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A set of 31 undecapeptides, incorporating 1 to 11 D-amino acids and derived from the antimicrobial peptide
BP100 (KKLFKKILKYL-NH2), was designed and synthesized. This set was evaluated for inhibition of growth
of the plant-pathogenic bacteria Erwinia amylovora, Pseudomonas syringae pv. syringae, and Xanthomonas
axonopodis pv. vesicatoria, hemolysis, and protease degradation. Two derivatives were as active as BP100, and
10 peptides displayed improved activity, with the all-D isomer being the most active. Twenty-six peptides were
less hemolytic than BP100, and all peptides were more stable against protease degradation. Plant extracts
inhibited the activity of BP100 as well as that of the D-isomers. Ten derivatives incorporating one D-amino acid
each were tested in an infectivity inhibition assay with the three plant-pathogenic bacteria by using detached
pear and pepper leaves and pear fruits. All 10 peptides studied were active against E. amylovora, 6 displayed
activity against P. syringae pv. syringae, and 2 displayed activity against X. axonopodis pv. vesicatoria. Peptides
BP143 (KKLFKKILKYL-NH2) and BP145 (KKLFKKILKYL-NH2), containing one D-amino acid at positions
4 and 2 (underlined), respectively, were evaluated in whole-plant assays for the control of bacterial blight of
pepper and pear and fire blight of pear. Peptide BP143 was as effective as streptomycin in the three patho-
systems, was more effective than BP100 against bacterial blight of pepper and pear, and equally effective
against fire blight of pear.

Bacterial plant diseases are responsible for significant losses
in agriculture and in natural resources, and their control is
achieved mainly by treatments with copper compounds and
antibiotics (1). Growing awareness of the negative effects
caused by these bactericides in the environment and to con-
sumer health as well as the development of resistance by plant-
pathogenic bacteria (29, 33, 45, 46) have raised the need to
study safer alternatives. In recent years, antimicrobial peptides,
both endogenously produced by living organisms and de novo
designed, have emerged as promising candidates (22, 27, 31,
35, 36).

Antimicrobial peptides exhibit a broad spectrum of activity
mainly against bacteria and fungi but also against viruses, par-
asites, and tumor cells (2, 13, 15, 17, 26, 40, 53). Most of them
are cationic and have the ability to adopt an amphipathic
conformation, properties that govern their antibacterial activ-
ity. Their mechanism of action results from an electrostatic
interaction with the negatively charged cytoplasmic membrane
of bacteria. When a critical concentration is reached, peptides
are inserted into the membrane, disturbing the bilayer integrity
by either disruption or pore formation (9, 10, 12, 14, 22, 25, 30,
39, 50). This unique mode of action makes the selection of
resistance in target pathogens difficult, because it requires dra-
matic changes in the cell membrane, mainly in phospholipid

composition and/or organization (14, 43, 51). Apart from the
classical mechanism of action based on membrane disruption,
it has been described that certain antimicrobial peptides are
immunomodulators in animals (49) or induce defense reac-
tions in plants (16).

Antimicrobial peptides have been described to be effective
against pathogen infections in plants, including postharvest
products (27, 31, 35, 36). During our current research oriented
to the development of new antimicrobial agents for use in plant
protection, we designed linear undecapeptides (CECMEL11)
using a combinatorial approach (5–7). The antimicrobial eval-
uation of the CECMEL11 library led to the identification of
peptides with high activity against plant pathogenic bacteria,
fungi, or both types of pathogens, including Erwinia amylovora,
Xanthomonas axonopodis pv. vesicatoria, Pseudomonas syrin-
gae pv. syringae, and Penicillium expansum. The best bacteri-
cidal peptide, KKLFKKILKYL-NH2 (BP100), was effective in
vivo to prevent infections of E. amylovora in detached apple
and pear flowers. However, peptide concentrations required in
vivo for an effective control of infections were 10 to 50 times
higher than the corresponding in vitro MICs (2.5 to 7.5 �M)
(5). This loss of activity could be attributed to the reaction or
interaction of peptides with nontarget plant structures or com-
pounds or to their enzymatic degradation by proteases from
epiphytic microorganisms or by those intrinsic to the plant
tissues (4, 19).

Peptide stability against protease hydrolysis can be increased
by the development of synthetic analogues with similar struc-
tural features but containing nonproteinogenous amino acids.
In particular, incorporation of D-amino acids is an approach
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used to protect peptides against enzymatic hydrolysis, since
only a few enzymes are known to digest amide bonds involving
D-configuration (32). This strategy has been used to improve
the biological activity profiles of synthetic antimicrobial pep-
tides, not only increasing the resistance to proteolytic enzymes
but also reducing the hemolytic activity while maintaining the
antimicrobial activity (23, 28, 42, 44, 47, 48, 54).

In the present study, we designed a set of BP100 analogues,
incorporating D-amino acids, to find candidates with better
biological profiles in planta against E. amylovora, X. axonopodis
pv. vesicatoria, and P. syringae pv. syringae, as well as with low
hemolytic activity and protease susceptibility.

MATERIALS AND METHODS

Peptide synthesis. All peptides were synthesized manually by the solid-phase
method using 9-fluorenylmethoxy carbonyl (Fmoc)-type chemistry, tert-butyloxy-
carbonyl side chain protection for Lys, and tert-butyl (tBu) for Tyr. Fmoc-Rink-
4-methylbenzhydrylamine (MBHA) resin (0.64 mmol/g) was used as the solid
support to obtain C-terminal peptide amides. Couplings of the Fmoc-amino
acids (4 eq) were mediated by N-[1H-benzotriazol-1-yl) (dimethylamino)meth-
ylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HBTU) (3.8
eq), 1-hydroxybenzotriazole (HOBt) (4 eq) and N,N-diisopropylethylamine
(DIEA) (7.8 eq) in N,N-dimethylformamide (DMF) for 1 h and monitored by the
ninhydrin test. The Fmoc group was removed by treating the resin with a mixture
of piperidine-DMF (3:7 dilution ratio; two treatments of 2 and 10 min). Peptides
were individually cleaved from the resin with trifluoroacetic acid (TFA)-H2O-
triisopropylsilane (95:2.5:2.5; 2 h). Following TFA evaporation and diethyl ether
extraction, the crude peptides were dissolved in H2O, lyophilized, and analyzed
by high-performance liquid chromatography (HPLC; Dionex) performed at 1.0
ml/min using a Kromasil C18 reverse-phase column (4.6 by 40 mm; 3.5 �M
particle size). Linear gradients of 0.1% aqueous TFA and 0.1% TFA in CH3CN
were run from dilutions of 0.98:0.02 to 0:1 over 7 min, with UV detection at 220
nm. Peptides were obtained with 42 to 92% purity. Electrospray ionization mass
spectrometry (ESI-MS; Bruker Daltonics) and matrix-assisted laser desorption
ionization–time-of-flight (MALDI-TOF; Bruker) analysis were used to confirm
peptide identity. Peptides were purified by a preparative HPLC equipped with an
Ultrabase C18 ODS2 column (7.8 by 250 mm; 5 �m particle size). Different linear
gradients of 0.1% aqueous TFA and 0.1% TFA in CH3CN were run at 3 ml/min.
After the purification, peptides showed �95% HPLC purity.

Peptide BP163 was also prepared on a ChemMatrix aminomethyl resin (0.66
mmol/g). Until the ninth residue, couplings and Fmoc removal were carried out
as described above. The deprotection of the ninth residue was performed by
treatment with piperidine-DMF (3:7 dilution; once for 2 min and 3 times for 10
min). Fmoc removal of the tenth and eleventh residues required a treatment
performed once for 2 min and 6 times for 10 min. For the coupling of the tenth
and eleventh residues, two and three treatments for 24 h were necessary, respec-
tively. This protocol led to BP163 at 86% HPLC purity, rather than the 48%
purity obtained using the MBHA resin.

Bacterial strains and growth conditions. For the analysis of the in vitro activity
of peptides, the following plant-pathogenic bacterial strains were used: E. amy-
lovora PMV6076 (8), P. syringae pv. syringae EPS94 (37), and X. axonopodis pv.
vesicatoria 2133-2 (20). For the infection assay, E. amylovora EPS101 (18) was
used instead of strain PMV6076, a nonpathogenic mutant. Also, P. syringae pv.
syringae EPS31 (Institut de Tecnologia Agroalimentària, Universitat de Girona,
Spain) and X. axonopodis pv. vesicatoria 1779 (52) were used in the infection
experiments due to their higher virulence than the strains used in vitro. All
bacteria were stored in Luria-Bertani (LB) broth supplemented with glycerol
(20%) and maintained at �80°C. All strains were scraped from LB agar plates
incubated at 25°C after 24 h of growth, in the case of E. amylovora and P. syringae
pv. syringae, or after 48 h of growth, in the case of X. axonopodis pv. vesicatoria.
The cell material was suspended in sterile water to obtain a suspension of 108

CFU ml�1. This suspension was 10-fold serially diluted in sterile distilled water
to obtain suitable concentrations when necessary.

Antibacterial activity. Lyophilized peptides were solubilized in sterile distilled
water to a concentration of 1,000 �M and filter sterilized through a 0.22-�m-
pore-size filter. For MIC assessment, dilutions of the synthetic peptides were
made to obtain final concentrations of 75, 50, 25, 12.5, and 6.25 �M. Twenty
microliters of each dilution was mixed in a microtiter plate well with 20 �l of the
corresponding suspension of the bacterial indicator at 108 CFU ml�1 and with

160 �l of Trypticase soy broth (TSB; bioMérieux, France) to a total volume of
200 �l. The final peptide concentrations assayed were 7.5, 5.0, 2.5, 1.25, and 0.62
�M. Three replicates for each strain, peptide, and concentration were used.
Positive controls contained water instead of peptide, and negative controls con-
tained peptide without bacterial suspension. Microbial growth was automatically
determined by optical density measurement at 600 nm (Bioscreen C; Labsystems,
Finland). Microplates were incubated at 25°C with 20 s of shaking before hourly
absorbance measurement for 48 h. The experiment was repeated twice. The MIC
was taken as the lowest peptide concentration with no growth at the end of the
experiment.

Hemolytic activity. The hemolytic activities of the peptides were evaluated by
determining hemoglobin release from erythrocyte suspensions of fresh human
blood (5%, vol/vol). Blood was aseptically collected using a BD Vacutainer K2E
system with EDTA (Belliver Industrial State, Plymouth, United Kingdom) and
stored for less than 2 h at 4°C. Blood was centrifuged at 6,000 � g for 5 min,
washed three times with Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.2), and
diluted 10-fold in the same buffer. Peptides were solubilized in Tris buffer to a
concentration of 500 �M. A total of 65 �l of human red blood cells was mixed
with 65 �l of the peptide solution (final concentration of 250 �M) in a 96-well
reaction plate and incubated under continuous shaking for 1 h at 37°C. Then, the
plates were centrifuged at 3,500 � g for 10 min. Eighty-microliter aliquots of the
supernatant were transferred to 100-well microplates and diluted with 80 �l of
sterile distilled water. Three replicates for each peptide were used. Hemolysis
was measured with a microplate reader as the absorbance at 540 nm. Complete
hemolysis was determined in Tris buffer plus melittin at 200 �M (Sigma-Aldrich
Corporation, Spain) as a positive control. The percentage of hemolysis (H) was
calculated using the equation H � 100 � [(Op � Ob)/(Om � Ob)], where Op is
the density for a given peptide concentration, Ob is that for the buffer, and Om

is that for the melittin-positive control.
Susceptibility to protease degradation. Digestion of the peptides was carried

out by treating 50 �g/ml peptide with 1 �g/ml proteinase K (Sigma-Aldrich
Corporation, Spain) in 100 mM Tris buffer, pH 7.6, at 25°C. The peptide cleavage
after 5, 10, 15, 30, 45, and 60 min was monitored by HPLC or MALDI-TOF.
Digestion of peptides BP138 to BP155 and BP157 to BP161 was monitored by
HPLC using a Kromasil C18 reverse-phase column (4.6 by 40 mm; 3.5 �m
particle size). Linear gradients of 0.1% aqueous TFA and 0.1% TFA in CH3CN
were run from dilutions of 0.98:0.02 to 0:1 over 7 min, with UV detection at 220
nm. Digestion was estimated as the percentage of degraded peptide calculated
from the decrease of the HPLC peak area of the native peptide. Digestion of
peptides BP156 and BP162 to BP168 was monitored by freezing the samples
after each reaction time, lyophilization, and analysis by MALDI-TOF.

Effect of plant extracts on the activity of peptides. The activity levels of
peptides BP100, BP143, and BP157 were studied in plant extracts prepared from
young leaves of potted pear plants (Pyrus communis cv. Conference). Leaves
were ground to a powder in liquid nitrogen, and the resulting material was
extracted with chilled 100 mM Tris buffer, pH 7.6 (1 mg of material per 10 �l of
buffer), at 4°C for 45 min with continuous stirring. The extract was diluted 5-fold
in the same buffer, filtered through several layers of sterile cheesecloth, and
sterilized by filtration through a 0.22-�m-pore-size filter. Then, the resulting
extract was further diluted with buffer to obtain a final concentration of 25% or
50%. A total of 800 �l of the appropriate plant extract dilution was mixed with
100 �l of a 200 �M solution of the corresponding peptide and incubated for 30
min at 25°C. Controls containing buffer, leaf extract alone, or buffer with the
corresponding peptide were used. After incubation, 100 �l of a bacterial sus-
pension (107 CFU ml�1) of the same pathogen strains used for the in vitro assay
was added. The number of surviving cells were determined after an additional
incubation time at 25°C for 90 min (25% leaf extract) or 120 min (50% leaf
extract). Then, samples were taken and spread onto LB agar plates for E.
amylovora and P. syringae pv. syringae and onto King’s B (KB) agar plates for
X. axonopodis pv. vesicatoria using a spiral plater (Eddy Jet; IUL Instru-
ments, Spain). Triplicates of each assay condition were performed. Colonies
were counted after 48 h of incubation at 25°C with an automatic counter
(Flash and Go; IUL Instruments, Spain) by incorporating the software Coun-
terMat version 5.0.

Ex vivo assays. The efficacy of the peptides was determined using infection
assays in detached plant organs. Immature pear fruits (Pyrus communis cv. Passe
Crassane) were used for E. amylovora, detached pear leaves (P. communis cv.
Conference) for P. syringae pv. syringae, and detached pepper leaves (Capsicum
annuum cv. Dulce Italiano) for X. axonopodis pv. vesicatoria. Immature pear
fruits obtained from commercial orchards were collected in early June at the
6-weeks stage from the fruit set and kept in the dark at 0 to 4°C. Fruits were used
before 1 month of storage to avoid significant physiological changes which could
affect the assay. Before inoculation, fruits were surface disinfected by immersion
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for 1 min in a diluted solution of sodium hypochlorite (1% active chlorine),
washed twice in distilled water, and left under airflow in a sterile cabinet to
remove excess water. Each fruit was wounded four times in opposite sides with
a cork borer (approximately 2 mm diameter and 5 mm in depth). Fruits were
placed in polystyrene tray packs and put into boxes. The leaves of pears or
peppers were obtained from potted plants cultivated in the greenhouse. The
youngest leaves were selected and surface disinfected by following the same
procedure described above for immature fruits. Leaves were wounded approxi-
mately in the middle by a double transverse incision (�1 mm) to the midrib and
placed in plastic boxes over a humidified paper towel. Then, 10 �l of a 200 �M
solution of the corresponding peptide was delivered onto the wounds of leaves or
immature fruits, and the treated materials were left at room temperature for 1 h.
The treated materials were inoculated with 10 �l of a suspension of E. amylovora
EPS101 (107 CFU ml�1), P. syringae. pv. syringae EPS31 (107 CFU ml�1), or X.
axonopodis pv. vesicatoria 1779 (108 CFU ml�1). The inoculated plant material
was incubated at 23°C with high relative humidity for 5 days. The experimental
design consisted of three replicates of eight immature fruits or nine leaves per
treatment. A nontreated control inoculated only with the corresponding patho-
gen and a control treated with 100 mg/liter of streptomycin were included.
Controls for the phytotoxicity assessment consisted of uninoculated immature
fruits or leaves, treated only with the peptides. Infection severity levels were
determined for each fruit using the following scale of severity from 0 to 3,
according to the symptoms observed: 0, no symptoms; 1, local necrosis around
the wound or the presence of exudates; 2, necrosis progression around the
wound, with a diameter between 3 to 5 mm; and 3, necrosis progression around
the wound, with a diameter higher than 5 mm. Infection severity levels were
determined for each leaf using the following scale of severity from 0 to 3,
according to the symptoms observed: 0, no symptoms; 1, leaf necrosis localized
around the wound; 2, necrosis progression far from the wound; and 3, necrosis
of the whole leaf. The mean severity for each replicate was calculated. Two
independent experiments were done.

In planta assays. The efficacy of the peptides was determined using whole-
plant infection assays with pear plants (P. communis cv. Conference) inoculated
with E. amylovora or P. syringae pv. syringae and with pepper plants (C. annuum
cv. Dulce Italiano) inoculated with X. axonopodis pv. vesicatoria. Two-to-three-
year-old pear plants grown in 20-cm-diameter plastic pots in the greenhouse
were used. Plants were pruned to leave 3 to 4 shoots per plant and were forced
to bud in the greenhouse. Plants were fertilized once a week with a 200-ppm
N-P-K solution (20:10:20) and were used when the shoots were about 3 to 4 cm
in length and had 5 to 6 young leaves per shoot. Pepper plants were obtained
from seeds grown in 10-cm-diameter plastic pots in the greenhouse, fertilized as
described for pear plants, and used when they achieved 25 to 30 cm in height.
Standard insecticide and miticide sprays were applied to pear and pepper plants.
Fungicides or bactericides were not applied to prevent interference with the
assays. For the assays, the three youngest expanded leaves of each shoot were
wounded approximately in the middle of the leaf by a double transverse incision
(�1 mm) to the midrib. Then, 10 �l of a 200 �M solution of the corresponding
peptide was delivered onto the wounds, and the plants were left at room tem-
perature for 1 h. Each leaf wound of the treated plants was inoculated with 10 �l
of a suspension of the corresponding bacteria, as described for the ex vivo assays.
Plants were incubated in a controlled environment greenhouse for 9 days for
pear plants and 12 days for pepper plants at 23 � 2°C during the day and 15 �
2°C at night. The photoperiod used was 16 h of light and 8 h of dark. The
experimental design consisted of three replicates of three plants per treatment.
Appropriate nontreated, noninoculated, and reference controls were used as
described for the ex vivo assays. Activity was assessed according to the incidence
of infection, i.e., appearance of necrosis at the inoculation point. The mean
incidence was calculated for each replicate. Two independent experiments were
performed.

Statistical analysis. The effect of the peptides on plant material infection was
determined using analysis of variance (ANOVA) with the general linear model
(GLM) procedure of the software Statistical Analysis System (SAS) (version 8.2;
SAS Institute Inc., NC). The means were separated using Tukey’s test (P � 0.05).

RESULTS

Design and synthesis of peptides. Peptides were designed
and synthesized in order to study the influence of selected
single or multiple substitutions of L-amino acids by the corre-
sponding D-isomers on the biological activity of BP100 (KKL
FKKILKYL-NH2) (Table 1). A total of 31 sequences were

prepared containing the following: (i) one D-amino acid
(BP138 to BP148); (ii) two or three D-amino acids at consec-
utive and nonconsecutive positions (BP149 to BP152, BP154);
(iii) 4 to 10 D-amino acids at the C terminus (BP155 to BP161);
(iv) 4 to 10 D-amino acids at the N terminus (BP162 to BP168);
and (v) all D-amino acids (BP153). The synthesis followed a
standard Fmoc/tBu protocol, and peptides were obtained in
�95% purity after purification by preparative HPLC. Their
structure was confirmed by mass spectrometry (data not
shown).

Antibacterial activity. Peptides were tested for in vitro
growth inhibition of E. amylovora, P. syringae pv. syringae, and
X. axonopodis pv. vesicatoria at 0.62, 1.25, 2.5, 5.0, and 7.5 �M
and compared to that of BP100 (Table 1). Two derivatives
were as active as BP100, and 10 peptides displayed improved
activity, with the all-D isomer being the most active. Among the
31 isomers, the activity levels were increased or maintained for
18 peptides against X. axonopodis pv. vesicatoria, for 14 pep-
tides against E. amylovora, and for 21 peptides against P. sy-
ringae pv. syringae.

Single D-amino acid replacement had a pronounced effect on
the peptide activity against X. axonopodis pv. vesicatoria. Most
of the peptides were less active than BP100, and only analogs
BP143 (D-F4), BP145 (D-K2), and BP147 (D-K1) displayed MIC
values below 7.5 �M. A decrease in activity against E. amylo-
vora was also observed, with only the above-mentioned pep-
tides together with BP141 (D-L8) being as active as BP100
(MIC of 2.5 to 5.0 �M). In contrast, in the case of P. syringae
pv. syringae, the following seven sequences retained the same
activity as that of BP100 (MIC of 2.5 to 5.0 �M): BP141 (D-L8),
BP142 (D-K5), BP143 (D-F4), BP144 (D-L3), BP145 (D-K2),
BP146 (D-K6), and BP147 (D-K1). Therefore, peptides BP143
(D-F4), BP145 (D-K2), and BP147 (D-K1) were the most active
against the three bacteria, with MIC values ranging from 2.5 to
7.5 �M.

Double or triple D-amino acid replacement led to peptides
BP149 (D-L3, D-K9), BP150 (D-L8, D-K9), BP151 (D-L3, D-K6,
D-K9), and BP152 (D-I7, D-L8, D-K9), which were less active
than BP100, with the exception of BP150 against X. axonopodis
pv. vesicatoria (MIC of 2.5 to 5.0 �M). In contrast, the ana-
logue BP154 (D-K1, D-K2, D-F4) had activity similar to that of
BP100 (MIC of 2.5 to 7.5 �M).

For peptides incorporating 4 to 10 D-amino acids at the C
terminus (BP155 to BP161), activity increased with the number
of D-residues. Peptides containing four (BP155) and five
(BP156) D-amino acids were less active, whereas the incorpo-
ration of six to nine D-amino acids resulted in peptides BP157
to BP160, displaying higher antibacterial activities than BP100
against two pathogens (MIC of 1.25 to 5.0 �M). Accordingly,
BP161, with 10 D-amino acids, and the all-D isomer BP153 were
more active than the parent peptide against the three bacteria
(MIC of 0.62 to 2.5 �M). When 4 to 10 D-amino acids were
incorporated at the N terminus (BP162 to BP168), a decrease
of activity was generally observed. However, three sequences
(BP162, BP167, and BP168) were more active than BP100,
with MIC values ranging from 1.25 to 7.5 �M.

Hemolytic activity. Since the mechanism of action of AMPs
consists of cell membrane disruption, toxicity to animal or
plant cells (cytotoxicity) may be a problem. This cytotoxicity
can be assessed with animal or plant cell model systems, with
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erythrocytes being more frequently used due to the easier
comparison with cells used in existing reports (5–7, 34). Thus,
the toxicity of the peptides to eukaryotic cells was determined
as the ability to lyse erythrocytes in comparison to the toxicity
of melittin (Table 1). A total of 18 of 31 peptides displayed less
than 10% hemolysis at 250 �M. The analysis of the influence
of a single D-amino acid replacement pointed out that peptides
BP138 (D-Y10), BP140 (D-K9), BP141 (D-L8), BP142 (D-K5),
BP143 (D-F4), BP144 (D-L3), and BP148 (D-I7) were the least
hemolytic (�7%). Increased hemolysis was observed for pep-
tides BP139 (D-L11), B145 (D-K2), and BP146 (D-K6), ranging
from 23 to 53%, and BP147 (D-K1) was the most hemolytic
(71%).

Double or triple D-amino acid replacement resulted in ana-
logs BP149 to BP152, which exhibited low hemolysis (�5%),
while BP154 displayed higher cytotoxicity (41%). Peptides in-
corporating 4 to 10 D-amino acids at the N terminus were less
hemolytic (0 to 21%) than those containing D-isomers at the C
terminus. The latter showed significant hemolysis (28 to 66%),
except for BP155 and BP157 (3%). In addition, the all-D pep-
tide BP153 was as hemolytic as BP100.

Susceptibility to protease degradation. The susceptibility of
peptides BP138 to BP155 and BP157 to BP161 to proteolysis
was studied by exposure to proteinase K, and degradation was
monitored by reverse-phase HPLC over time (Table 1). As
expected, all peptides were more stable than BP100 (Fig. 1).
Sixteen sequences displayed degradation below 20% after 1 h
of incubation. The least stable peptides were BP138 (D-Y10),

TABLE 1. Antibacterial activity (MIC) against three plant pathogenic bacteria, cytotoxicity, and stability against protease degradation of
linear undecapeptides with D-amino acids

Peptide Sequencea
MIC (�M)c

Hemolysis (%)b Digestion (%)d

Xav Pss Ea

BP100 KKLFKKILKYL 5–7.5 2.5–5 2.5–5 54 � 0.1 75
BP138 KKLFKKILKYL �7.5 �7.5 �7.5 7 � 0.1 53
BP139 KKLFKKILKYL �7.5 �7.5 �7.5 23 � 0.9 6
BP140 KKLFKKILKYL �7.5 5–7.5 �7.5 0 � 0 1
BP141 KKLFKKILKYL �7.5 2.5–5 2.5–5 4 � 0.3 1
BP142 KKLFKKILKYL �7.5 2.5–5 5–7.5 3 � 0.6 35
BP143 KKLFKKILKYL 5–7.5 2.5–5 2.5–5 5 � 0.8 18
BP144 KKLFKKILKYL �7.5 2.5–5 �7.5 7 � 0.4 50
BP145 KKLFKKILKYL 5–7.5 2.5–5 2.5–5 51 � 0.5 61
BP146 KKLFKKILKYL �7.5 2.5–5 �7.5 53 � 1.1 24
BP147 KKLFKKILKYL 2.5–5 2.5–5 2.5–5 71 � 0.4 47
BP148 KKLFKKILKYL �7.5 �7.5 �7.5 0 � 0 0
BP149 KKLFKKILKYL �7.5 �7.5 �7.5 0 � 0 6
BP150 KKLFKKILKYL 2.5–5 �7.5 �7.5 1 � 0.1 0
BP151 KKLFKKILKYL 5–7.5 5–7.5 �7.5 1 � 0.3 0
BP152 KKLFKKILKYL 5–7.5 �7.5 �7.5 5 � 1.6 1
BP154 KKLFKKILKYL 5–7.5 2.5–5 5–7.5 41 � 6.2 37
BP155 KKLFKKILKYL �7.5 �7.5 �7.5 3 � 0.1 6
BP156 KKLFKKILKYL 5–7.5 2.5–5 �7.5 49 � 1.2 —e

BP157 KKLFKKILKYL 1.25–2.5 2.5–5 1.25–2.5 3 � 1.0 0
BP158 KKLFKKILKYL 2.5–5 1.25–2.5 2.5–5 28 � 2.1 0
BP159 KKLFKKILKYL 2.5–5 1.25–2.5 2.5–5 58 � 5.7 12
BP160 KKLFKKILKYL 1.25–2.5 1.25–2.5 2.5–5 65 � 1.9 0
BP161 KKLFKKILKYL 1.25–2.5 1.25–2.5 1.25–2.5 66 � 2.9 1
BP162 KKLFKKILKYL 2.5–5 1.25–2.5 1.25–2.5 17 � 0.7 —
BP163 KKLFKKILKYL 5–7.5 �7.5 2.5–5 8 � 5.0 —
BP164 KKLFKKILKYL �7.5 2.5–5 �7.5 0 � 0 —
BP165 KKLFKKILKYL �7.5 1.25–2.5 �7.5 6 � 0.2 —
BP166 KKLFKKILKYL �7.5 2.5–5 �7.5 1 � 0.2 —
BP167 KKLFKKILKYL 2.5–5 2.5–5 2.5–5 21 � 7.4 —
BP168 KKLFKKILKYL 5–7.5 1.25–2.5 2.5–5 3 � 2.7 —
BP153 KKLFKKILKYL 0.62–1.25 1.25–2.5 1.25–2.5 50 � 2.1 5

a Underlined amino acids are D-enantiomers. All peptides are C-terminal amides.
b Percent hemolysis at 250 �M plus confidence interval (	 � 0.05).
c Xav, Xanthomonas axonopodis pv. vesicatoria; Pss, Pseudomonas syringae pv. syringae; Ea, Erwinia amylovora.
d Percentage of degraded peptide, as calculated by HPLC.
e —, degradation was monitored by MALDI-TOF analysis, and the peptide was detected after 1 h.

FIG. 1. Digestion kinetics of peptides BP100 (f), BP141 (E), BP143
(F), BP145 (�), and BP147 (�), as shown by results with proteinase K.
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BP142 (D-K5), BP144 (D-L3), BP145 (D-K2), BP146 (D-K6),
BP147 (D-K1), and BP154 (D-K1, D-K2, D-F4), with 24 to 61%
degradation. The degradation of peptides BP156 and BP162 to
BP168 could not be monitored by HPLC and was analyzed by
MALDI-TOF analysis. They were detected after 1 h of incu-
bation with protease, which is indicative that these peptides
were not completely degraded.

Activity of peptides in the presence of plant extracts. The
effects of pear leaf extracts on the antibacterial activities of
peptide BP100 and the two D-diastereoisomers BP143 and
BP157 were studied (Fig. 2). These two peptides were chosen
for a more detailed assay because they are highly antibacterial
in vitro and have low hemolytic activity and susceptibility to
protease degradation (Table 1) but differ in their numbers of
D-amino acid substitutions (one in BP143 and six in BP157). A
peptide assay was performed in buffer or in pear leaf extracts
diluted at 25% or at 50%. In the presence of buffer, the three
peptides were highly inhibitory. In the absence of peptide, the
survival of the three bacterial pathogens in 25% pear leaf
extract did not differed from that in buffer, but in 50% pear leaf
extract, survival slightly decreased in the case of E. amylovora
and P. syringae pv. syringae. Peptide activity decreased in the
presence of leaf extract. At the 50% pear leaf extract concen-
tration, the antibacterial activity of BP100 and BP143 de-
creased significantly against the three pathogens. At the 25%

pear leaf extract concentration, an important decrease in the
activity of all three peptides against E. amylovora was observed.
The activity of BP100 and BP143 decreased moderately against
P. syringae pv. syringae, while that of BP157 was not affected. In
contrast, against X. axonopodis pv. vesicatoria, the activity of
the three peptides remained unaffected.

Ex vivo infection assays. The activities of peptides BP138 to
BP147, which contain one D-amino acid, were compared to
that of the parent peptide BP100 in a detached plant organ
assay using a preventative application (Fig. 3). The disease
intensities in the nontreated controls for the three plant-patho-
genic bacteria were high and ranged from 65 to 95% (necrosis
progressed around the wound, with a mean diameter of �3
mm). For the three pathogens in the two experiments per-
formed, streptomycin-treated wounds were not infected or in-

FIG. 2. Influence of leaf extract on the antibacterial activity levels
of peptides BP100, BP143, and BP157. The effect was measured as the
survival of X. axonopodis pv. vesicatoria, P. syringae pv. syringae, and E.
amylovora after exposure to a 20 �M peptide concentration. The
peptide assay was carried out in buffer (white bars) or in pear leaf
extracts diluted at 25% (shaded bars) and 50% (black bars). Data
represent the mean values of the two assays performed. The confi-
dence intervals for the means are indicated on top of the bars. Letters
over the bars indicate the significance of the difference between treat-
ment extracts (P � 0.05), according to Tukey’s test.

FIG. 3. Effect of the preventative application of linear undecapep-
tides in control of infections in detached pear (P. syringae pv. syringae)
and pepper (X. axonopodis pv. vesicatoria) leaves and in immature
pear fruits (E. amylovora). Two independent experiments, assay 1
(black bars) and assay 2 (white bars), were performed. A nontreated
control (NTC) and a reference treatment with streptomycin (Strep)
were used. The confidence intervals for the means are indicated on top
of the bars. An asterisk over a bar indicates a significant difference
from the nontreated control for a given experiment, according to
Tukey’s test (P � 0.05).
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fections remained at the site of inoculation. In pepper leaves
inoculated with X. axonopodis pv. vesicatoria, peptides BP100
and BP141 were effective in one of the two trials performed,
whereas peptide BP145 was effective in both trials, decreasing
infection levels from 65 to 10% (assay 1) and from 95 to 42%
(assay 2). Besides, peptides BP141 and BP145 were as effective
as streptomycin in assay 1. In pear leaves inoculated with P.
syringae pv. syringae, 6 out of the 11 peptides tested (BP100,
BP138, BP139, BP141, BP142, and BP143) were active in one
of the two experiments performed, whereas peptide BP146 was
effective in both experiments, decreasing infection levels from
95 to 43% (assay 1) and from 85 to 60% (assay 2). In immature
pear fruits inoculated with E. amylovora, 7 of the 11 peptides
tested (BP138, BP139, BP140, BP141, BP142, BP143, and
BP145) were effective in one of the two experiments, whereas
peptides BP100, BP144, BP146, and BP147 were effective in
both assays, decreasing infection levels from 73% to around
35%. Thus, peptide BP145 was the most effective one in the ex
vivo assay for X. axonopodis pv. vesicatoria, BP146 for P. sy-
ringae pv. syringae, and BP100, BP144, BP146, and BP147 for
E. amylovora.

Efficacy in whole-plant assays. Although several D-diaste-
reomeric peptides with multiple D-amino acid substitutions
displayed good in vitro activity profiles, their high produc-
tion costs limit their application as plant protection prod-
ucts. Therefore, in the present study, only isomers contain-
ing single D-amino acid substitutions were considered
candidates for the whole-plant assays. In addition, the se-
lection of peptides BP143 and BP145 for the whole-plant
assays was based primarily on the results from the ex vivo
infection assays and secondly on the values of the in vitro
activity. In the ex vivo assays, peptides BP138, BP139,
BP141, BP142, BP143, BP145, and BP146 were active
against at least two pathogens. From this set, peptides
BP143 and BP145 were selected because they displayed the
highest in vitro activity levels, being as active as BP100.
Moreover, peptide BP143 was almost 4-fold less susceptible
to protease degradation and 10-fold less hemolytic than
BP100. Peptide BP145 showed a hemolytic and protease
degradation profile similar to that of BP100.

The activity levels of peptides BP143 and BP145 contain-
ing one D-amino acid were studied and compared to those of
the parent peptide BP100 and streptomycin in whole-pear
(E. amylovora and P. syringae pv. syringae) and -pepper (X.
axonopodis pv. vesicatoria) plant assays (Fig. 4).

The three peptides effectively controlled the three patho-
gens in the corresponding plant host, except for BP100
against P. syringae pv. syringae and X. axonopodis pv. vesi-
catoria in one experiment (Fig. 4). Streptomycin controlled
the disease caused by the three pathogens in the two exper-
iments performed. Peptide BP100 did not differ from strep-
tomycin in the two experiments against E. amylovora on the
pear and in one experiment against X. axonopodis pv. vesi-
catoria on the pepper. Peptide BP145 was as effective as
BP100 in the three pathosystems. Peptide BP143 was more
effective than BP100 in one experiment against X. axonopo-
dis pv. vesicatoria on the pepper and in one experiment
against P. syringae pv. syringae on the pear and did not differ
significantly against E. amylovora on the pear. Interestingly,
peptide BP143 was as effective as streptomycin in all three

pathosystems. No symptoms of phytotoxicity in leaf wounds
of plants treated with the peptide solutions were observed.

DISCUSSION

The use of antimicrobial peptides as pesticides for plant
disease control is hampered by their susceptibility to proteases
that are present in plant tissues, limiting the in vivo efficacy.
Our main objective in this study was to improve the activity of
the antimicrobial peptide KKLFKKILKYL-NH2 (BP100) un-
der in vivo conditions (5) by introducing D-amino acids into the
sequence. Besides testing the influence of replacing all-L amino
acids on activity, the influence of incorporating 1 D-amino acid,
2 or 3 D-amino acids at adjacent or nonconsecutive positions,
and 4 to 10 D-amino acids at either the N or the C terminus was
also investigated.

FIG. 4. Effect of the preventative application of linear undecapep-
tides in the control of bacterial blight of pepper (X. axonopodis pv.
vesicatoria), bacterial blight of pear (P. syringae pv. syringae), and fire
blight of pear (E. amylovora) under controlled greenhouse conditions.
Two independent experiments, assay 1 (black bars) and assay 2 (white
bars), were performed. A nontreated control (NTC) and a reference
treatment with streptomycin (Strep) were used. The confidence inter-
vals for the means are indicated on top of the bars. Letters over the
bars indicate the significance of the difference for assay 1 (capital
letters) and assay 2 (lowercase letters) (P � 0.05), according to Tukey’s
test.
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D-Amino acid incorporation has been previously applied to
other antimicrobial peptides, such as pardaxin, melittin, or
magainin, leading to D-analogues with similar antimicrobial
activities, lower hemolytic activity levels, and higher stability
levels against protease degradation (11, 28). In the present
study, the antibacterial activity of the BP100 isomers depended
on the pathogen, the number of D-amino acids introduced, and
the residue that was replaced. Regarding the pathogen, in
general, peptides did not display a clear pattern of activity.
Among the 31 isomers studied, there were more peptides as
active as or more active than BP100 against P. syringae pv.
syringae and X. axonopodis pv. vesicatoria than against E. amy-
lovora. On the other hand, a differential susceptibility of bac-
teria to a given peptide was observed. This has been attributed
to differences in the membrane components of the target mi-
croorganism, e.g., charge and lipid composition that would
influence rates of binding of cationic peptides to the mem-
branes (24).

D-Diastereoisomers exhibited complicated activity patterns
and did not display a simple dependence on the polarity of the
residue. However, general trends on the positions that influ-
ence the activity were observed. Analysis of the results ob-
tained for single D-amino acid substitutions reflected that re-
placement of residues I7, K9, Y10, and L11 decreased the
antibacterial activity against the three pathogens, indicating
that these amino acids are crucial for activity and cannot be
replaced. In contrast, residues F4, K2, and K1 can be substi-
tuted without weakening the activity against the three bacteria,
leading to peptides BP143, BP145, and BP147, respectively
(MIC � 2.5 to 7.5 �M). These results confirm previous data
indicating that subtle changes in a peptide sequence influence
the antimicrobial and hemolytic activities (5, 6, 34). Consis-
tently, the previous tendency for peptides containing two and
three D-amino acids was also observed. Thus, sequences con-
taining D-K9 or D-I7 and D-K9 were less active than that of
BP100, whereas BP154, which incorporates D-K1, D-K2, and
D-F4, showed activity similar to that of the parent peptide. On
the other hand, the introduction of D-amino acids at the N or
C terminus resulted in distinctly improved activity. Peptides
containing D-amino acids at the C terminus were more active,
and their activity increased with the number of D-amino acids,
leading to peptides with MIC values of 1.25 to 5.0 �M. The
all-D amino acid isomer BP153 was also analyzed and resulted
in being the most active sequence.

The hemolytic activity of BP100 isomers depended on the
residue that was replaced but followed a different pattern than
the one followed by antibacterial activity. Single D-amino acid
substitution of residues L3, F4, K5, I7, L8, K9, and Y10 led to
peptides with low hemolytic activity (�7%). Replacement of
the other amino acids resulted in a substantial increase in the
hemolysis (23 to 71%). Notably, BP143, which incorporates
D-F4, combined both high antibacterial activity (MIC of 2.5 to
7.5 �M) and low hemolysis (5%). Consistently, when two or
three of the above-described residues were replaced with the
corresponding enantiomer, the resulting peptides BP149 to
BP152 displayed low hemolytic activity (�5%). In contrast,
BP154 containing D-K1, D-K2, and D-F4 showed a higher cyto-
toxicity level (41%). Hemolysis of peptides incorporating 4 to
10 D-amino acids at the N or C terminus did not depend on the
number of D-amino acids incorporated. However, peptides in-

corporating D-amino acids at the N terminus were less hemo-
lytic (0 to 21%). Moreover, even though attempts to use enan-
tiomeric peptides solely composed of D-amino acids to
enhance peptide cell selectivity have been made (32), in the
present study, the all-D peptide BP153 was as cytotoxic as
BP100.

Plant extracts inhibited the antibacterial activity of BP100 as
well as that of peptides containing D-amino acids. The reduc-
tion of antimicrobial peptide activity by use of leaf extracts of
different plants for cecropin B and SB-37 (38), Pep11 and
Pep20 (4), and Pep3 (19) has been previously reported. More-
over, it has been described that the degradative activity of
proteases from the leaf intercellular fluids can reduce the ac-
tivity of cecropin B analogues expressed in transgenic plants
(41). As exemplified by BP157, which was stable to proteinase
K degradation and was only slightly affected by the pear leaf
extract, the loss of activity of our linear undecapeptides in
plant material could also be attributed to degradation by plant
proteases. However, BP143 and BP100 were similarly inhibited
by leaf extracts, even though they differed by 4-fold in suscep-
tibility to proteinase K. This is in agreement with previous
reports that describe that other factors besides plant proteases
present in the plant extract, such as phenolic compounds, could
be implicated in the loss of peptide activity (3, 21).

Several D-diastereomeric peptides displayed good in vitro
activity profiles; however, their high production costs impose
severe limitations to their application as plant protection prod-
ucts. Therefore, in the present study, only isomers containing
single D-amino acid substitutions were evaluated in plant ma-
terial and whole-plant assays. Globally, several BP100 deriva-
tives with single D-amino acid substitutions were active against
the plant-pathogenic bacteria in an infectivity inhibition assay
performed on detached leaves and fruits. More peptides were
found to be active against P. syringae pv. syringae and E. amy-
lovora on pear leaves or fruits than against X. axonopodis pv.
vesicatoria on pepper leaves. This finding is in agreement with
the results of the in vitro activity reported here. Also, a con-
siderable specificity of the peptides for the pathogen-host sys-
tem was confirmed, in comparison to streptomycin, which was
consistently effective in the three pathosystems used. For ex-
ample, the best peptide against X. axonopodis pv. vesicatoria
on pepper leaves was BP145, whereas BP146 was the best
peptide against P. syringae pv. syringae on pear leaves, and
BP144, BP146, and BP147 were the most effective peptides
against E. amylovora on immature pear fruits.

The selection of peptides BP143 and BP145 for the whole-
plant assays was because these peptides were active against at
least two pathogens in the ex vivo infection assays and dis-
played the highest in vitro activity levels, being as active as
BP100, and because they showed equal or more favorable
protease degradation and hemolytic profiles to those of BP100.
In these whole-plant assays, peptide BP143 (KKLFKKILKY
L-NH2) was more effective than BP100 against X. axonopodis
pv. vesicatoria on the pepper and P. syringae pv. syringae on the
pear. Despite this higher in planta activity, BP143 did not differ
from BP100 in its in vitro activity against the three plant-
pathogenic bacteria nor in its susceptibility to the plant leaf
extract, but it was more stable to proteinase K. Interestingly,
BP145 (KKLFKKILKYL-NH2), which was as effective as
BP100 in planta, also displayed in vitro activity and susceptibil-
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ity to protease degradation similar to those of BP100. Thus,
these results clearly suggest that subtle changes in the struc-
tures of antimicrobial peptides affect not only in vitro antibac-
terial and hemolytic activities but also other biological
properties like in planta activity and protease degradation sus-
ceptibility.

Notably, BP143 was as effective as streptomycin for the con-
trol of fire blight and bacterial blight on pear plants and bac-
terial blight on pepper plants. Antibiotics like streptomycin,
tetracycline, and kasugamycin are used in certain countries to
control plant bacterial diseases, at doses that are only slightly
lower than those used with this antimicrobial peptide in the
present study (1, 33, 46).

In addition, probably due to the inhibition of peptides by
plant extracts, it was necessary to apply peptide doses that
were 25 to 80 times higher than the in vitro MIC values to be
effective in plant wound treatment to prevent infection. The
need for higher doses in in vivo assays has been reported for
other antimicrobial peptides as well as for most antifungal
and antibacterial compounds used to control plant diseases
(1, 33, 36).

Finally, the present study demonstrates how the activity of a
linear undecapeptide against plant-pathogenic bacteria can be
improved through D-amino acid substitution. It also shows that
screening based on in vitro and ex vivo procedures can deliver
effective compounds to control plant infections in model plant-
pathogenic bacteria. The fact that peptide BP143 showed ef-
ficacy comparable to that of the reference antibiotic strepto-
mycin against three bacterial diseases of plants confirms the
potential of antimicrobial peptides as plant protection prod-
ucts. Future studies will involve field tests under variable agro-
climatic conditions and improvement of the peptide synthesis
process to reduce production costs.
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