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A new family of synthetic, membrane-active, ultrashort lipopeptides composed of only four amino acids
linked to fatty acids was tested for the ability to induce systemic resistance and defense responses in plants.
We found that two peptides wherein the third residue is a p-enantiomer (italic), C,,-KKKK and C,-KLLK, can
induce medium alkalinization of tobacco suspension-cultured cells and expression of defense-related genes in
cucumber and Arabidopsis seedlings. Moreover, these compounds can prime systemic induction of antimicro-
bial compounds in cucumber leaves similarly to the plant-beneficial fungus Trichoderma asperellum T203 and
provide systemic protection against the phytopathogens Botrytis cinerea B05, Pseudomonas syringae pv. lachri-
mans, and P. syringae pv. tomato DC3000. Thus, short cationic lipopeptides are a new category of compounds
with potentially high utility in the induction of systemic resistance in plants.

Antimicrobial peptides (AMPs) (12 to 50 amino acids long),
known also as innate immunity host defense peptides or innate
defense regulators, are key components of the innate immune
system in all phyla, providing a fast-acting defense against
invading pathogens (5, 16, 25). The amino acid residues most
abundant in AMPs are hydrophobic and cationic, which results
in electrostatic attraction to negatively charged microbial en-
velopes, leading in several cases to lysis of the cell membrane
(35). This can explain their specificity to microbes and their
lower toxicity to plant and animal cells lacking charged mem-
brane phospholipids (23). However, the rationale that peptide
activity is a direct consequence of membrane-disrupting capa-
bilities is a generalization that might not account for all forms
of antimicrobial action (5, 6, 25, 30). In humans and other
mammals, these peptides have both direct and indirect anti-
microbial activities, such as the abilities to promote wound
healing and to modulate adaptive immunity (4).

A subfamily of AMPs with strong antimicrobial activity in-
cludes lipopeptides, which are produced nonribosomally in
bacteria and fungi. Lipopeptides consist of a short linear or
cyclic peptide sequence with a net positive or negative charge
to which a fatty acid moiety is covalently attached at the N
terminus (40).

Plant diseases play a significant role in the devastation of
natural resources in agriculture. Growing awareness of the
environmental damage caused by the use of chemical sub-
stances against plant diseases has raised the need to study
biological alternatives (28, 29). Because AMPs are one of the
most ancient and widespread defense strategies in nature and
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practically do not induce bacterial resistance, they are of inter-
est for potential applications in medicine and agriculture (7).
Plant induced systemic resistance (ISR) is a phenomenon
whereby resistance to a wide range of pathogens, including
fungi, bacteria, and viruses, is systemically induced by benefi-
cial microorganisms or treatment with microbial components
or by a diverse group of structurally unrelated organic and
inorganic compounds (18). An important aspect of ISR is the
priming effect, meaning that defense responses are not acti-
vated directly but are accelerated upon pathogen or insect
attack, resulting in enhanced resistance to the attacker encoun-
tered. ISR does not usually require substantial transcriptional
reprogramming in the host plant before a pathogen attack,
thus affording significantly higher levels of fitness (43). Cyclic
lipopeptides, such as surfactins and fengycins from the bacte-
rial plant biocontrol agent Bacillus subtilis or massetolide A
from Pseudomonas fluorescens SS101, have been shown to
stimulate the induction of ISR in bean and tomato plants (31,
32, 41). Nevertheless, certain AMPs of microbial origin have
significant phytotoxicity that limits their direct use as plant
protection products (28). Furthermore, the high cost of long
peptides and lipopeptides limits their utilization in agriculture.
Searches for shorter, more potent, nontoxic, and more stable
peptides have led to the identification of synthetic peptides
with broader and higher activity than their natural counter-
parts (14, 27, 29, 45). We recently reported a new family of
synthetic ultrashort lipopeptides with a broad spectrum of in
vivo and in vitro antimicrobial activity against human-patho-
genic yeasts, fungi, and bacteria (22, 42), also affecting phyto-
pathogenic fungi and bacteria (23), with little or no phytotox-
icity. Studies of their possible modes of action support a
membranolytic or detergent-like effect, probably via the carpet
mechanism (26, 37, 47). This mode of damage should make it
difficult for the microorganisms to develop resistance. These
lipopeptides are composed of only four L- and p-amino acids
linked to fatty acids. The sequence of the peptidic moiety and
the length of the fatty acyl group determine the specificities of
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TABLE 1. Primers used for quantitative PCR expression analysis in Arabidopsis

Primer sequence

Gene (AGI code)”
Forward

Reverse

UBQI0 (at4g05320)
PRI (at2g14610)
PR2 (at3g57260)
PR5 (at1g75040)
vsp2 (at5g24770)

ATGCTAGGCGATACCTTGCCA
TGGCGGCAAAGATTTCTACG

GGCCTTGTATAATCCCTGATGAATAAG
GAATTTTACTGGCTATTCTCGATTT

TGGGAACGTAGCCGAACTCITA

GGCCTTGTATAATCCCTGATGAATAAG
CTTCTCGTTCACATAATTCCCACG
CCGCATTCGCTGGATGTTT
TTTGCAATCTCCCGATCCTC
CCCGAGCTCTATGATGTTTTGG

“ AGI, Arabidopsis Genome Initiative.

the lipopeptides against bacteria, fungi, and mammalian cells
(22). In the present work, we evaluated the ability of these
compounds to act as inducers of systemic defense responses in
plants and found two with high efficacy. Elucidation of their
mode of action and interaction with plants and microbes will
assist the improvement of peptide design with a view to tar-
geting specific problems in agriculture and providing new tools
for plant protection.

MATERIALS AND METHODS

Materials. Rink amide MBHA resin, 4-methylbenzhydrylamine resin, and
9-fluorenylmethoxycarbonyl (Fmoc) amino acids were obtained from Calbio-
chem-Novabiochem AG (Switzerland). Aliphatic acids were purchased from
Sigma Chemical Co. (Israel). Other reagents used for peptide synthesis in-
cluded trifluoroacetic acid (Sigma), piperidine (Merck), N,N-diisopropylethyl-
amine (Sigma), N-methylmorpholine (Fluka), N-hydroxybenzotriazole hydrate
(Aldrich), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate, and dimethylformamide (peptide synthesis grade; Biolab).

Peptide synthesis, acylation, and purification. Peptides were synthesized by a
solid-phase Fmoc method on rink amide MBHA resin with an ABI 433A auto-
matic peptide synthesizer. The lipophilic acid was attached to the N terminus of
a resin-bound peptide by standard Fmoc chemistry, followed by peptide cleavage
from the resin and purification by reverse-phase high-performance liquid chro-
matography (>98%) (2). The composition of the lipopolyamine was confirmed
by electrospray mass spectroscopy and amino acid analysis.

Cucumis sativus seedling growth conditions and peptide application. C. sativus
seeds (Kfir; Gedera Seeds, Israel) were surface disinfested in 2% NaOCI for 2
min, thoroughly washed with sterile distilled water, and germinated under sterile
conditions (48). After 6 days, seedlings with fully expanded cotyledons were
transferred to small vials containing 3.1 nmol of P1, P2, or P3 diluted in water or
of a mock solution. The vials were then placed in a sterile polycarbonate culture
box (9). After 48 h, the seedlings were inoculated with 10 pl of a bacterial
suspension as described in reference 49. Water was added after the first 24 h to
the small vials as needed. Cotyledons were sampled at different times for RNA
extraction, bacterial counting, or phenolic extraction.

Alkalinization assay. Tobacco suspension cells (BY2) were maintained in
Murashige and Skoog medium (Sigma, St. Louis, MO) adjusted to pH 5.8 with
KOH. For routine maintenance, 1 ml of a 1-week-old culture was transferred
into 15 ml of medium in 150-ml flasks and maintained on an orbital shaker at 100
rpm in the dark at room temperature. A 1-ml aliquot of a cell suspension was
transferred into each well of 12-well tissue culture plates (Corning, Corning, NY)
and allowed to equilibrate on an orbital shaker at 120 rpm for 50 min. Peptides
(3.1 to 6.2 nmol) were added to the cells, and the change in the pH of the
medium was measured every 5 min for up to 25 min.

Phenolic extraction from cucumber cotyledons. Phenolic extraction was per-
formed 48 h after inoculation with P. syringae pv. lachrimans according to ref-
erence 49. Briefly, fresh foliar material was ground to a fine powder in liquid N,
and extracted in 80% acidified methanol (10 g [fresh weight]/100 ml). The
mixture was maintained for 24 h in the dark under nitrogen. The extract was
filtered through glass fiber and concentrated with a rotoevaporator. The aqueous
residue was partitioned against hexane and ethyl acetate and subjected to acid
hydrolysis. The hydrolysate was cooled and partitioned against ethyl acetate. This
fraction was dried and resuspended in absolute methanol (2.5 g [fresh weight]/ml).

Microbial bioassay. Cells of Pseudomonas syringae pv. lachrymans were cul-
tured in Trypticase soy broth. Crude phenolic extracts were further concentrated
with a Speed-Vac and adjusted to 100 wl with absolute methanol. Different

amounts of the concentrated samples were pipetted onto Trypticase soy agar
plates and dried. Bacterial suspensions (200 wl) were mixed into 3 ml of soft
Trypticase soy agar and overlaid on the dried plates. Antimicrobial activity of the
extract was assayed 24 h after bacterial application and appeared as clear lytic
circles on the plates. The inhibition rate was correlated to the diameter (in
millimeters) of the lytic circle (49).

RNA extraction and gene expression analysis by quantitative reverse tran-
scription (RT)-PCR. Total RNA was extracted from plant leaves and roots
according to reference 49. RNA was DNase treated and further cleaned by using
RNeasy mini columns (Qiagen). Total RNA (2 pg) was subjected to first-strand
synthesis with SuperScript II reverse transcriptase (Invitrogen) according to the
manufacturer’s procedure by using oligo(dT) as a primer. As a negative control,
the same reactions were performed in the absence of the enzyme.

Primers for quantitative RT-PCR experiments with cucumber genes were as in
reference 49 for the ipl and pall genes and as in reference 38 for prx. C. sativus
actin was used as the endogenous gene reference (forward, CGTGCTGGATT
CTGGTGATGG; reverse, CGTGCTGGATTCTGGTGATGG).

Primers for Arabidopsis are shown in Table 1. The ubiquitin gene (UBQ10) was
used as an endogenous gene reference in this case. PCR was carried out with a
20-pl reaction mixture containing SYBR green PCR Master Mix (PE Applied
Biosystems), 500 nM primer (each forward and reverse primer), and 1/25 of the
RT reaction mixture. Quantitative analysis was performed with the GeneAmp7300
sequence detection system (PE Applied Biosystems) under PCR conditions of
95°C for 15 s and 60°C for 1 min for 40 cycles. The absence of primer-dimer
formation was examined in no-template controls. Six independent biological
replicates were used in each analysis. Each sample was examined in triplicate by
relative quantification analysis.

Arabidopsis seedling growth and bacterial inoculation assay. For aseptic
growth of seedlings, Arabidopsis ecotype Col-0 seeds were sterilized by treatment
for 5 min in 70% ethanol, followed by 5 min in 50% bleach (2.63% sodium
hypochlorite solution). They were then extensively washed with sterile water (five
or six times), plated on Gamborg B5 medium with vitamins (Duchefa Biochemie,
The Netherlands), and kept in darkness for 2 days and in light for other 5 days
(22°C with a 16-h photoperiod at a light intensity of 100 wE m~2s™! for 10 days).
Fifteen seeds were dispensed into each well of a 12-well tissue culture plate with
1 ml B5S medium supplemented with 0.5% sucrose and 0.5 g/liter 2-(N -morpho-
lino)ethanesulfonic acid (MES), pH 5.7. Seedlings were treated with 1.6 nmol of
the different peptides. P. syringae pv. tomato DC3000 was grown in King’s B
medium (10 mg/ml protease peptone, 2 mg/ml K,HPO,, 10 mg/ml glycerol, 6
mM MgSO,, pH 7.0) plus antibiotic at 28°C to log phase (optical density at 600
nm of 0.6 to 0.8) and then harvested by centrifugation for 30 s, followed by three
washes with sterilized water. Bacteria were resuspended in sterile deionized
water to an optical density at 600 nm of 0.02. Ten microliters (10* CFU/ml) of
this bacterial suspension was added to each well. Prior to quantification, the
seedlings were washed in sterile water, then in 70% ethanol, and finally in sterile
water again. The tissue was then weighed and ground in 10 mM MgSO,. Serial
dilutions were plated on King’s B plates containing appropriate antibiotics (10).

Botrytis cinerea infection of cucumber and Arabidopsis leaves. Cucumber seed-
lings (Kfir variety; Zraim Gedera, Israel) were grown in soil in 250-ml pots in a
controlled environment. One hundred microliters of a 12.5 uM water-diluted
solution of peptides P1 and P2 or a mock solution (water) was allowed to
infiltrate the second and third leaves of 10-day-old plants by using a syringe
without a needle. Younger leaves were inoculated 24 h later with 5-mm-diameter
mycelial agar discs of B. cinerea strain B05 taken from 7- to 10-day-old cultures
maintained on potato dextrose agar. The disc (~2 X 10° spores) was placed in
the middle of each leaflet (11). After 24 h, the discs were removed and disease
development was assessed 3 to 4 days after inoculation. Two rosette leaves of
5-week-old Arabidopsis thaliana ecotype Colombia plants grown under a 10-h
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FIG. 1. Effect of ultrashort peptide application at the root site on
multiplication of P. syringae pv. lachrimans in challenged cotyledons.
Cucumber seedlings were treated with 3.1 nmol of different peptides
(P1 to P7) or with water (Mock) 48 h prior to bacterial challenge. CFU
counts of surviving bacteria were assayed 48 h after inoculation. Seed-
ling inoculation with the beneficial fungus 7. asperellum T203 was used
as a control for the induction of systemic protection (42, 48). The
results shown are averages (* standard errors) of three independent
experiments. *, significantly different from the control (one-way fac-
torial ANOVA; P << 0.001).

photoperiod at 21°C were infiltrated with peptide or mock solution as described
above. Neighboring leaves were inoculated with 2,500 BO5 spores in a 3-pl drop
of diluted sterile grape juice (Carmel Tirosh, Isracl). Disease development was
assessed 3 to 4 days after inoculation.

Statistical analysis. All statistical data analyses were performed with the
statistical software package R (http://www.R-project.org). Three- and one-way
factorial analyses of variance (ANOVA) were performed with the ANOVA
function in R on linear fitted models. Post-hoc tests were performed usually as
Tukey honest significant differences (TukeyHSD or T method) (39). The nor-
mality of group data was tested by the Cramer test (3) with random deviates of
a normal distribution with the respective group mean and group standard devi-
ation in R. The log likelihood ratio test (G test) of independence with Williams’
correction was performed as described by Sokal and Rohlf (39). Values of P < 0.05
were considered significant.

RESULTS

Screening of AMPs for induction of systemic resistance in
cucumber seedlings. Seven peptides designated P1 (C, -KKKK),
P2 (C,4-KLLK), P3 (C,,-KAA4K), P4 (C,,-KGGK), P5 (C,,-
KLLK) (22), P6 (C,,-L6K6) (24), and P7 (AMP 1D) (34)
(amino acids in italics are the D-enantiomers) were assayed for
induction of systemic resistance to the foliar pathogenic bac-
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terium P. syringae pv. lachrimans in cucumber seedlings when
applied at the root site.

One-way factorial ANOVA (P << 0.001) revealed that at 3.1
nmol, only peptides P1 and P2 could significantly (P << 0.001)
induce systemic protection comparable to that afforded by
spores (10° ml™") of Trichoderma asperellum T203, a well-
known fungal inducer of plant systemic responses and of anti-
microbial leaf compounds in cucumber plants (49) (Fig. 1).
The two peptides were chosen for further characterization
together with another peptide (P3) which did not show statis-
tically significant systemic protection (P = 0.528).

Alkalinization assay of tobacco cell suspension medium.
Alkalinization activity was monitored by measuring the culture
medium pH every 5 min after 3.1 or 6.25 nmol (equivalent to
2 or 4 g, respectively) of elicitor was added (Fig. 2A and B).
At both concentrations, peptide P3 barely induced a change of
0.15 pH unit, which is not significantly higher than the control
treatment. At the higher concentration, peptides P1 and P2
both induced increases of approximately 0.6 to 0.5 pH unit
over a 20-min period (Fig. 2B). A lower peptide dose (effective
in inducing ISR in cucumber plants, Fig. 1) induced less me-
dium alkalinization (0.5 to 0.4 pH unit) but still significantly
more (P < 0.001) than the control in the first 10 min (Fig. 2A)
of the assay.

Induction of defense-related gene expression and antimicro-
bial compounds in cucumber plants. Induction of three de-
fense response-related genes, i.e., those for hydroxyperoxide
lyase (hpl), phenylalanine ammonia lyase (pall), and peroxi-
dase (prx), was monitored by quantitative PCR 24 h after a
bacterial challenge in cotyledons of cucumber seedlings pre-
treated at the root site for 48 h with 3.1 nmol of the different
peptides. Gene expression was compared to that of seedlings
challenged with the pathogen only, treated only with the peptide,
or left untreated. Peptide (P1 and P2) pretreatment prior to a
bacterial challenge significantly potentiated gene expression in
comparison to that of the controls (Fig. 3A), as confirmed by
one-way factorial ANOVA, followed by TukeyHSD with P <
0.05. P3, which cannot afford protection (Fig. 1), did not induce
significant upregulation of the genes.

Aglyconic phenol fractions were extracted from plants after
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FIG. 2. Medium alkalinization by tobacco BY2 suspension cells upon addition of ultrashort lipopeptides. A 3.1-nmol (A) or a 6.25-nmol
(B) sample of lipopeptide P1, P2, or P3 or 5 ul of water (control [C]) was added to 1 ml of cells, and the pH was measured every 5 min. The results
shown are averages (* standard deviations) of three independent experiments with six repeats for each time point. A three-way factorial ANOVA
of time, concentration, and peptide revealed significance for all three factors. a, significantly different from the control. b, not significantly different

from the control.
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FIG. 3. Systemic induction of plant defense responses by synthetic
peptides P1, P2, and P3 in cucumber plants. (A) Induction of defense-
related gene expression. A 3.1-nmol sample of each peptide was ap-
plied at the root site of cucumber seedlings for 48 h. Total RNA was
extracted 24 h after a bacterial challenge from a pool of three leaves
and used for quantitative RT-PCR analysis of ipl, pall, and prx gene
expression. n-fold mRNA induction was compared to that in untreated
seedlings (control [C]), to that in seedlings infected with the bacteria
without previous peptide treatment (P. syringae pv. lachrimans [Psl]),
and to that in seedlings treated with peptides (P1, P2, and P3) but not
infected with bacteria. The results shown are averages of six indepen-
dent treatment replicates = the standard error tested by one-way
factorial ANOVA, followed by TukeyHSD with P < (.05 in compar-
ison to the controls. (B) Growth-inhibitory activity toward P. syringae
pv. lachrimans bacteria of phenol aglyconic extracts from plants pre-
treated with T. asperellum T203 or ultrashort synthetic peptides. A
bioassay compared the antimicrobial activity of the aglycone fraction
obtained by acid hydrolysis of crude phenolic extract of cucumber
cotyledons from seedlings treated for 48 h with 3.1 nmol of P1, P2, or
P3 (bars 2, 3, and 4, respectively) or Trichoderma spores (bar 1) before
a challenge with P. syringae pv. lachrimans. The bioassay was per-
formed with P. syringae pv. lachrymans as the test microorganism.
Untreated plants (bar 9) or plants treated with peptides (bars 6, 7, and
8) or bacteria only (bar 5) served as controls. The diameter of the lytic
zone was measured. Each column represents the mean inhibition di-
ameter of three independent experiments = the standard deviation. *,
significantly different from the other treatments (one-way factorial
ANOVA; P < 0.01).

the application of 3.1 nmol of peptide at the roots and a
challenge with the foliar bacterium P. syringae pv. lachrimans.
The antimicrobial plate assay shows clear zones of bacterial
inhibition in fractions extracted from plants pretreated before
a bacterial challenge with peptides P1 and P2 but not before a
bacterial challenge with peptide P3 (Fig. 3B). Application of
3.1 nmol of peptide alone did not induce significant antimicro-
bial activity in leaf extracts, nor did the application of bacteria
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FIG. 4. Induction of defense responses in Arabidopsis seedlings by
ultrashort lipopeptides. (A) Inhibition of P. syringae DC3000 multipli-
cation. Fifteen 1-week-old seedlings were dispensed into each well of
a 12-well tissue culture plate with 1 ml of BS medium. Seedlings were
treated with 1.6 nmol of the different peptides for 24 h before bacterial
infection (10* CFU/ml). CFU counts of surviving bacteria were assayed
48 h after inoculation. *, significantly different from the other treat-
ments (one-way factorial ANOVA; P << 0.001). (B) Induction of plant
defense genes by synthetic peptides P1 and P2. Fifteen 1-week-old
seedlings were dispensed into each well of a 12-well tissue culture plate
with 1 ml of BS medium. Seedlings were treated with 1.6 nmol of the
different peptides for 24 h before bacterial infection (10* CFU/ml).
Total RNA was extracted 24 h after a bacterial challenge from a pool
of 15 seedlings/treatment and used for quantitative RT-PCR analysis
of the expression of the pathogenesis-related protein-encoding genes
PRI, PR2, and PRS and the jasmonic acid-responsive gene vsp2. n-fold
induction of mRNA was compared to that in untreated seedlings
(Control), to that in seedlings infected with the bacteria (P. syringae pv.
tomato [Pst]) without previous peptide treatment, or to that in seed-
lings treated with peptides (P1 and P2) but not infected with bacteria.
The results are averages of six independent replicates/treatment = the
standard errors tested by one-way factorial ANOVA, followed by
TukeyHSD with P < 0.05 in comparison to the controls.

VSP2

alone. We did not find antibacterial activity in untreated plants.
As a control for the system, cucumber seedling roots were
treated with spores of T. asperellum T203, a beneficial fungus
which is known to induce antimicrobial activity in aglycon
fractions in cucumber plants (49) (Fig. 3B).

Induction of defense responses in Arabidopsis seedlings.
Arabidopsis seedlings were infected with a suspension of the
pathogenic bacterium P. syringae DC3000. Again, peptides P1
and P2 (P < 0.001), but not P3, afforded protection when 1.6
nmol of each peptide was applied 24 h prior to a bacterial
challenge (Fig. 4A). Cocultivation of bacterial suspensions
with peptides at the same concentrations did not inhibit bac-
terial growth (data not shown), demonstrating that the previ-
ously observed reduction in bacterial growth was due to de-
fense responses activated in the plants.

Upregulation of several defense response-related genes by
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FIG. 5. Systemic protection against B. cinerea B05 infection by ul-
trashort peptides in cucumber and Arabidopsis seedlings. (A) The first
leaf of cucumber plants (white arrows) was infiltrated with 100 wl of
water (MOCK) or 100 pl of a 12.5 uM solution of P1 24 h before
inoculation of the second and third leaves with B. cinerea mycelium.
Symptoms were assessed 3 to 4 days after infection. (B) Arabidopsis
rosette leaves 3 to 4 days after infection with B. cinerea spores. Four
leaves from each plant rosette were treated with 100 pl of water
(MOCK) or 100 pl of 12.5 uM peptides. Pathogen inoculation was
done on nontreated leaves. Three to 4 days later, infected leaves were
detached and analyzed. (C) Arabidopsis disease indexes, ranging from
0 (no symptoms) to 3 (severe lesions), were assessed according to the
disease symptoms of 48 leaves in three independent experiments. Bars
indicate standard deviations. *, significantly different from the other
treatments. G-test-based analysis revealed the dependence of the ob-
served disease index and the peptide tested (P << 0.001).

peptides P1 and P2 was monitored by quantitative PCR (Fig.
4B). We observed a significant increase in the expression of the
gene vsp2 (P < 0.01) following pretreatment with either pep-
tide prior to a bacterial challenge compared to that in samples
from plants treated with the pathogen only (Fig. 4B). P2 pre-
treatment also induced significant upregulation (P < 0.01) of
the PRI gene.

Systemic protection against the pathogenic fungus B. cine-
rea BOS5. Leaves of cucumber or Arabidopsis plants were infil-
trated with peptides P1, P2, and P3 or water as a control. After
24 h, neighboring plant leaves that had not been directly
treated were infected with a B. cinerea inoculum. Symptoms
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were assessed 3 to 4 days later. Figure SA and B show results
for systemic protection induced by peptide P1. G-test-based
analysis revealed a dependence between the observed disease
index and the peptide tested (P << 0.001). As shown in Fig. 5C,
both peptides P1 and P2, but not P3, induced systemic protec-
tion in this assay.

DISCUSSION

We recently reported that short, positively charged peptides
attached to fatty acids of various lengths are highly potent
inhibitors of plant-pathogenic fungi and bacteria in vitro and
also in planta, when applied directly at the infection area,
without harming plant tissues (23). At the applied doses, the
lipopeptides act via lysis of the pathogen membrane (22, 23).
The most important finding in the present study is that some of
these ultrashort lipopeptides are also inducers of systemic
plant defense responses. Interestingly, the most active lipopep-
tides, P1 and P2, are not necessarily the short lipopeptides with
the highest or broadest in vitro activity (23). It is also notewor-
thy that two peptides with longer peptidic chains, P6 and P7,
although potent killers of bacteria (24, 34), were practically
inactive in ISR induction assays (Fig. 1). One possible expla-
nation for this is the different capacities of the plant to take up
the different peptides. Different uptake capacities could also
influence the true active concentration of the peptides, which
might be much lower than the applied dose.

Lipopeptides have a membranolytic mode of action in bac-
teria and fungi; hence, the active peptides likely induce tran-
sient membrane perturbations also in plants. These, in turn,
could activate signaling cascades leading to plant defense ac-
tivation. Changes in membrane potential are the initial re-
sponses in many signaling pathways (12). Several signal pep-
tide molecules that activate both defensive and developmental
plant genes have been previously shown to induce alkaliniza-
tion in cell suspension cultures when added at nanomolar con-
centrations (13, 36). The medium alkalinization assay per-
formed on tobacco cells indeed suggests that peptides P1 and
P2, and to a minor extent also P3, can induce pH changes (Fig.
2). Alkalinizing activity was induced in the tobacco cell sus-
pension bioassay within minutes after addition of the lipopep-
tides and showed kinetics similar to those induced by other
signal peptides (17).

Early responses to elicitors in cell suspension cultures, such
as extracellular medium alkalinization, were suggested to be
linked to the development of ISR in whole plants, although not
always with a strong correlation (44). Here we saw a direct
correlation between lipopetide activities in medium alkaliniza-
tion and induction of plant defense responses with regard to
both gene expression (Fig. 3A and 4B) and antimicrobial com-
pound synthesis (Fig. 3B). However, the peptides are still ca-
pable of inducing an effective ISR at concentrations with less
pronounced effects on pH. It should also be noted that these
peptides have direct antifungal/antibacterial activities at micro-
molar concentrations (23), and therefore we should consider
the possibility that their protective effects are also due to pep-
tide migration through the plant from inoculated roots to in-
fected leaves. Nonetheless, our experiments suggest that the
peptides enhance the defense response signaling of the plant
and do not act directly. A feature common to ISR responses
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induced by beneficial microorganisms or their effectors is prim-
ing for enhanced defense. In primed plants, defense responses
are not activated directly but are accelerated upon pathogen or
insect attack, resulting in enhanced resistance to the attacker
(46). The inhibitory activity of the aglycone fraction from extracts
of plants treated only with the peptides (or pathogen) is signifi-
cantly lower than that of the extracts from plants pretreated with
the peptides and then challenged with the pathogen (Fig. 3B).
Gene expression studies with cucumber plants also suggest that
expression of specific genes is higher in pathogen-challenged
plants pretreated with the lipopeptides (Fig. 3A).

ISR inducers vary greatly and include fungi, bacteria, vi-
ruses, nematodes, insects, components and products of patho-
gens and nonpathogens, organic and inorganic polymers, and
simple organic and inorganic compounds. Since so many un-
related agents can elicit ISR, activation of a common mecha-
nism in the plant is far more probable than the possibility of a
common structure or composition (19). In this work, we pro-
vide new evidence that synthetic ultrashort lipopeptides, sim-
ilar to Bacillus subtilis cyclic lipopeptides (31), are capable of
inducing defense signaling pathways in plants and systemic
protection to foliar bacterial and fungal diseases in both cu-
cumber and Arabidopsis plants.

Direct application of AMP to plant surface organs was
shown to be successful, albeit with a limited protective effect if
the pathogen escapes the AMP application area (24). Overex-
pression of transgenes encoding natural or synthetic antimi-
crobial proteins and peptides has been demonstrated as a suc-
cessful approach to protect plants against diseases caused by
microorganisms (8, 15, 20, 21, 33, 50). However, low stability
due to small size and susceptibility to protease degradation of
the peptides is a problematic aspect of transgenic expression in
plants.

Induction of systemic resistance in crops is an attractive
protective strategy because it can activate defenses throughout
the whole plant. Because so many different types of stimuli can
be involved in the induction of the process and since its im-
plementation may involve cross talk among several defense
pathways, pathogen resistance to plant systemic mechanisms
may be less likely to develop (1). The successful application of
synthetic fully biodegradable and low-cost AMPs to plant pro-
tection may help in eradicating certain plant diseases and re-
ducing the environmental impact of intensive agriculture.

ACKNOWLEDGMENTS

We thank D. Steinhauser for statistical analysis and critical reading
of the manuscript and N. Moran for providing the tobacco suspension
cultures.

Y.S. is the incumbent of the Harold S. and Harriet B. Brady Pro-
fessorial Chair in Cancer Research.

REFERENCES

1. Anderson, A. J., K. A. Blee, and K. Y. Yang. 2006. Commercialization of
plant systemic defense activation: theory, problems and successes, p. 386—
414. In S. Tuzun and E. Bent (ed.), Multigenic and induced systemic resis-
tance in plants. Springer Science and Business Media, Inc., New York, NY.

2. Avrahami, D., and Y. Shai. 2002. Conjugation of a magainin analogue with
lipophilic acids controls hydrophobicity, solution assembly, and cell selectiv-
ity. Biochemistry 41:2254-2263.

3. Baringhaus, L., and C. Franz. 2004. On a new multivariate two-sample test.
J. Multivar. Anal. 88:190-206.

4. Bowdish, D. M., D. J. Davidson, and R. E. Hancock. 2006. Inmunomodu-
latory properties of defensins and cathelicidins. Curr. Top. Microbiol. Im-
munol. 306:27-66.

10.

12.

13.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

APPL. ENVIRON. MICROBIOL.

. Brogden, K. A. 2005. Antimicrobial peptides: pore formers or metabolic

inhibitors in bacteria? Nat. Rev. Microbiol. 3:238-250.

. Casteels, P., and P. Tempts. 1994. Apideacin-type peptide antibiotics func-

tion through a nonpore-forming mechanism involving stereospecificity. Bio-
chem. Biophys. Res. Commun. 199:339-345.

. Castro, M. S., and W. Fontes. 2005. Plant defense and antimicrobial pep-

tides. Protein Pept. Lett. 12:13-18.

. DeGray, G., K. Rajasekaran, F. Smith, J. Sanford, and H. Daniell. 2001.

Expression of an antimicrobial peptide via the chloroplast genome to control
phytopathogenic bacteria and fungi. Plant Physiol. 127:852-862.

. Djonovié, S., M. J. Pozo, L. J. Dangott, C. R. Howell, and C. M. Kenerley.

2006. Sm1, a proteinaceous elicitor secreted by the biocontrol fungus 77i-
choderma virens induces plant defense responses and systemic resistance.
Mol. Plant-Microbe Interact. 19:838-853.

Dong, X., M. Mindrinos, K. R. Davis, and A. M. Ausubel. 1991. Induction of
Arabidopsis defense genes by virulent and avirulent Pseudomonas syringae
strains and by a cloned avirulence gene. Plant Cell 3:61-72.

. Elad, Y. 1990. Production of ethylene by tissues of tomato, pepper, French

bean and cucumber in response to infection by Botrytis cinerea. Physiol. Mol.
Plant Pathol. 36:277-287.

Felix, G., M. Regenass, and T. Boller. 1993. Specific perception of subnano-
molar concentrations of chitin fragments by tomato cells: induction of ex-
tracellular alkalinization, changes in protein phosphorylation, and establish-
ment of a refractory state. Plant J. 4:307-316.

Felix, G., and T. Boller. 1995. Systemin induces rapid ion fluxes and ethylene
biosynthesis in Lycopersicon peruvianum cells. Plant J. 7:381-389.

. Ferre, R., E. Badosa, L. Feliu, M. Planas, E. Montesinos, and E. Bardaji.

2006. Inhibition of plant pathogenic bacteria by short synthetic cecropin
A-melittin hybrid peptides. Appl. Environ. Microbiol. 72:3302-3308.

. Gao, A. G., S. M. Hakimi, C. A. Mittanck, Y. Wu, B. M. Woerner, D. M.

Stark, D. M. Shah, J. Liang, and C. M. T. Rommens. 2000. Fungal pathogen
protection in potato by expression of a plant defensin peptide. Nat. Biotech-
nol. 18:1307-1310.

. Hancock, R. E.,, K. L. Brown, and N. Mookherjee. 2006. Host defence

peptides from invertebrates—emerging antimicrobial strategies. Immunobi-
ology 211:315-322.

. Haruta, M., and C. P. Constabel. 2003. Rapid alkalinization factors in poplar

cell cultures. Peptide isolation, cDNA cloning, and differential expression in
leaves and methyl jasmonate-treated cells. Plant Physiol. 131:814-823.

. Ku’c, J. 2001. Concepts and direction of induced systemic resistance in plants

and its application. Eur. J. Plant Pathol. 107:7-12.

. Ku’c, J. 2006. What’s old and what’s new in concepts of induced systemic

resistance in plants, and its application, p. 9-22. In S. Tuzun and E. Bent
(ed.), Multigenic and induced systemic resistance in plants. Springer Science
and Business Media, Inc., New York, NY.

Lee, S. C., and B. K. Hwang. 2006. CASARS2A, a pathogen-induced pepper
SARS.2, exhibits an antifungal activity and its overexpression enhances dis-
ease resistance and stress tolerance. Plant Mol. Biol. 61:95-109.

Lee, S. C., I. S. Hwang, H. W. Choi, and B. K. Hwang. 2008. Involvement of
the pepper antimicrobial protein CaAMP1 gene in broad spectrum disease
resistance. Plant Physiol. 148:1004-1020.

Makovitzki, A., D. Avrahami, and Y. Shai. 2006. Ultrashort antibacterial and
antifungal lipopeptides. Proc. Natl. Acad. Sci. USA 103:15997-16002.
MakovitzKi, A., A. Viterbo, Y. Brotman, I. Chet, and Y. Shai. 2007. Inhibition
of fungal and bacterial plant pathogens in vitro and in planta with ultrashort
cationic lipopeptides. Appl. Environ. Microbiol. 73:6629-6636.

Malina, A., and Y. Shai. 2005. Conjugation of fatty acids with different
lengths modulates the antibacterial and antifungal activity of a cationic
biologically inactive peptide. Biochem. J. 390:695-702.

Marcos, J. F., A. Munoz, E. Pérez-Paya, S. Misra, and B. Lépez-Garcia.
2008. Identification and rational design of novel antimicrobial peptides for
plant protection. Annu. Rev. Phytopathol. 46:273-330.

Matsuzaki, K. 1999. Why and how are peptide-lipid interactions utilized for
self-defense? Magainins and tachyplesins as archetypes. Biochim. Biophys.
Acta 1462:1-10.

Monroc, S., E. Badosa, L. Feliu, M. Planas, E. Montesinos, and E. Bardaji.
2006. De novo designed cyclic cationic peptides as inhibitors of plant patho-
genic bacteria. Peptides 27:2567-2574.

Montesinos, E. 2007. Antimicrobial peptides and plant disease control.
FEMS Microbiol. Lett. 270:1-11.

Montesinos, E., and E. Bardaji. 2008. Synthetic antimicrobial peptides as
agricultural pesticides for plant-disease control. Chem. Biodivers. 5:1225—
1237.

Muiioz, A., B. Lopez-Garcia, and J. F. Marcos. 2006. Studies on the mode of
action of the antifungal hexapeptide PAF26. Antimicrob. Agents Che-
mother. 50:3847-3855.

Ongena, M., E. Jourdan, A. Adam, M. Paquot, A. Brans, B. Joris, J. L.
Arpigny, and T. Thornart. 2007. Surfactin and fengycin lipopeptides of
Bacillus subtilis as elicitors of induced systemic resistance in plants. Environ.
Microbiol. 9:1084-1090.

Ongena, M., and P. Jacques. 2008. Bacillus lipopeptides: versatile weapons
for plant disease biocontrol. Trends Microbiol. 16:115-125.



VoL. 75, 2009

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Osusky, M., G. Zhou, L. Osuska, R. E. Hancock, W. W. Kay, and S. Misra.
2000. Transgenic plants expressing cationic peptide chimeras exhibit broad
spectrum resistance to phytopathogens. Nat. Biotechnol. 18:1162-1166.
Papo, N., Z. Oren, U. Pag, H. G. Sahl, and Y. Shai. 2002. The consequence
of sequence alteration of an amphipathic alpha-helical antimicrobial peptide
and its diastereomers. J. Biol. Chem. 277:33913-33921.

Rosenfeld, Y., H. G. Sahl, and Y. Shai. 2008. Parameters involved in anti-
microbial and endotoxin detoxification activities of antimicrobial peptides.
Biochemistry 47:6468-6478.

Scheer, J. M., G. Pearce, and C. A. Ryan. 2005. LeRALF, a plant peptide
that regulates root growth and development specifically binds to 25 and 120
kDa cell surface membrane proteins of Lycopersicon peruvianum. Planta
221:667-674.

Shai, Y. 1999. Mechanism of the binding, insertion and destabilization of
phospholipid bilayer membranes by a-helical antimicrobial and cell non-
selective membrane-lytic peptides. Biochim. Biophys. Acta 1462:55-70.
Shoresh, M., I. Yedidia, and I. Chet. 2005. Involvement of the jasmonic
acid/ethylene signaling pathway in the systemic resistance induced in cucum-
ber by Trichoderma asperellum T203. Phytopathology 95:76-84.

Sokal, R. R., and F. J. Rohlf. 1995. Biometry: the principles and practice of
statistics in biological research, 3rd edition. W. H. Freeman & Co., New
York, NY.

Straus, S. K., and R. E. Hancock. 2006. Mode of action of the new antibiotic
for Gram-positive pathogens daptomycin: comparison with cationic antimi-
crobial peptides and lipopeptides. Biochim. Biophys. Acta 1758:1215-1223.
Tran, H., A. Ficke, T. Asiimwe, M. Hofte, and J. M. Raaijmakers. 2007. Role
of the cyclic lipopeptide massetolide A in biological control of Phytophthora
infestans and in colonization of tomato plants by Pseudomonas fluorescens.
New Phytol. 175:731-742.

Vallon-Eberhard, A., A. Makovitzki, A. Beauvais, J.-P. Latgé, S. Jung, and Y.

ANTIMICROBIAL LIPOPEPTIDES AND PLANT SYSTEMIC DEFENSE

43.

44,

45.

46.

47.

48.

49.

50.

5379

Shai. 2008. Efficient clearance of Aspergillus fumigatus in murine lungs by an
ultrashort antimicrobial lipopeptide, palmitoyl-Lys-Ala-pAla-Lys. Antimi-
crob. Agents Chemother. 52:3118-3126.

van Hulten, M., M. Pelser, L. C. van Loon, C. M. Pieterse, and J. Ton. 2006.
Costs and benefits of priming for defense in Arabidopsis. Proc. Natl. Acad.
Sci. USA 103:5602-5607.

van Loon, L. C., P. A. Bakker, W. H. van der Heijdt, D. Wendehenne, and A.
Pugin. 2008. Early responses of tobacco suspension cells to rhizobacterial
elicitors of induced systemic resistance. Mol. Plant-Microbe. Interact. 21:
1609-1621.

van’t Hof, W., E. C. Veerman, E. J. Helmerhorst, and A. V. Amerongen. 2001.
Antimicrobial peptides: properties and applicability. Biol. Chem. 382:597-
619.

van Wees, S. C., S. Van der Ent, and C. M. Pieterse. 2008. Plant immune
responses triggered by beneficial microbes. Curr. Opin. Plant Biol. 11:443-448.
Yang, L., T. M. Weiss, R. I. Lehrer, and H. W. Huang. 2000. Crystallization
of antimicrobial pores in membranes: magainin and protegrin. Biophys. J.
79:2002-2009.

Yedidia, I., N. Benhamou, and I. Chet. 1999. Induction of defense responses
in cucumber plants (Cucumis sativus L.) by the biocontrol agent Trichoderma
harzianum. Appl. Environ. Microbiol. 65:1061-1070.

Yedidia, I., M. Shoresh, Z. Kerem, N. Benhamou, Y. Kapulnik, and I. Chet.
2003. Concomitant Induction of systemic resistance to Pseudomonas syringae
pv. lachrymans in cucumber by Trichoderma asperellum (T-203) and accu-
mulation of phytoalexins. Appl. Environ. Microbiol. 69:7343-7353.
Yevtushenko, D. P., and S. Misra. 2007. Comparison of pathogen-induced
expression and efficacy of two amphibian antimicrobial peptides, MsrA2 and
temporin A, for engineering wide-spectrum disease resistance in tobacco.
Plant Biotechnol. J. 5:720-734.



