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ABSTRACT

The osmotin proteins of several plants display antifungal activity, which can play an important role in
plant defense against diseases. Thus, this protein can be useful as a source for biotechnological strategies
aiming to combat fungal diseases. In this work, we analyzed the antifungal activity of a cacao osmotin-like
protein (TcOsm1) and of two osmotin-derived synthetic peptides with antimicrobial features, differ-
ing by five amino acids residues at the N-terminus. Antimicrobial tests showed that TcOsm1 expressed
in Escherichia coli inhibits the growth of Moniliophthora perniciosa mycelium and Pichia pastoris X-33
in vitro. The TcOsm1-derived peptides, named Osm-pepA (H-RRLDRGGVWNLNVNPGTTGARVWARTK-
NH,), located at R23-K49, and Osm-pepB (H-GGVWNLNVNPGTTGARVWARTK-NH, ), located at G28-K49,
inhibited growth of yeasts (Saccharomyces cerevisiae S288C and Pichia pastoris X-33) and spore germina-
tion of the phytopathogenic fungi Fusarium f. sp. glycines and Colletotrichum gossypi. Osm-pepA was more
efficient than Osm-pepB for S. cerevisiae (MIC=40 M and MIC=127 wM, respectively), as well as for P.
pastoris (MIC=20 uM and MIC=127 uM, respectively). Furthermore, the peptides presented a biphasic
performance, promoting S. cerevisiae growth in doses around 5 wM and inhibiting it at higher doses.
The structural model for these peptides showed that the five amino acids residues, RRLDR at Osm-pepA
N-terminus, significantly affect the tertiary structure, indicating that this structure is important for the
peptide antimicrobial potency. This is the first report of development of antimicrobial peptides from T.
cacao. Taken together, the results indicate that the cacao osmotin and its derived peptides, herein studied,
are good candidates for developing biotechnological tools aiming to control phytopathogenic fungi.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

performed [3-5] and are helping to understand plant-pathogen
interactions. Several pathogenesis-related proteins (PR) have been

Theobroma cacao L. is an important commodity affected by sev-
eral fungal diseases that resultin heavy productionlosses|1]. One of
the most important is witches’ broom disease, caused by the basid-
iomycete Moniliophthora perniciosa, that severely attacks cacao
plantation in Brazil, which is ranked among the world’s biggest
cocoa producers [2]. Cacao and fungal genome studies have been

Abbreviations: AMP, antimicrobial peptide; Boc, t-butyloxycarbonyl; CFU,
colony forming unit; DAI, days after inoculation; HOBt, 1-hydroxybenzotriazol; MIC,
minimal inhibitory concentration; Pbf, 2,2,4,6,7-pentamethyl-3H-1-benzofuran-5-
sulfonyl; PMSF, phenylmethanesulfonyl fluoride; PR, pathogenesis-related protein;
tBu, t-butyl; Trt, triphenylmethyl.
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identified in the cacao’s genome, among them osmotin, a protein
that belongs to the PR-5 family and is widely found in plants. Gen-
erally, it plays a role in the adaptation of the plant to adverse
conditions and defense against diseases, being induced by biotic or
abiotic stress stimuli [6]. Osmotin was first described in Nicotiana
tabacum, where it accumulates as a function of osmotic adaptation
[7]. Since then, several osmotin-like proteins were shown to have
antifungal activity against a broad range of fungi in vitro, as well
as in transgenic plants. As an example, leaves of transgenic potato
plants expressing tobacco osmotin exhibited partial resistance to
Phytophtora infestans [8]. The tertiary structure of osmotin from
several sources has been determined. In general, the protein has
been shown to be a three-domain structure, containing an acidic
cleft between domains I and II, which is potentially involved in a
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catalytic activity of 3 1,3 glucan, a component of fungi cell wall,
what could explain its antifungal properties [6]. However, some
other mechanism is possibly involved. Other studies demonstrated
that osmotin is recognized by a membrane receptor, triggering a
pathway that results in ROS (reactive oxygen species) accumula-
tion, leading to cell death [9], but the actual mechanism(s) remains
unclear. Due to its characteristics, this protein can be exploited to
achieve resistance to fungal diseases in plants by biotechnological
means.

One possibility is to explore the protein as a source of antimi-
crobial peptides due to its antifungal activity [6]. Biologically active
peptides, such as antimicrobials, neuroactive and immunologically
active molecules, inserted as cryptic sequences into proteins of
diverse functions, are well known. They are normally found in
abundant proteins, such as hemoglobin and casein [ 10-12]. Antimi-
crobial peptides are predominantly cationic, amphiphilic and many
of them are helicoidal, making the prediction of antimicrobial
activity of a given peptide feasible [13,14]. Considering these char-
acteristics, AMPs are being discovered through sequence searches
within proteins from animals and plants [15,16]. Brand and col-
laborators (2012), searching for intragenic antimicrobial peptides
in soybean proteins, have found two peptides with antimicrobial
activity against Xanthomonas axonopodis pv. glycines, the causal
agent of the bacterial pustule disease, and the fungus Phakopsora
pachyrhizi, the causal agent of the soybean Asian rust.

The aims of the present study are to characterize an osmotin-
like protein from T. cacao (TcOsm1)regarding its antifungal activity,
as well as to identify cryptic AMPs in the protein sequence, and to
investigate the effectiveness of these AMPs as antifungal agents.

2. Material and methods
2.1. Source and growth of microorganisms

Saccharomyces cerevisiae S288C [17] and Pichia pastoris X-33
(Invitrogen, CA, USA) were kindly donated by Dr. Lidia Pepe de
Moraes (University of Brasilia, Brazil). They were grown at 28 °C,
180rpm, overnight, in 25 mL of YG medium (5 g/L yeast extract,
25 g/L p-glucose) from a pre-culture. Fusarium solani f. sp. glycines
and Colletotrichum gossypii were kindly donated by Dr. Marilia San-
tos Silva (Embrapa, Brazil). M. perniciosa was kindly donated by Dr.
Alessandra de Rezende Ramos (UNIFESSPA—Federal University of
the South and Southeast of Para, Brazil). All fungi were grown on
PDA medium (4 g/L potato extract, 20 g/L dextrose, 15 g/L agar), at
28°C, and stored at 4°C.

2.2. Antimicrobial peptide prediction

The conserved motifs present in TcOsm1 sequence were iden-
tified by MotifMaker online tool (http://landau.utmb.edu:8080/
pcpmer//Tools/SubmitFormMotifMaker.jsp). The search for
sequences with antimicrobial propensity was conducted by
searching for segments with interspersed hydrophobic and
cationic residues in the TcOsm1 primary sequence, followed by
verification at the antimicrobial peptide database (http://aps.
unmc.edu/AP/prediction/prediction_main.php).

2.3. Antimicrobial peptide synthesis

The peptides H-RRLDRGGVWNLNVNPGTTGARVWARTK-NH,
and H-GGVWNLNVNPGTTGARVWARTK-NH, were synthesized by
the Fmoc (Fluorenyloxycarbonyl) solid phase method [18], start-
ing from “Rink-amide-MBHA resin” (0.52 mmol/g). The amino acid
derivatives with side-chain protecting groups were the follow-
ing: Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Trp(Boc)-OH,
Fmoc-Asn(Trt)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Lys(Boc)-OH. Fmoc

group removal was performed with 4-methylpiperidine in N,N-
dimethylformamide (DMF) at 25% (v/v) for 30 min (two steps of
15 min). The couplings for peptide bond formation were conducted
with 1,2-diisopropylcarbodiimide (DIC)/1-hydroxybenzotriazole
(HOBt), or DIC/2-cyano-2-(hydroxiimino) ethyl acetate [19] in DMF
during 60-120 min. After the deprotection and coupling steps, the
peptidyl-resin was washed three times with 2-propanol followed
by DMF. The deprotection and coupling reactions were monitored
by the ninhydrin reaction, even for proline residues [20,21]. After
the synthesis was completed, the final deprotection reaction and
cleavage of the peptide from the resin were performed with 10 mL
of asolution containing trifluoroacetic acid (TFA), triisopropylsilane
(TIS) and water—TFA:TIS:water (90:5:5, v:v:v) for 90 min, at 25°C.
After four washings with cold diisopropyl ether, the supernatant
was discharged and the peptide was extracted with water, and
freeze-dried. For the purification of the peptide, a semi-preparative
column (ODS 9.4 x 250 mm) from Agilent (Santa Clara, CA) was
used, in a LC-10 model (Shimadzu, Kyoto, Japan) chromatogra-
pher. The gradient used was as follows: water:acetonitrile:TFA
(95:5:0.1, v:v:v) for 5min, followed by a linear gradient up to
water:acetonitrile:TFA (35:65:0.1, v:v:v) for 60 min. The detec-
tion was performed at 216 and 280nm and the flow rate was
3.0mL/min,at 25 °C.The identity and degree of purity of the peptide
was verified by MALDI-ToF mass spectrometry, by using a-cyano-
4-hydroxycinnamic acid as a matrix. The spectra were acquired in
an Ultraflex Il ToF-ToF (Bruker Daltonics, Bilerica, MA), in reflected
mode. Peptide fragmentation by MS/MS was conducted through the
LIFT™ methodology [22]. The purity of the peptides was higher
than 97% as evaluated by liquid chromatography and MALDI-MS.
Stock solutions of the peptides were prepared in water and concen-
trations were determined accordingly to the Murphy & Kies method
[23]

2.4. Subcloning of osm1 in expression vector pQE-30

The osm1 gene (AY766059.2), previously cloned into pGEM-T
Easy (Promega, Madison, WI), was amplified by using the primers
OsmBamHI—5'GCCGGATCCGCCACTATTA3 and  OsmHindIll:
5'GATTCAAAGCTTCCTCAAGG3'. The resulting fragments were
cloned into the BamHI/HindIll sites of the expression vector
PQE-30 Xa (Qiagen, Valencia, CA), generating the recombinant
plasmid named pQE-osm, in which osm1 is fused in frame to the
Hisg tag-coding region. The recombinant plasmid was inserted
into E. coli strain M15 [pREP4] obtaining the clone pQE-osm. The
vector pQE-30 Xa was used as control.

2.5. Expression of the gene osm1

For production of TcOsm1 protein, the strain pQE-osm was
cultured at 37 °C, 200 rpm, and induced by 1 mM IPTG (isopropyl-
[3-p-thiogalactopyranoside) for 4h. The cells were harvested,
ressuspended in 25 mL of Lysis buffer (25 mM Tris-HCl pH 7.4,
10mM NaCl, 1TmM DTT, 1 mM PMSF, 0.1 mg/mL lysozyme) and
incubated at 37°C, for 30 min, with gentle agitation. The cells
were sonicated (10s on/10s off, Branson 102C sonicator, Dan-
bury, CT) and, after centrifugation (11,000g for 30 min at 4°C), the
supernatant was dialyzed (Spectrapor membrane tubing, 2 mL/cm,
dry cylinder 15.9 mm diameter, mwco 12-14,000—Thomas Scien-
tific, Swedesboro, NJ, USA) against dialysis buffer (25 mM Tris-HCl,
pH 7.4, 10 mM NaCl). The dialyzed soluble proteins were filtered
through a 0.22 wm membrane (TPP, Techno Plastic Products AG,
Switzerland). The proteins were quantified by the method of Brad-
ford [24], using Bio-Rad Protein Assay reagent (Bio-Rad, Hercules,
CA, USA) and bovine serum albumin (BSA) as a standard. The pro-
teins were analysed by 13.5% SDS-PAGE [25].
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To confirm the presence of the fusion protein (His-Osm) in the
protein extract of the induced culture of pQE-osm, immunodetec-
tion was performed by Western blotting, according to Sambrook
and collaborators [26] with slight modifications. Briefly, the pro-
teins were separated by 13.5% SDS-PAGE, then transferred to a PVDF
membrane (Hybond-P, 0.45 um, Amersham-Pharmacia-GE Biotec,
Waukesha, WI) through a Mini trans-blot electrophoretic transfer
cell (Bio-Rad), at 170V, for two hours. The membrane was blocked
with 5% skimmed milk in TBS (20 mM Tris-HCI, pH 7.5, 150 mM
NacCl) plus 0.05% Tween 20, for 1h, at 25°C, and then incubated in
Anti-His antibody (GE Healthcare, Waukesha, WI) diluted 1:3000
in incubation solution (TBS, 0.05% Tween 20, 3% skimmed milk) for
1h, at 25°C, with gentle agitation. After three brief washings in
TTBS (TBS, 0.1% Tween 20), it was incubated in secondary antibody
conjugated with alkaline phosphatase [“Anti-mouse IgG (whole
molecule) alkaline phosphatase conjugate (goat)”, Sigma-Aldrich,
St Louis, MO] diluted 1:2000 in incubation solution, for 1 h, at 25°C,
with gentle agitation. Following three washings in TTBS, colori-
metric detection was performed using the Alkaline Phosphatase
Conjugate Substrate Kit (Bio-Rad, Hercules, CA), at 25 °C, according
to the manufacturer’s instructions.

2.6. Antimicrobial tests

2.6.1. Osmotin

Different amounts (15, 30 and 37 pg/cm?) of the dialyzed and
filtered soluble proteins of the induced pQE-osm clone, as well
as the control clone, were added to the surface of PDA medium
(4 g/L potato extract, 20 g/L dextrose, 15 g/L agar) in 5-cm diame-
ter Petri dishes. After surface drying, a 0.5-cm diameter disc of M.
perniciosa mycelium was placed at the center of each plate. The
treatments were done in triplicate. The plates were incubated at
28°C for 21 days. Mycelial growth was accessed by taking the aver-
age of two perpendicular diameters (incm), on the 21st day. The
M. perniciosa growth was evaluated as a percentage relatively to
the control (pQE-30 proteins). Statistical analysis was performed
according to the Tukey test (R package).

The tests with P. pastoris X-33 were performed in 96 wells plates,
in 100 L assay, containing 40 pL of yeast suspension (10 CFU/mL)
in modified YG medium (5 g/L yeast extract, 12.5g/L p-glucose),
and 60 pL of the soluble proteins from the induced pQE-osm clone,
or the control pQE30 clone, in dialysis buffer. The proteins were
tested at concentrations of 0.12, 0.23, 0.45 and 0.9 pg/p.L, in trip-
licate. Dialysis buffer was used as a control. The plate was initially
incubated for 6h at 28°C, 180rpm. Then, it was further incu-
bated for 40 h, without shaking, in a Spectra Max 190 microplate
reader (SMolecular Devices, Sunnyvale, CA, USA), recording the
absorbance at 650 nm every 30 min. The bioassay was repeated
three times.

2.6.2. Peptides

The tests with S. cerevisiae S288C and P. pastoris X-33 were per-
formed in 96 wells plates, in 100 L assay, containing 20 L of AMP
solution and 80 pL of the yeast cells suspension (10* CFU/mL) in
YG medium. The final peptide concentrations ranged from 1.25 to
80 wM for Osm-pepA and 5.0-127 wM for Osm-pepB, which were
two fold serially diluted in water. The treatments were performed
in triplicate. In the negative control, no AMP was added. The assay
was conducted at 28 °C for 24 h, without shaking, with absorbance
at 650 nm being recorded every 15 min, using a Spectra Max 190
microplate reader (SMolecular Devices, Sunnyvale, CA USA). The
MIC was determined by recording the lowest concentration of the
peptide that prevented detectable growth of the microorganism at
20 h of assay. The bioassay was repeated three times.

The test with F. solani f. sp. glycines and C. gossypii was performed
in 1.5 mL tubes, in 100 pL assay, containing 50 wM Osm-pepA and

100-150viable spores in 10 mM PBS (sodium phosphate buffer), pH
7.4, in triplicate. A negative control was performed without AMP.
After incubation at 28 °C for 24 h, the treated spores were spread on
PDA medium plates and incubated at 28 °C, for 24 h for F. solani f. sp.
glycines and 48 h for C. gossypii. The antimicrobial effect was evalu-
ated by the number of colonies formed. The bioassay was repeated
three times for F. solani f. sp. glycines and twice for C. gossypii.

The test with M. perniciosa was performed by placing a 0.5-cm
diameter mycelial disc on the surface of PDA medium containing
100 wM Osm-pepA, in a 3.5-cm diameter Petri dish, in triplicate.
After incubation at 28 °C for 13 days, the antimicrobial effect was
accessed by taking the average of two perpendicular diameters (in
cm) of the mycelium. The bioassay was repeated twice.

2.7. Tertiary structure prediction

2.7.1. Homology modeling

To predict the three dimensional structure of TcOsm1, a pre-
liminary 3D model was generated by computer-aided molecular
modeling. First, searches for similar structures were carried out
through BLAST at the protein database (PDB) in order to detect
which proteins would be a suitable template for both structure
and function. Then, the model was generated by the PS? struc-
ture prediction server [27], using the template 1Z3Q chain A, an
antifungal banana fruit thaumatin-like protein with 80.6% iden-
tity with TcOsm1. This model was refined by molecular dynamics
simulations.

2.7.2. Molecular dynamics

The protein was first solvated in a 80 A3 box of explicit water
molecules plus nine chloride ions to ensure electrostatic neutral-
ity. The NAMD?2 program [28] was employed with the CHARMM_27
force field in the simulation of 40,217 atoms ensemble. The energy
minimization task was achieved by 6400 steps of conjugate gra-
dients. The conformational behavior of the whole system was
obtained by running 10ns of MD. Periodic boundary conditions
were used for an NPT ensemble (number of particles N, pressure
P and temperature T) at a temperature of 300K and 1 atm pressure.
A frame was recorded from the MD simulation each ps so that an
ensemble of 10,000 frames was finally obtained from the whole
simulations. From this frame ensemble, the conformational behav-
ior of the protein was analyzed using several programs attached as
plugins to VMD.

3. Results

3.1. Effect of cacao osmotin on M. perniciosa mycelium and yeast
growth

In order to evaluate the antifungal effect of TcOsm1 on M. per-
niciosa, the protein expressed in E.coli was used. The osm1 gene,
cloned in pQE-osm downstream 6XHis-Tag, was expressed in E.
coli M15[pREP4] upon IPTG induction. Analysis by SDS-PAGE and
immunoblotting confirmed the presence of TcOsm1 in the soluble
protein fraction of the induced culture, which presented a protein
band around 23 kDa, expected for the His-Osm fusion. Some higher
bands were also detected and can correspond to protein dimers and
trimers (Fig. 1). This protein was not observed among proteins of
the non-induced pQE-osm culture, neither in the control pQE-30
cultures (Fig. 1). TcOsm1 was also present in the insoluble fraction
of the induced pQE-osm culture (data not shown).

Following the detection of TcOsm1 in the soluble protein frac-
tion of E. coli extracts (Fig. 1), it was tested against M. perniciosa and
the yeasts S. cerevisiae and P. pastoris. In the presence of TcOsm1,
the growth of M. perniciosa was reduced in a dose-dependent man-
ner (Fig. 2A). The mycelial diameters of the colonies treated with
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Fig. 1. Analysis of TcOsm1 expression in E. coli. (A) SDS-PAGE 13.5% analysis of
soluble proteins of induced (I) or non-induced (NI) cultures of E. coli cells harboring
PQE-osm vector or the control pQE-30 vector. (B) Immunoblotting using anti-His
antibody. Arrows indicate expressed TcOsm1.
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Fig. 2. Effect of TcOsm1 on Moniliophthora perniciosa and Pichia pastoris growth.
(A) Growth of M. perniciosa mycelium treated with expressed TcOsm1. Soluble pro-
teins from pQE-osm clone were applied on PDA at 15, 30 and 37 p.g/cm?, and the
M. perniciosa growth was evaluated relatively to the control (pQE-30 proteins) at
21 DAL Significantly different values (p <0.05), according to the Tukey test (R pack-
age), are indicated by different letters (a and b). (B) Growth of P. pastoris treated
with expressed TcOsm1. Soluble proteins from pQE-osm and the control pQE-30
were added to YG medium. The graph shows the growth curves for the higher
concentrations used (0.45 and 0.9 pg/L).

proteins from pQE-osm were smaller than those treated with pro-
teins from the control pQE-30 clone, being statistically significant
(p<0.05) at 30 and 37 wg/cm? with about 6 and 10% reduction,
respectively. Regarding yeasts, preliminary results indicated that
TcOsm1 was not active against S. cerevisiae (data not shown). For P.
pastoris, the proteins were tested in a range from 0.12 to 0.9 p.g/p.L.
The strongest effects on its growth were observed with pQE-osm
proteins at 0.45 and 0.9 pg/L, while the other concentrations did
not seem to have caused significant growth reduction (Fig. 2B).

3.2. TcOsm1-derived synthetic peptides: prediction and
antifungal activity

Analysis of T. cacao osmotin revealed that it contains a region,
corresponding to domain I, presenting antimicrobial peptide fea-
tures. Two peptides in this domain were synthesized for further
studies: (a) RRLDRGGVWNLNVNPGTTGARVWARTK, with amidated
C-terminus, named Osm-pepA, presenting molecular weight of
3050.5 g/mol and +6 net charge at pH 7, calculated using pepcalc
tool (http://pepcalc.com/). (b) GGVWNLNVNPGTTGARVWARTK,
with amidated C-terminus, named Osm-pepB, with molecular
weight of 2353.7 g/mol, and +4 net charge at pH 7.

The antifungal activity of Osm-pepA and Osm-pepB was initially
evaluated against S. cerevisiae and P. pastoris. These yeasts were
treated with Osm-pepA and Osm-pepB at different concentrations
and their growth curves were obtained. It was observed that the
peptides were effective against both microorganisms. The effect
of the peptides on growth was dose-dependent, being Osm-pepA
more efficient than Osm-pepB (Fig. 3). In the case of S. cerevisiae,
Osm-pepA presented a MIC of 40 wM, while Osm-pepB presented
a MIC of 127 wM. Similar situation was observed for P. pastoris,
although this yeast was more sensitive to Osm-pepA, as observed
by the MIC value (20 wM for Osm-pepA and 127 M for Osm-pepB).
Moreover, the peptides presented a biphasic performance, promot-
ing S. cerevisiae growth in low doses, 5 uM for both, and inhibiting
it at doses higher than 10 M. Analysis of the growth curve of the
yeast exposed to different concentrations of peptides showed an
inverted U-profile (Fig. 3A and B, inserted panels). This performance
was also observed for P. pastoris with Osm-pepB (Fig. 3D), although
it was less evident than the observed for S. cerevisiae.

To evaluate the effect of Osm-pepA on phytopathogenic fungi,
we have tested Osm-pepA at 40 .M on spore germination of F.
solani f. sp. glycines and C. gossypii. In the first case, no significant
spore germination was observed in treated spores (100% inhibi-
tion), while for C. gossypii, some spore germination was observed,
resulting in inhibition of 78% (Fig. 4).

The effect of Osm-pepA was also observed on M. perniciosa
saprophytic hyphae. The peptide was added to PDA medium and
the mycelial growth was evaluated for 13 days by accessing the
mycelium diameters (Fig. 5A). It was observed that the mycelial
growth rate was reduced by the presence of AMP by about 40%,
considering the first 15days (0.022 cm/day for the control and
0.013 cm/day for Osm-pepA). Besides the reduction on mycelial
growth, Osm-pepA modified mycelial phenotype, causing higher
hyphae density (Fig. 5B).

3.3. Tertiary structure analysis

To better understand the antimicrobial activity presented by
TcOsm1 and its derived peptides, a three dimensional structural
analysis was performed (Fig. 6). The TcOsm1 model presented the
characteristic three-domains structure (domains I, Il and III) of the
antifungal PR-5. Domainis alectin-like 3-barrel and contains 12 3-
strands, domain II contains two a-helixes, and domain III presents
one [3-strand. Furthermore, the aminoacid residues that form the
acidic cleft, and are highly conserved among the antifungal PR5
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Fig. 3. Effect of TcOsm1-derived peptides, Osm-pepA and Osm-pepB, on the yeasts Saccharomyces cerevisiae 288c and Pichia pastoris X-33. Growth curves are shown between
6 and 20 h of incubation. Inserted panels: growth after 15 h of incubation with the respective peptide at different concentrations. (A) S. cerevisiae 288c treated with Osm-pepA.
(B) S. cerevisiae 288c treated with Osm-pepB. (C) P. pastoris X-33 treated with Osm-pepA. (D) P. pastoris X-33 treated with Osm-pepB. The growth curves show average values

from three independent experiments.

proteins (R43, E83, D96, D101, D182), were identified between
domain I and II (Fig. 6A). The peptides Osm-pepA and Osm-pepB
are localized in the domain [ and present two [(3-strands (Fig. 6A).
On the other hand, the molecular dynamics for the isolated peptides
showed that they attain a stable conformational cluster around
6 ns (Fig. 6B), assuming a new unfolded structure, although a small
segment of 31p-helix can be found on Osm-pepA (Fig. 6C).

4. Discussion

Aiming to investigate the antifungal activity of cacao osmotin
(TcOsm1), the mature protein was expressed in E. coli and the
soluble fraction was used for bioassays, since this fraction usu-
ally contains the protein in the correct folding [29]. In a similar
heterologous expression, a 26 kDa osmotin-like antifungal protein
from Solanum nigrum L. was predominantly present in the solu-
ble fraction [30]. In this work, it was initially demonstrated that
TcOsm1 was present in the soluble fraction of the induced culture
of pQE-osm clone, but not in the soluble fraction of the pQE-30
clone, used as a control (Fig. 1A). The osmotin-like protein was
present as a fusion protein (23 kDa His-Osm fusion), and prob-
ably formed oligomers (dimers and trimers), since some higher
molecular weight bands were immunologically detected in the
blot. Total soluble proteins present in the supernatant of induced
cultures of pQE-osm were tested against the basidiomycete M. per-
niciosa, and it was demonstrated that it caused reduction of the
mycelial growth. Osmotin-like proteins from other plant species
have been expressed in E. coli and the activity of the purified fusion
proteins was evaluated. Thaumatin-like protein from Arabidopsis
(ATLP-3) inhibited the growth of the yeast Candida albicans and
spores germination of Verticillium albo-atrum, V. dahliae, Fusarium
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Fig. 4. Effect of Osm-pepA on the spore germination of Fusarium solani f. sp. glycines
and Colletotrichum gossypii. The number of germinated spores is determined as the
number of fungal colonies observed after incubation at 28 °C, for 24 h and 48 h, for
F. solani f. sp. glycines and C. gossypii, respectively. Standard deviation from three
replicates is indicated in each bar. The numbers 1, 2 and 3 in the x axis indicate the
different bioassays for the two phytopathogens.

oxysporum, Alternaria solani and Trichoderma reesei [31]. Another
example is an osmotin-like protein from Solanum nigrum (SnOLP)
that presented antifungal activity against plant pathogenic fungi (F.
solani f. sp. glycines, Colletotrichum spp., Macrophomina phaseolina)
and an oomycete (Phytophthora nicotiana var. parasitica) under
in vitro conditions [32]. Similarly, an osmotin isoform PcOSM2 from
Phytophthora-resistant wild pepper (Piper colubrinum) presented
significant inhibitory activity against Phytophthora capsici, which is
the causal agent of the foot rot disease of black pepper, and Fusarium
oxysporum [33].
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Here, we demonstrated that a soluble fraction containing a
cacao osmotin (TcOsm1), expressed in E. coli, presented activity
against the fungus M. perniciosa, as well as against the yeast P. pas-
toris. For more accurate analyses and comparative purposes with
other reported osmotins, as well as with the derived peptides here
studied, TcOsm1 must be purified and bioassayed against other
phytopathogens (e.g. F. solani f. sp. glycines and C. gossypii). Fur-
thermore, the predicted 3D structure is compatible with reported
structures of other antifungal PR5 proteins, including the presence
of the 5 conserved amino acid residues that form the acidic cleft,
assumed to be the active site [34].

Thus, considering that cacao osmotin showed antifungal activ-
ity, we speculate whether osmotin-derived cryptic peptides with
common features of AMP, such as cationic charge and a signifi-

A

Time (ns)

Time (ns)

10

cant proportion of hydrophobic residues [11,35], could also show
such activity. Two peptides were tested, Osm-pepA and Osm-pepB,
and they showed antifungal activity against yeasts and filamentous
fungi. They were able to inhibit the growth of both P. pastoris and
S. cerevisiae, being Osm-pepA more effective than Osm-pepB. The
antifungal activity of Osm-pepA, with a MIC of 20 uM for P. pas-
toris and 40 WM for S. cerevisiae, is comparable to that of a potent
antifungal peptide, latarcin 3a, isolated from the venom of the spi-
der Lachesana tarabaevi, which presented a MIC of 20 uM for both
microorganisms [36]. The MIC of Osm-pepA for S. cerevisiae is also
in the same range of the MIC of iturin (20 uM), a well-known anti-
fungal peptide from Bacillus subtilis [37].

Interestingly, both peptides showed biphasic action, activating
the yeast growth in lower doses and inhibiting it at higher doses.

R23

N

Osm-pepA

G28

7 Osm-pepB

Time (ns)

OA M T 3A

Fig. 6. Predicted 3D structure of TcOsm1 and TcOsm1-derived peptides, Osm-pepA and Osm-pepB. (A) Cartoon diagram of TcOsm1. The domains I, Il and III are colored in
grey, orange and blue, respectively. Conserved residues (R43, E83, D96, D101, D182) are represented in green. The region corresponding to the peptides (in red) spans from
R23 to K49 (Osm-pepA) and G28 to K49 (Osm-pepB). (B) RMSD (root mean squared deviation) map showing the conformational family (white square) found during the MD
simulations. (C) Representative conformation of the two peptides at 6 ns. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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This feature is perceptible analyzing the growth curve of the yeast
exposed to different concentrations of peptides, which showed an
inverted U-profile (particularly, Fig. 3A and B, inserted panels). This
phenomenon is called hormesis and has already been described for
different compounds [38], including antimicrobial peptides [39,40].

The action of Osm-pepA was also observed in the germina-
tion of spores and hyphae growth of phytopathogenic fungi, being
more effective against spores. Osm-pepA strongly inhibited the
germination of spores of F. solani f. sp. glycines and C. gossypii,
and mycelial growth of M. perniciosa. For the latter, besides the
reduced radial growth, it was observed that there was a change in
the mycelial phenotype that became more compact. Similar alter-
ation in the mycelial phenotype has been described for another
phytopathogenic fungus, Magnaporthe oryzae, the causal agent of
blast disease in rice. When grown in the presence of the antifun-
gal compound sakuranetin, a flavonoid phytoalexin, the mycelium
appeared more condensed and risen on solid medium [41].

Osm-pepA and Osm-pepB differ at the N-terminus by a five
amino acid residues extension, RRLDR. The structural analyses
revealed that this change influenced the three dimensional pep-
tide structure, what is probably important to its mechanism of
action. In addition, it has been reported that the guanidinium
group of arginine residue can interact with membrane phosphate
groups by electrostatic and steric complementarity in a bidendate
ligation mode, with free energies in the order of 12-15kJ/mol,
favoring peptide insertion into the hydrophobic part of the mem-
brane [42]. Another study [43] showed that the substitution of
two arginine by glycine residues and elimination of the C-terminal
arginine led to the reduction of the antimicrobial activity of the pep-
tide Protegin-1, suggesting that clusters of arginine residues may
increase antimicrobial effect. The position of the arginine exten-
sion in the N-terminus of Osm-pepA is appropriate to allow its
insertion in the membrane interface, giving rise to possible fur-
ther investigation into this and other arginine-rich antimicrobial
peptides.

The presence of these AMP encrypted in the TcOsm1 sequence
raises the question of whether Osm-pepA or Osm-pepB could be
released by the action of fungi or plant peptidases in vivo. In silico
hydrolysis of TcOsm1 by an endopeptidase lys-C releases a large
N-terminal fragment containing these peptides at its C-terminus
(data not shown), but whether it occurs during plant-pathogen
interaction should be investigated.

5. Conclusions

This is the first report of development of antimicrobial pep-
tides from T.cacao, which were based on a pathogenesis-related
(PR) protein, osmotin (TcOsm1). It was demonstrated that this pro-
tein presents antifungal activity, being effective against the yeast P.
pastoris and one of the most important pathogens in cacao, M. per-
niciosa. The two TcOsm1-derived AMPs (Osm-pepA and Osm-pepB)
were also active against yeast, a fungal model microorganism, and
against the fungal phytopathogens F. solani f. sp. glycines, C. gossypii
and M. perniciosa that are harmful to important commodities such
as soybean, cotton and the cacao, respectively. These results indi-
cate that the cacao osmotin and its derived peptides are good
candidates for developing biotechnological tools aiming to control
phytopathogenic fungi.
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