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Pathogens, like fungi, nematodes, virus and bacterial are responsible for several human and plant diseases. According
FAO, around 20 to 40 percent of crops yields are lost, per year, due plant diseases and pest. Besides this, only USA spend
30 billion dollars a year with hospital infections, and the numbers are increasing as the infection are becoming more and
more resistant to conventional antibiotics. Antimicrobial peptides (AMPs) are found in different species: insects,
mammals, amphibians, fish, birds and plants. Plant antimicrobial peptides have an important action in plants metabolism:
defense against pathogens. Some examples of this class of peptides are: defensins, cyclotides, glycine-rich proteins,
thionins and lipid transfer proteins. Usually, the target for AMPs are the DNA, RNA and proteins and they should have
selectivity against bacterial cells and not been effective against mammal or plant cells. The interest on AMPs is growing,
especially on their structure and mechanism of action. The use as medicine of AMPs is limited and still remaining some
open questions that need to be answered: the oral bioavailability improvement, peptidase degradation, before they became
an antimicrobial drug.
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1. Introduction
Phytopathogens such as bacteria, fungi, viruses, and nematodes are responsible for major agricultural losses, destroying
crops and thus causing severe damage to the world economy. In addition to acute food shortages, the damage to
production caused by these pathogens seriously undermines food security, which can result in malnutrition, migration,
and the death of humans and livestock [1-4].
The United Nations’ Food and Agriculture Organisation (FAO) estimates that 20-40% of global crop yields are lost
each year due to damages caused by pests and plant diseases [5].
Representative examples of such pathogens are Xanthomona soryzae pv. Oryzae (Xoo) and Xanthomonas oryzae pv,
oryzicola (Xoc), which causes diseases like bacterial blight and striated leaf spots, respectively, thus seriously affecting
rice crops (Oryza sativa) worldwide and causing significant damage and losses of up to 75% of the grain production. In
1954, for example, Japan suffered an annual loss of 90-150 hectares of rice due to Xanthomonas oryzae pv. Oryzae
[6,7].
Another pest that causes severe damage to agricultural crops is the bacterium Ralstonia solanacearum, which is the
causative agent of bacterial wilt in more than 200 plant species including important crops such as potatos (Solanum
tuberosum), tomatos (Lycopersicon esculentum), tobacco (Nicotiana tabacum), peanuts (Arachis hypogaea), cotton
(Gossypium hirsutum), rubber (Hevea brasiliensis), cassava (Manihot esculenta), castor beans (Ricinus communis),
eggplants (Solanum melongena), ginger (Zingiber officinalis), and bananas (Musa spp.). The disease exhibits a wide
geographical distribution and has a major economic impact in many parts of the world. The highest economic damage
has been reported for potato, tobacco, and tomato crops in the Southeast of the USA, Indonesia, Brazil, Colombia, and
South Africa. In general, losses depend on the local climate, soil type, farming practices, and the virulence of the
bacterial strain [7-9]
In Brazil, especially citrus (Citrus sinensis) crops are often endangered by pests and diseases. The diseases most
feared by the industry are citrus canker, caused by the bacterium Xanthomonas axonopodis pv. Citri, citrus variegated
chlorosis (CVC), also known as yellowing, caused by the bacterium Xylella fastidiosa, and greening, a disease caused
by the bacterium Candidatus liberibacter spp. The estimates regarding expenses and losses caused by these diseases are
alarming: in 2009 and 2010, these three diseases alone were responsible for a decrease of 20% of the citrus harvest in
Brazil [10].
In addition to causing agricultural losses, bacteria are also responsible for the vast majority of hospital infections. In
the USA, an estimated 30 billion USD/year are spent dealing with hospital infections, and these estimates are expected
to increase as more bacteria become drug resistant [11].
Among the transmissible diseases caused by bacteria, tuberculosis is one of the most dangerous. In 2013, an
estimated 9 million people contracted tuberculosis and 1.5 million died from the disease. Especially the BRICS
countries (Brazil, Russia, India, China and South Africa) suffer from tuberculosis and account for almost 50% of
tuberculosis cases worldwide. Worldwide costs for battling tuberculosis are estimated to accumulate $ 8 billion per year
[12].
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Another public health problem that affects several developing countries is cholera, caused by the Vibrio cholerae
bacterium. The World Health Organization (WHO) estimates that in 2013, 47 countries reported a total of 129,064
cholera cases including 2,102 deaths [13].
The use of antimicrobial vegetable peptides may represent a desirable alternative in the clinical treatment of bacterial
infections, which has generally been handled inappropriately by both community hospitals and health professionals.
The excessive and indiscriminate use of antibiotics plays a crucial part in the increased resistance of pathogens, often
requiring multiple-drug treatment, extended treatment periods, and/or hospitalization, thus raising costs and increasing
the generation and distribution of resistant microorganisms. Ultimately, pathogen resistance contributes to increased
patient morbidity and mortality rates, making it a serious global problem [14-16].
Faced with these problems, the pharmaceutical industry is looking for new antibiotics, trying to modify existing
treatment strategies or adding new alternative therapeutic approaches. Unfortunately, pathogens have demonstrated the
ability to quickly develop and disseminate resistance mechanisms, which usually renders drugs less effective. This
phenomenon clearly illustrates the need to develop new treatment strategies based on action mechanisms that are
different from conventional antibiotics. Antimicrobial peptides derived from plants may offer a promising alternative,
mostly due to their low toxicity towards humans [17].
Plants usually defend themselves against microorganism attacks via a complex protection system that includes local
and systemic production of secondary metabolites, proteins, peptides, and reactive oxygen species (ROS). Sometimes
protection proceeds via physical barriers such as lignin, polysaccharides synthesis, or through the reaction type of the
programmed cell death, which is a hypersensitive response. The plant immune system also depends on the production of
several antimicrobial peptide classes (AMPs) [14,18-20].
AMPs differ from other antibiotic peptides such as gramicidins, bacitracins, and polymyxins, as these are synthesized
by large enzymatic complexes and contain unusual amino acids and various types of modifications. In contrast, AMPs
are encoded by genes, generally form small peptides of up to 100 L-amino acids present in plants, and exhibit linear or
cyclic configurations [19].

2. Characterization of bacteria of medical and/or agronomical interest
Bacteria of interest in a clinical and agronomical context are characterized by their morphology, especially by their size,
shape, as well as by their arrangement and the structures that comprise it. Usually, the phenotypic characteristics are
common to the members of each group [21,22].
The structure of prokaryotic beings (bacteria) is greatly simplified, because it does not contain a defined nucleus that
contains the DNA. Instead, the genetic material is compressed and coiled in a cytoplasmic region called the nucleoid.
Bacteria are unicellular, between 2 and 5 μm in size, and usually harmless for humans. Even though some might be
beneficial to humans, others are pathogens of medical interest [21,22].The reproduction of bacteria proceeds by cell
division or binary fission. During this process duplication of the DNA occurs, thus allowing the division of the bacterial
cell into two daughter cells identical to the original. At the beginning of the division, a septum is formed on the surface
of the cell wall, which grows into the cell supporting the cell division [21,22].
One of the most important differences between eukaryotic and prokaryotic cells is the presence of a cell wall called
“protective cover” in prokaryotic cells, below which the plasma membrane is located. Plant-associated bacteria, as well
as those of medical interest have several morphologies, e.g. bacilli (rods), cocci (spherical), vibrios, spirals, and some
pleomorphics (tendency to form irregular shapes). While most bacteria are aerobic, some are facultative anaerobic, and
some rare ones are anaerobic. The bacteria of medical interest can belong to different phyla, but one characteristic of
pathogenic plant bacteria is that the vast majority of Gram-positive bacteria are classified as phylum Actinobacteria,
while the Gram-negative bacteria are classified as Phylum Proteobacteria [21-23].
The structural differences of bacteria of interest in a medical and agronomical context, which are generally classified
into Gram-positive and Gram-negative bacteria, are important for the understanding of the mechanism of antimicrobial
action. Thus, the presence of peptidoglycans, external polysaccharide membranes, and the wall of Gram-negative
bacteria, impart those with more complexity, which is reflected in difficulties for substances to enter and exit the cell,
usually requiring porin channels. In contrast, the ease of diffusion through the cell wall of Gram-positive bacteria is
higher, which is important both for the identification of the microorganism as well as for the choice of appropriate
antimicrobial agent to be used [14,16,21,24]

3. Action Mechanisms of antibacterial peptides
Some plant species produce hundreds of different AMPs, and antimicrobial plant peptides vary their size according to
the number of constituent amino acids. They are subdivided into groups according to structure, type, and the occurrence
of amino acids. The group containing cysteine residues is the largest group of AMPs, and can be either anionic or
cationic. Other AMP groups are rich in tryptophan and contain proline, arginine, histidine, glycine, and are mostly
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cationic. Linear peptides rich in aspartic and glutamic acids are usually anionic, while other groups are still under
investigation [14,25].
However, it is important to emphasize that the vast majority of plant peptides are cationically charged, and therefore
have the ability to initially interact with cell membranes and walls of negatively charged pathogenic bacteria. In
response to the infection, they modify the overall net charge of the liquid intracellular medium [26]. This type of
arrangement facilitates peptide binding and insertion into the bacterial membrane to create transmembrane pores, which
results in permeability of the membrane [20,27].
Therefore, it has been proposed that the AMPs are drawn into the bilayer of the cell membrane by electrostatic
interactions between the cationic amino acid residues of the peptides and the anionic phospholipid groups, which leads
to permeability or lysis. Alternatively, such interaction with the membrane may also lead to the transient formation of
pores, which allows the peptide to entre and interact with intracellular targets, while certain other peptides may be
transported into the cell via channels or carrier molecules [27,28].
An important and desirable feature of AMPs is the selective toxicity of bactericidal or bacteriostatic peptides. The
specific interaction with the bacterial cell requires them to be non-toxic to mammalian cells. The significant differences
between mammalian cells and microbial cells, such as the composition of the membrane, the transmembrane potential,
polarization and structural characteristics determine the selectivity of AMPs, and may thus be responsible for the
differences in the mechanisms of action of the different AMP classes. Ongoing efforts to develop potential applications
for AMPs and improved production methods, elucidation of mechanisms of action, and toxicity studies, may be the key
to future therapeutic applications. [27,29].
Furthermore, several other AMPs have shown different antimicrobial properties, which renders them important tools
for new therapeutic applications in biomedical fields, e.g. in the modulation of the immune response. When used in
combination with other antibiotics, usually an improvement of the treatments with conventional antibiotics is observed,
e.g. in anti-cancer and anti-inflammatory therapies, as well as in the regulation of blood pressure. Accordingly, these
peptides may enhance the potency of existing antibiotics in vivo, probably by facilitating access of the antibiotics into
the interior of the bacterial cell. Such phenomena have previously been studied for the cationic peptide component of
polymyxin [16,17,30,31].

4. Some bactericidal plant peptide classes
For decades, researchers have tried to classify bactericidal peptides. The proposed classifications have primarily taken
their structures (particularly the tertiary structure) and the composition thereof into consideration. However, the lack of
structural information on such plant-derived antibacterial peptides prevents a more detailed classification. Currently,
there are several classes of plant-based AMPs, such as defensins (-thionins), /-thionins, lipid transfer proteins
(LTPs), cyclotides, hevein-type peptides, knottin-type peptides (some researchers group cyclotides, hevein-type
peptides, and knottin-type peptides due to similarities in their structures), snakins, glycine-rich peptides, MBP-1
counterparts, and proteinase inhibitors. In the following, some of the these classes are described [18,19,32-35].
4.1 Defensins
In the 1990s, the first plant defensins were characterized. As they were the first to be described in this peptide family,
they are considered the oldest antimicrobial peptides with activity against bacteria and yeast present in eukaryotes. In
the plants, they are usually found in abundance in seeds, but they are also contained in leaves, pods, tubers, fruit, root,
bark, and floral tissue [32,33].
With a molecular weight of 5-7 kDa and containing 45-54 amino acids, defensins are among the most basic peptides.
They contain eight positively charged cysteine residues that form four disulfide bonds, which are responsible for
stabilizing their three-dimensional structure and the formation of the cystine knot [18,33,35,36].
As far as the primary structure is concerned, it should be noted that only the cysteine residues are involved in
disulfide bridges. Few other residues are conserved, and the remaining residues have varying degrees of freedom, while
the number of residues separating the cysteines may also vary. As the primary structure defines the tertiary structure,
the variations in the primary structure are reflected in small spatial variations in the three dimensional structure,
especially in the size of the handles, which provides the overall structural diversification and contributes to the broad
spectrum of biological activities observed for defensins [18,19,33].
Defensins exhibit antifungal and/or antibacterial activity for very low concentrations (~ μM), and they are active
against a broad spectrum of pathogenic fungi and human pathogens (Table 1). More importantly, they usually do not
display toxicity towards mammals and/or plants [33,36-39].
In addition, their toxicity can be extended to enveloped viruses, exo- and endo-parasites, and eventually cancer cells.
With the understanding of the essential role these AMPs play in the defence of the host against infections, these
peptides have been proposed as a new class of antimicrobials [40-42].
Defensins also exhibit other biological activities, e.g. the inhibition of protein synthesis [43], and the inhibition of the
protease [44] and -amylase activity [45].
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4.2 Cyclotides
Cyclotides form a second highly important class of bactericidal peptides. They consist of small cyclic peptides, which
are highly expressed in leaves, stems, and roots of various plants of the rubiaceae, violaceae, cucurbitaceae, and
fabaceae families [46]. They consist of "head-tail" cyclized polypeptide chains of 29-37 amino acid residues, six of
which are highly conserved cysteine residues that are involved in three disulfide links. This structural motif endows
cyclotides with a high resistance towards thermal, chemical, and enzymatic degradation [47-49].
Cyclotides are desirable targets for the pharmaceutical and agrochemical industry, due to their cyclic "head-tail"
structure, their biological activity, and their sequence diversity. They are now one of the most studied plant peptide
family, and the understanding of this natural peptide library may be very important in the search for new antibacterial
agents [47-49].
They were first discovered in the context of indigenous medical applications, i.e. women of the Lulua tribe used the
tea of the native plant Oldenlandia affinis or "kalata kalata" to accelerate uterus contractions during childbirth [50]. The
preparation of tea by boiling plant material and the oral administration suggested that the active ingredient was both
resistant to heat and bioavailable [46]. Later studies showed that the cyclotide Kalata B1 was responsible for the
uterotonic activity [50]. Kalata B1 was also the first macrocyclic plant peptide that had its structure completely
elucidated. Since then, others have been isolated from plant biomass and a comparison with the prototype Kalata B1
revealed structural similarities for these molecules [51].
Initially, cyclotides were considered to be a variation of plant defensins, due to the observed structural similarities.
Defensins consist of 45-54 amino acid residues, of which eight are cysteine residues that form four disulfide bonds,
which are responsible for stabilizing the three-dimensional structure and the formation of the cystine knot. Conversely,
cyclotides contain six highly conserved cysteine residues involved in three disulfide links, of which two disulfide bonds
form the cystine knot, while the third disulfide bond penetrates a macrocyclice that hides the N-terminal region and
forms a cyclic head-tail structure [33,47,52].
The most abundant cyclotides in Oldenlandia affinis are the Kalata B1 and B2 peptides, which may accumulate in
amounts of up to 2 mg/g of fresh leaves. Due to the ability of the plant to accumulate large amounts of these cyclotides,
to present different isoforms in the same plant, as well as to exhibit geographic and seasonal variation in the expression
of these isoforms, it was suggested that they might be involved in plant protection against pathogens [52,53].
For a variety of fungi and bacteria, including Escherichia coli, Staphylococcus aureus, and Candida sp., the
antimicrobial activity of cyclotides [54,55] has been reported for a minimum inhibitory concentration of 0.2-50 μM
(Table 1).
Biological activity for cyclotides has been documented for an even wider range: they inhibit digestive peptidases of
insects and thus show insecticidal activity [56]; they show activity against HIV [57] and neurotensin [58], and they also
act cytotoxic [59].
4.3 /-Thionins
With minor exceptions, these are mostly cationic peptides with amphipathic properties. They differentially inhibit the
growth of various bacteria and are thus potentially important in the control of plant pathogens. However, they are not
active against mycellar fungi [35,60].
The common structural feature of all thionins is the presence of two antiparallel chains, whereby -thionins exhibit
an -helical configuration and form a stem, while -thionins exhibit a -sheet configuration and form arms [61].
The antimicrobial biological activity of thionins (Table 1) can be feasibly explained on the basis of their structure.
The primary action mechanism of these peptides affects biological membranes of pathogens, especially by connecting
with phospholipids. The amino acids residues lysine and arginine are highly conserved and specifically contribute to
phosphate linkages, while serine and tyrosine form a bond with glycerol. These interactions between membrane
phospholipids and thionins have also been investigated by molecular modelling [35,62,63].
4.4 Lipid transfer proteins (LTPs)
This peptide class is named after their ability to transfer phospholipids between a donor and an acceptor through the
membrane in in vitro tests [64,65].
Two families of lipid transfer proteins (LTP1 / LTP2) exist. While the members of the plant family LTP1 contain 9095 amino acid residues and thus exhibit a molecular weight of ca. 10 kDa, LTP2 family members usually contain ca. 70
amino acid residues and display a molecular weight of ca. 7 kDa. The extracellular location of LTPs was confirmed
from a variety of plants [66-69]. Both families contain eight conserved cysteine residues at similar positions in their
primary structure and form four disulfide bonds to stabilize their tertiary structure [65].
Especially antifungal and antibacterial activity (Table 1) has been observed for LTPs on barley, corn, and spinach
[63,67-69].
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4.5 Snakins
Peptides belonging to this class were named by Segura and coworkers (1999) after the similarity of the amino acid
sequences to a (desintegrin-like) hemotoxine, which is found in the venom of some snakes. They have been isolated
from potatoes, a plant of the Solanaceae (Solanum tuberosum) family, and contain ca. 63-66 amino acid residues, of
which twelve are cysteines [70,71].
They are cationic peptides with a hydrophobic core and highly polar domains in the N- and C-terminal regions. The
mechanism of action of these peptides has been proposed on the basis of studies with the potato peptides StSN1 and
StSN2 (Table 1). Their mechanism of action was compared to that of the defensin PTH1, which was isolated from the
same potato species and exhibited synergistic antimicrobial activity. Against several agronomical bacteria, varying
mechanisms of action were observed. For example, the StSN1 peptide was unable to disrupt the lipid membranes of
bacteria and fungi studied in this experiment [35,71,72].

5. Antimicrobial activity of some plant peptides classes
Several peptide classes with antimicrobial activity play an important role in finding potential targets for antibacterial
drugs in development. However, it is important to note that even though defensins and cyclotides still represent the
majority of plant peptides with antibacterial activity, other classes also exhibit such activity [18,34,35,48,73].
Table 1 shows some AMPs with antimicrobial activity. Some representatives of these families demonstrate inhibitory
activity against both agronomical bacteria of those of medical interest (Gram-positive and Gram-negative), as well as
against fungi. But even though these peptides have shown inhibitory activity against bacteria and fungi, their
mechanism of action is not yet fully understood [32,74].
Table 1 Antimicrobial activity of some peptide classes

AMP class

AMP name

Plant species

Antimicrobial activity (MIC)

Reference

-1

Defensin

Cp-thionin-2

V.unguiculata

S.Aureus (128 g·mL )
E.Coli ( 64 g·mL-1)

[37]

Defensin

Fabatin-1

V. faba

E. coli (100 g·mL-1) and
P. aeruginosa (30 g·mL-1)

[74]

Defensin

Fabatin-2

V. faba

E. coli (100 g·mL-1) and
P. aeruginosa (30 g·mL-1)

[74]

Defensin

StPTH1

Solanum
tuberosum cv
Jaerla

Clavibacter michiganensis (7 uM)
Ralstonia solanacearum (25 uM)
R. solanacearum (rfa-) (25 uM)
EC50 - Effective concentration for
50% inhibition

[71]

Cyclotide

Kalata B1

S. aureus (0.75 g·mL-1) and
K. oxytoca (158.37 g·mL-1)

[55]

Cyclotide

Circulin A

S. aureus (0.59 g·mL-1) and
P. vulgaris (172.04 g·mL-1)

[55]

C.
parvifoliaSchu
m.

S. aureus (44.32 g·mL-1) ,
E. coli (1.35 g·mL-1),
P. aeruginosa (83.7 g·mL-1),
P. vulgaris (22.3 g·mL-1) and
K. oxytoca (26.92 g·mL-1)

[55]

Viola odorata

S. enterica (8.75 g·mL-1)
E. coli (2.2 g·mL-1)
S. aureus (>50 g·mL-1)

[75]

Triticum
aestivum

Pseudomonas solanacearum (5
g·mL-1)
Xanthomonas phaseoli (27 g·mL-1)
Xanthomonas campestres ( 56
g·mL-1)
Erwinia amylovora (540 g·mL-1)

[60]

Cyclotide

Circulin B

Cyclotide

Cycloviolacin
O2

/-Thionin

Alpha-1purothionin

Oldenlandiaaf
finis (Roem. &
Schuld.) DC.
C.
parvifoliaSchu
m.
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AMP class

AMP name

Plant species

Antimicrobial activity (MIC)
Corynebacterium flaccumfaciens
(110 g·mL-1)
C. michiganense (450 g·mL-1)
C. poinsettiae (56 g·mL-1)
C. sepedonicun (1 g·mL-1)

/-Thionin

PR-13
thionins

Nicotiana
attenuate

Pseudomonas syringae pv. Tomato
(0,25 g·mL-1)

[76]

Snakin

Snakin-1

S. tuberosum

L. monocytogenes (10 g·mL-1)

[77]

StSN1

Solanum
tuberosum cv
Jaerla

Clavibacter michiganensis (4 uM)
R. solanacearum (rfa -) (15 uM)
EC50 - Effective concentration for
50% inhibition

[70,71]

Snakin

StSN2

Solanum
tuberosum cv
Jaerla

Clavibacter michiganensis (1uM)
R. solanacearum (rfa -) (30 uM)
Rhizobium meliloti (8 uM)
EC50 - Effective concentration for
50% inhibition

[70,71]

LTP

LTP-s1 LTPs2

Spinacia
oleracea

Clavibacter michiganensis subsp.
Sepedonicus (100 g·mL-1)

[70]

Snakin

Reference

5. Perspectives - Use of peptides with bactericidal action
Establishing a relationship between structure and antibacterial activity is hampered by the lack of any structural or
sequential similarities of the peptides within the families. Also, it is important to note that these classes of plant defense
compounds also demonstrate insecticidal, antifungal, and/or hemolytic activity in addition to the antimicrobial activity
[18,73].
Interest in examining structure-activity relationships of such peptides has recently risen, especially by using
computer modeling techniques and nuclear magnetic resonance (NMR) spectroscopy. Ultimately, these studies aim to
facilitate a better understanding of the structural characteristics necessary to induce antimicrobial activity [18,34,78,79].
However, the use of such peptides as drugs is still limited, because these types of molecules suffer from various
drawbacks, such as peptidase degradation, low oral bioavailability, and short duration of action. Other approaches to
reduce the lability of AMPs include peptidomimetics, the use of peptide compounds of unusual or D-amino acids, as
well as the use of formulations, e.g. by incorporation into liposomes. Defensins have not yet been investigated in
advanced clinical trials, but it has been suggested that these peptides should be more resistant to protease degradation
due to the structure stabilization by disulfide bonds and therefore, may have longer serum half-life times compared to
other AMPs [18,34,79].
Another factor that restricts the enormous potential of these AMPs is the limited amount that can be extracted in vivo.
However, the use of biotechnology as a tool to make these molecules available in the development of new drugs against
human and plant pathogens, or as anticancer agents may form part of new clinical and therapeutic strategies
[31,34,80,81].
Many drugs and vaccines are made from substances extracted from natural environments [82]. Brazil is the country
with the highest biodiversity on the planet, with an estimated 170,000-210,000 known species. Moreover, Brazil also
exhibits the greatest wealth of floral species. In total, 45,835 species have been documented, of which 4,680 are algae,
32,715 angiosperms, 1,519 bryophytes, 5,652 fungi, 30 gymnosperms, and 1,239 ferns and lycophytes [82].
Accordingly, the biodiversity of Brazil should offer great potential in the development of future drugs derived from
antimicrobial plant peptides.
The great diversity of structurally different cysteine-rich antimicrobial peptide classes in nature suggests that these
peptides are extremely important and fulfil different biological functions, thus providing clear evidence that AMPs are
part of the complex plant immune system and not just executors of a defense program to eliminate pathogens. However,
it should also be noted that the molecular evolution of different classes of plant AMPs is not yet fully understood.
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Further research on the mechanisms of action is therefore required, in order to better understand the interactions of
plants with pathogenic and non-pathogenic agents, as well as insects and other herbivores [35].
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