding domain (CBD) aids and guides the AMP to aggregate on the

pathogen cell wall surface. Second, the CBD anchors the AMP in the cell wall by covering
the surface. Third, AMP permeabilizes the pathogen plasma membrane, resulting in pore
formation, cell leakage, and eventually pathogen cell death (Badrhadad et al., 2018).
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Fig. 3. AMP-delivery methodsto plant cells.
Gene cloning approach for AMP and AMP fusion introduction either by: A) Agrobacterium-

mediated transformation; or B) through biolistic method. Gene elements are colored and
named flanked by T-DNA borders. C) Nanoparticle-mediated and D) micelle-mediated
AMP delivery. Micelles and nanoparticles are loaded with cationic AMPs prior to plant
transformation procedure.
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