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Antimicrobial decapeptide anoplin was tested for its antifungal activity against plant pathogen
Leptosphaeria maculans and protection of Brassica napus plants from disease. To reveal the mode of action
of the peptide, a natural form of anoplin amidated on C-terminus (ANP-NH2), and its carboxylated analog
(ANP-OH) were used in the study. We demonstrated strong antifungal activity of anoplin in vitro regard-
less C-terminus modification. In addition we show that both ANP-NH2 and ANP-OH induce expression of
defence genes in B. napus and protects plants from L. maculans infection. The results indicate that the
amidation of anoplin is not essential for its antifungal and plant defence stimulating activities.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction membranes [7]. The efficiency of AMPs’ interaction with a
Antimicrobial peptides (AMPs) are of interest to scientists not
only as a promising alternative to antibiotics in human medicine
but also as possible protective agents of plants from their diseases.
Primary attention has been focused on the bactericide properties of
these small molecules, but their activities against fungi, viruses
and other parasites have also been confirmed. To date, more than
1700 peptides have been identified as important constituents of
innate immunity found in diverse organisms including arthropods,
plants and animals [1].

In addition to well-defined direct antimicrobial activity of these
small peptides, there is increasing evidence that their other biolog-
ical functions, e.g., plant defensins protecting germinating plants
from soil-borne fungal pathogens mediate tolerance to abiotic
stresses, and are also implicated in growth regulation, develop-
ment and fertilisation [2]. The indirect role of several peptides as
endogenous elicitors of a plant’s immune system also has been
described. These elicitors include both peptides derived from
precursor proteins as systemins or Pep family peptides [3,4] and
cryptic peptides like inceptins [5,6].

The antimicrobial activity of AMPs is complex. A frequent target
is a cytoplasmic membrane but the peptides often enter into a cell
that is facilitated by hydrophobic and cationic amino acid residues
present in these peptides and their ability to fold into amphipathic
or amphiphilic conformations, induced by their interaction with
membrane is determined by the cationic characteristic of the pep-
tide and its post translational modifications, such as glycosylation,
amidation, halogenation, methylation, etc. C-terminal amidation
has been proposed as a mechanism by which peptide gains
enhanced antibacterial activity associated with a more rigid and
extended a-helical structure [8]. Slight modifications in the
balance of hydrophobicity and charge can give rise to marked
changes in antimicrobial selectivity/activity [9].

The preponderance of AMPs research has been devoted to their
antibacterial effect since human bacterial infections have a drastic
effect on human health. The mechanism of action against fungal
pathogens is not well documented. In contrast to antibacterial
peptides, the antifungal agents have evolved a number of different
mechanisms, and single peptides often display several divergent
modes of action. In spite of this, only very few peptides show both
antibacterial and antifungal activity [1].

Till now our study has recognised unknown biological activities
of peptide anoplin, a small peptide composed of 10 amino acid
residues. On a plant pathosystem Brassica napus–Leptosphaeria
maculans, we demonstrated the antifungal activity of amidated
and non-amidated isoforms of decapetide both in vitro and in
planta, the role of C-terminal amidation in the antifungal efficiency,
and anoplińs capability of inducing defence responses in plants.

2. Materials and methods

2.1. Plant and pathogen cultivation

Plants of B. napus cv. Columbus were grown hydroponically in
perlite supplied with Steiner’s nutrient solution [10] under defined
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Fig. 1. Antifungal activity of ANP-NH2 and ANP-OH determined by microplate
assay. Spores of L. maculans tagged with GFP were cultivated with different
concentrations of a peptide for 96 h in a microtitre plate. The growth of mycelium
was quantified as an increase in GFP fluorescence. The data represent mean values
of three independent experiments. Error bars represent mean ± SE values from
three independent experiments; j treatment with ANP-NH2; d treatment with
ANP-OH.
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conditions (day/night: 16/8 h, 24/20 �C, photon flux density
150 lmol/m2/s). Cotyledons of 11-day-old plants were used for
anoplin treatment in an inoculation test; 14-day-old cotyledons
were treated with anoplin for RNA isolation.

The fungus L. maculans (anamorph Phoma lingam), isolate JN2
[11] was cultured on V8 juice agar at 24 �C in dark. Sporulation cul-
tures and conidia suspension were prepared according to Šašek
et al. [12].

2.2. Anoplin treatment

Decapeptide amide, GLLKRIKTLLNH2 and a non-amide form of
decapeptide GLLKRIKTLL were used in this study. The C-terminus
amidated form of decapeptide (ANP-NH2) was synthesised by
GeneCust (Dudelange, Luxembourg). A non-amide form of deca-
peptide (ANP-OH) was prepared by ChinaPeptides (Shanghai, Chi-
na). For the antimicrobial test, anoplin (amide and non-amide
form) was dissolved in 10 mM MES (pH 6.8); for plant treatment,
anoplin (a form of amide and non-amide) was dissolved in distilled
water and the solution was infiltrated by syringe without needle
into cotyledons. In experiments 11- or 14-day-old plants were
used for inoculation test or gene expression study, respectively.

2.3. Antifungal assay

Antifungal activity was measured using the spores of L. macu-
lans isolate JN2 with a constitutive expression of GFP (JN2::GFP)
prepared by Šašek et al. [13]. Spores of L. maculans JN2::GFP were
suspended to the final concentration 5 � 104 spore/ml in a Gam-
borg B5 medium (Duchefa Biochemie BV, Haarlem Netherlands)
supplemented with 0.3% saccharose and 10 mM MES (pH 6.8).
50 ll of the spore suspension (approximately 2500 spores) was
pipetted into each well of a black 96-well plate. Peptides were dis-
solved in 10 mM MES (pH 6.8) and 50 ll of the solution were
added in each well with spore suspension; 4 wells were used for
each treatment. Growth control was performed in 50 ll 10 mM
MES (pH 6.8) and 50 ll spore suspension. Final concentrations of
anoplin ranged from 0.1 to 100 lg/ml. As a control treatment,
tebuconazole (30 lM) was used instead of anoplin in the form of
a commercial fungicide Horizon 250 EW (Bayer CropScience AG,
Monheim, Germany). All the steps were performed under sterile
conditions. Plates were covered with a lid and sealed with Micro-
pore tape. Plates were incubated in darkness at 26 �C. Fluorescence
was measured by a Tecan F200 fluorescence reader (Tecan Schweiz
AG, Männedorf, Switzerland) with an excitation filter 485/20 nm
and an emission filter 535/25 nm every 24 h for 4 days. A minimal
inhibitory concentration (MIC) was determined as a minimum con-
centration of anoplin which caused 100% growth inhibition of L.
maculans. All MIC determinations were performed in four parallels
and are the average of three independent determinations.

2.4. Inoculation test

A peptide solution was infiltrated into cotyledons of 11-day-old
plants using a syringe without needle at concentrations 25 or
50 lg/ml; control cotyledons were treated with distilled water.
After 2 days the plants (14-day-old) were both equally inoculated
by a conidia suspension of L. maculans JN2 (105 conidia/ml) until
completely saturated.

Developed necroses of L. maculans on cotyledons were evalu-
ated by means of image analysis APS Assess 2.0 software 10–
12 days after inoculation. The relative area of the lesions was re-
lated to water-treated plants when the value for control plants
was set at 100% with 24 cotyledons of each treatment used for
analysis.
2.5. Gene expression analysis

Plant tissue discs were cut from 12 cotyledons and immediately
frozen in liquid nitrogen. The tissue was homogenized in tubes with
1 g of 1.3 mm silica beads and the total RNA was isolated using a
Spectrum Plant Total RNA kit (Sigma–Aldrich corp., St. Louis, MO,
USA) and treated with a DNAfree Kit (Ambion Inc., Austin, TX,
USA). Subsequently, 1 lg of RNA was converted to cDNA with a
M-MLV RNase H–Point Mutant reverse transcriptase (Promega Cor-
poration, Prague, Czech Republic) and oligo dT21 primer (Metabion
International AG, Martinsried, Germany). An equivalent of 6.25 ng
RNA was loaded into a 10 ll reaction with the Eva-Line (E1LC, Gen-
eON, Ludwigshafen am Rhein, Germany). All reactions were carried
out in polycarbonate capillaries (Genaxxon bioscience GmbH, Ulm,
Germany) and Light-Cycler 1.5 (Roche Diagnostics World AG, Risch,
Switzerland). A PCR condition was used at 95 �C for 10 min, fol-
lowed by 45 cycles at 95 �C for 10 s, 55 �C for 10 s and 72 �C for
10 s, followed by melting curve analysis. Threshold cycles and melt-
ing curves were calculated using LightCycler Software 4.1 (Roche).
The relative expression was calculated with efficiency correction
and normalisation to Actin. Primers were designed using PerlPrimer
v1.1.17 [14]. B. napus primers were used: Act, AF111812, FP: 50-CTG
GAA TTG CTG ACC GTA TGA G-30, RP: 50-TGT TGG AAA GTG CTG AGG
GA-30; PR1, BNU21849, FP: 50-CAT CCC TCG AAA GCT CAA GAC-30,
RP: 50-CCA CTG CAC GGG ACC TAC-30; AOS, EV124323, FP: 50-CGC
CAC CAA AAC AAC AAA G-30, RP: 50-GGG AGG AAG GAG AGA GGT
TG-30; HEL, FG577475, FP: 50-GGA ACA CAA GGA CTA ATG C-30,
RP: 50-TTT CGA TAG CCA TCA CCA-30.
2.6. Statistical analysis

At least three independent biological experiments were per-
formed in each test. All statistical analyses were completed using
T-test by Microsoft Excel 2010. Differences were considered to be
significant at P < 0.05.
3. Results

3.1. Direct antifungal activity of an amidated and non-amidated forms
of anoplin

Anoplin is a decapeptide with an antimicrobial activity against
gram-negative and gram-positive bacteria. It was demonstrated
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earlier that the deamidation resulted in a drastic reduction of anti-
microbial activity when the MIC increased above 100 lg/ml [15]. A
non-amidated form of anoplin (ANP-OH) has no hemolytic and
mast cell degranulation activities. At this point, we tested the anti-
fungal activity of amidated and non-amidated forms of anoplin
against plant fungal pathogen L. maculans (Fig. 1). In experiments,
the L. maculans isolate JN2 tagged GFP was used [13].

The MIC was determined using serially diluted anoplin forms.
The concentrations needed to inhibit the 100% growth (MIC) of L.
maculans started from 10 or 11 lg/ml of ANP-NH2 and ANP-OH,
respectively (Fig. 1). A 50% growth inhibition was detected in ano-
plin concentration 7 or 8 lg/ml of ANP-NH2 and ANP-OH, respec-
tively. Practically no activity was seen at concentrations below
4 lg/ml in both peptides. The difference in antifungal activity be-
tween ANP-OH and ANP-NH2 was not statistically significant. Thus
these findings show that C-terminal amidation of anoplin does not
play a critical role in its fungicide activity.
3.2. Amidated and non-amidated forms of anoplin protect B. napus
plants from infection by L. maculans

To evaluate the impact of anoplin in natural surroundings in
planta, we treated B. napus cotyledons with both forms of anoplin
72 h before inoculation with L. maculans. Anoplin treatment causes
suppression of pathogen development in plants. Progress of lesions
caused by L. maculans was documented (Fig. 2) 12 days after inoc-
ulation and evaluated using an image analysis. Both peptides de-
creased lesion development, however, the protecting activity of
ANP-NH2 started at concentration of 25 lg/ml, and a significant
Fig. 2. Effect of ANP-NH2 and ANP-OH on the development of Leptosphaeria maculans
different concentrations (25 and 50 lg/ml) of the tested peptides 2 days before L. macu
Quantification of disease symptoms was done by image analysis. Lesion area was qua
independent experiments. (B) Typical leaves showing the dose-dependent protecting ef
decrease in lesion extent was found only at 50 lg/ml of ANP-OH,
that were much higher than in antifungal activity in vitro. ANP-
NH2 and ANP-OH at a concentration 25 lg/ml reduced the area
of lesion by about 25% or 11% and at a concentration 50 lg/ml by
about 37% or 33%, respectively. Both peptides in concentrations
12.5 lg/ml did not influence lesion development compared to
water-treated control plants (data not shown).
3.3. Activation of plant defence reaction in B. napus

To clarify the mechanism by which both forms of anoplin pro-
tect B. napus plants from infection by L. maculans, we ascertained
whether the treatment of plants with the peptides activates de-
fence responses in tissues. Salicylic acid, jasmonic acid and ethyl-
ene are typical signalling molecules involved in plant-pathogen
interactions. In our previous work [12], we determined marker
genes of these main signalling pathways in B. napus. The following
marker genes were chosen in present study: pathogenesis related 1
(PR1) gene for the SA pathway, allene oxide synthase (AOS) gene for
JA pathway and hevein-like (HEL) gene for ethylene pathway. Rela-
tive gene expression was measured 24 h after the anoplin treat-
ment. Fig. 3A shows that both peptides (amidated and non-
amidated) induced a slight expression of the PR1 gene in B. napus
cotyledons 24 h after treatment. The relative gene expression
was 6–8 times higher than the expression in control plants and
no significant difference between both peptides concentrations
was found. HEL gene expression was significantly increased in ano-
plin treated B. napus cotyledons (Fig. 3C). Treatment of the cotyle-
dons with amidated and non-amidated peptide at concentration of
infection symptoms. Brassica napus cotyledons (12-day old) were infiltrated with
lans inoculation. Disease symptoms were evaluated 11 days after inoculation. (A)

ntified using APS Assess 2.0 software. Bars represent mean ± SE values from three
fect of ANP-NH2 and ANP-OH (50 lg/ml).



Fig. 3. Effect of ANP-NH2 and ANP-OH on activation of plant defence pathways in
Brassica napus cotyledons. Expression of salicylic acid, jasmonic acid and ethylene
pathways marker genes in Brassica napus cotyledons (14-days old) infiltrated with
ANP-NH2 and ANP-OH was detected 24 h after treatment by compounds. Control
plants were infiltrated with distilled water. (A) Gene expression of PR1 (pathogen-
esis related 1), (B) AOS (allene oxide synthase), and (C) HEL (hevein-like). Bars
represent mean ± SE values from three independent experiments.
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25 lg/ml caused the expression to be 30 or 18 times higher and at
concentration 50 lg/ml 100 or 95 times higher, respectively, com-
paring to mock-treated control. Expression of the AOS gene was not
elevated (Fig. 3B).
4. Discussion

Anoplin, a cationic decapeptide amide with 4 lysine residues,
(GLLKRIKTLL-NH2), has been described as an antimicrobial peptide
from the venom of a solitary wasp Anoplius samariensis [16]. With
its 10 amino acid residues, it is one of the shortest AMPs ever dis-
covered. It is active against Gram-positive and Gram-negative bac-
teria and is not hemolytic towards human erythrocytes. Anoplin
forms a helical structure when interacting with membranes but
is probably not able to form transmembrane helices [17]. An extre-
mely small size of this peptide enables to synthesize anoplin deriv-
atives and test their biological activity. Studies on analogues
containing substitutions in amino acid positions have revealed that
increasing the charge and/or hydrophobicity improved antimicro-
bial activity [17]. On the other hand, the deamidation of the C-ter-
minus of anoplin caused the loss of its biological activity because
the deamidation introduced a negative charge to a positively
charged peptide, causing a loss of amphipathicity. This slight mod-
ification in a peptide’s primary structure disturbed the interaction
with bilayers and biological membranes [15].

Antifungal activity of anoplin has not yet been reported. We fo-
cused on a phytopathogenic filamentous fungus L. maculans from
the class Dothideomycetes, which is a serious pathogen of Brassica
crops, mainly oilseed rape. In our study, we found very strong fun-
gicide activity (MIC about 10 lg/ml) of natural (amidated) anoplin
in vitro. The anoplin halted the growth of the fungus in early stage
development as well as in vivo. When infiltrated into plant cotyle-
dons, anoplin reduced the spread of L. maculans in tissues. To better
understand the mode of action of this peptide, we focused on C-
terminal amidation, since it has been attributed to both antibacte-
rial and antifungal activities due to efficient permeabilisation of
cell membranes [15,18]. In contrary to bacteria, the deamidation
of anoplin did not significantly change antifungal activity against
L. maculans in our experiments. This result indicates that C-termi-
nal amidation of anoplin is dispensable for its antifungal activity.
Similar results were reported regarding temporins, which in-
creased resistance to plant pathogens Phytophthora infestans and
Rhizoctonia solani in a transgenic potato. These short (10–14 amino
acids) AMPs which, in addition to several frog species, were also
isolated from wasp venom, and also resemble anoplin by an a-heli-
cal structure and amidation on their C-termini [19]. However, their
antimicrobobial activity could hardly be explained by cell wall per-
meation itself since the permeabilisation activity of temporins is
weak only because they are not as basic as are other cationic pep-
tides. Data dealing with antifungal activities of AMPs are still
scarce and indicate that permeabilisation alone may not be suffi-
cient for fungus cell death [20]. Thus, the peptides are more likely
to exert activity through intracellular targets resulting in ROS accu-
mulation, interference with MAPK signalling, activation of the cell
wall integrity pathway, etc. [1,18,21].

Considering the possible utilisation of AMPs for plant protec-
tion, their impact on plants should also be taken into account for
their possible phytotoxicity or, in contrary, their stimulating activ-
ity. The latter effect was demonstrated on cyclic lipopeptides such
as surfactins, fengycins and massetolide A by the plant biocontrol
bacteria [22,23], and on short cationic synthetic lipopeptides as
well [24]. These lipopeptides induced a systemic defence response
in treated plants and resistance to infection with pathogens. Stim-
ulation of plants by molecules derived from biocontrol agents is
not so surprising since these peptides activate the plant’s immune
system and induce systemic resistance (ISR) [25] normally under
natural conditions. Here we demonstrated that anoplin, the pep-
tide without any clear relation to plant immunity, activated
expression of defence genes in B. napus, namely PR1 and HEL, reg-
ulated by salicylic acid and ethylene signalling pathways, respec-
tively. As we have shown earlier [12], both pathways are also
involved in the resistance of B. napus to L. maculans. Hence we
speculate that anoplin, in addition to antifungal activity, may act
also as a resistance inducer to L. maculans in B. napus. However,
in contrast to lipopeptides, finding an explanation for anoplin elic-
itation activity is not easy with respect to its origin in wasp venom.
One possibility is that it is recognised by a plant as a foreign mol-
ecule similarly to the ‘‘pathogen- or microbe-associated molecular
patters’’ (PAMPs or MAMPs) [26], which are present on the patho-
gen’s surface. Numerous MAMPs have been characterised, e.g., fla-
gellin protein forming bacterial flagellum, bacterial extracellular
lipopolysaccharides, peptidoglycans, b-glucans, chitin, etc. An
intriguing similarity could be found in peptide endogenous elici-
tors of plant immune responses, which are basically of the plant’s
origin [27].

All in all, we have shown that antimicrobial peptide anoplin (its
C-terminus amidated form and carboxylated C-terminus form) can
directly inhibit growth of a filamentous fungus or induce a defence
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response in B. napus. These findings support a recently proposed
impact of AMPs as protecting agents in plants from pathogens
and indicate their possible future utilization in agriculture.
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