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Abstract :
Background.

Hemocyanins are respiratory proteins with multiple functions. In diverse crustaceans hemocyanins can
release histidine-rich antimicrobial peptides in response to microbial challenge. In penaeid shrimp,
strictly antifungal peptides are released from the C-terminus of hemocyanins.

Methods. T

he three-dimensional structure of the antifungal peptide PvHCt from Litopenaeus vannamei was
determined by NMR. Its mechanism of action against the shrimp pathogen Fusarium oxysporum was
investigated using immunochemistry, fluorescence and transmission electron microscopy.

Results.

PvHCt folded into an amphipathic a-helix in membrane-mimicking media and displayed a random
conformation in aqueous environment. In contact with F. oxysporum, PvHCt bound massively to the
surface of fungal hyphae without being imported into the cytoplasm. At minimal inhibitory
concentrations, PvHCt made the fungal membrane permeable to SYTOX-green and fluorescent dextran
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beads of 4 kDa. Higher size beads could not enter the cytoplasm. Therefore, PvHCt likely creates local
damages to the fungal membrane. While the fungal cell wall appeared preserved, gradual degeneration
of the cytoplasm most often resulting in cell lysis was observed in fungal spores and hyphae. In the
remaining fungal cells, PvHCt induced a protective response by formation of daughter hyphae.

Conclusion.

The massive accumulation of PvHCt at the surface of fungal hyphae and subsequent insertion into the
plasma membrane disrupt its integrity as a permeability barrier, leading to disruption of internal
homeostasis and fungal death.

General significance.

The histidine-rich antimicrobial peptide PvHCt derived from shrimp hemocyanin is a strictly antifungal

peptide, which adopts an amphipathic a-helical structure, and selectively binds to and permeabilizes
fungal cells.

Graphical abstract

Highlights

» First description of a hemocyanin-derived antifungal peptide mechanism of action » PvHCt is a
histidine-rich antifungal peptide encrypted in shrimp hemocyanin » The hemocyanin-derived antifungal
peptide folds into an alpha-helix » PvHCt binds to fungal cells and specifically permeabilizes fungal
membranes » Fungal cell death results from specific peptide-induced fungal membrane damages
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Mechanism of antifungal activity of hemocyanin-derived PvHCt

1. Introduction

Antimicrobial peptides (AMPs) have become recognized as important components of the innate
immune system in a variety of organisms, ranging from plants to animals [1,2]. In invertebrates, which
lack the so-called acquired immunity, the role of AMPs is believed to be even stronger. Most
eukaryotic antimicrobial peptides are positively charged and contain hydrophobic amino acids.
Although highly diverse in their primary structures, AMPs share a common feature of amphipathicity.
Most cationic AMPs are membrane-active: they insert into and destabilize microbial membranes by
pore formation or detergent effect [3]. Alternatively, AMPs can translocate across membranes and/or
inhibit fundamental metabolic functions of microorganisms [4]. AMPs have been tentatively classified
into three main classes according to their amino acid compositions and three-dimensional structures:
(i) linear peptides tending to adopt a-helical amphipathic structures, (ii) peptides stabilized by
disulfide bonds, which form B-sheet or mixed a-helix/B-sheet structures, (iii) peptides with an over-
representation of particular amino acids such as Arg, Gly, Pro or Trp, which adopt extended structures
[1].

Major progress has been made over the past decade in the antimicrobial response of
economically relevant species of marine molluscs and crustaceans [5,6]. In particular, due to their
major production worldwide and to the huge economic losses caused by infectious diseases, penaeid
shrimps have been the subject of a significant investigative effort. Viruses and to a lesser extent
bacteria are the most serious shrimp pathogens [7,8], fungal diseases (mainly due to Fusarium) being
less frequent, but severe and deleterious [9]. Several families of gene-encoded peptides displaying
antifungal activities have been reported in shrimp, which could contribute to their innate capacity to
fight fungal infections. Penaeidins, which have been identified in penaeid shrimp only, are both active
against bacteria and filamentous fungi [10,11]. Their antifungal activity is believed to be mediated by
their ability to bind chitin [12]. In addition to penaeidins, antilipopolysaccharide factors (ALFS),
which form a functionally divergent family of AMPs from crustaceans [13], are essential in shrimp
defense against fungal, bacterial and viral infections [14,15]. The three-dimensional structures of both
penaeidins and ALFs have been determined [16,17]. Finally, stylicins, which form a family of LPS-
binding AMPs isolated from penaeid shrimp, were shown to display potent activities against
filamentous fungi [18].

Beside gene-encoded AMPs, a 23 amino acid-antifungal peptide termed PvHCt (Fig. 1) was
shown to participate to penaeid shrimp antimicrobial defense. PvHCt results from the proteolytic
cleavage of the C-terminal end of the Litopenaeus vannamei hemocyanin, the major protein of shrimp
plasma, in response to a microbial challenge [19]. PvHCt displays a high content in histidine (5 out of
23 residues), and also contains 3 anionic residues. Although most of the known eukaryotic AMPs are
gene-encoded cationic peptides, there are now a substantial number of anionic AMPs, which like
PvHCt are encrypted within the primary sequence of precursor proteins and released by proteolysis in
response to infection [20]. PvHCt corresponds to the most acidic C-terminal sequence of L. vannamei
hemocyanins (gene accession number AHY8647) (Fig.1). Generation of AMPs by cleavage of
hemocyanin C-terminus was also described in the crayfish Pacifastacus leniusculus, with a 16 amino
acid antibacterial peptide called astacidin-1 [21]. Contrary to astacidin-1, PvHCt from L. vannamei
and the longer PsHCt-1 and -2 from L. strylirostris are antifungal but not antibacterial [19]. To our
knowledge, this family of antifungal peptides is the only one to be characterized in penaeid shrimp
species. PVHCt is the smallest antimicrobial peptide isolated from L. vannamei plasma. It has a broad
spectrum of antifungal activity with minimum inhibitory concentrations (MICs) in the range 3-50 pM.
In particular, it inhibits the spore germination of the shrimp pathogen Fusarium oxysporum [19].
While the mechanisms underlying the antibacterial activity of AMPs have often been studied in
details, much less attention has been paid to the mechanism of action of antifungal peptides from
animal species. Most of the current knowledge comes from plant defensins, a family of cysteine-
stabilized a8 defensins that display a broad diversity of antifungal mechanisms of action [22].
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Here we elucidated the mechanism underlying the strictly antifungal activity exerted by the
shrimp hemocyanin-derived peptide PvHCt. By a combination of circular dichroism (CD) and ‘H
NMR techniques, we showed that PvHCt is an amphipathic a-helical peptide that acquires its three-
dimensional structure under membrane-mimicking conditions. We showed that PvHCt strongly binds
to the surface of F. oxysporum hyphae and induces local membrane damages that result in cytoplasm
gradual degeneration and fungal cell death.

2. Materials and methods

2.1. Materials

Egg phosphatidylcholine (PC), ergosterol, cholesterol and melittin from venom of the honey bee Apis
mellifera were from Sigma-Aldrich (France). Carboxyfluorescein (CF) was from Eastman Kodak
(France). All reagents used were of analytical grade.

2.2. Synthetic peptides

Synthetic peptides (purity > 98 %) either unprotected (PvHCt; MW = 2750 Da) or acetylated at the N-
terminus and amidated at the C-terminus (Ace-PvHCt-NH,; MW = 2791 Da) were purchased from
Genecust and Genepep, respectively. Peptide purity and mass identity were assessed by matrix-
assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF). The spectra were
recorded on an Applied Biosystems Voyager-DE-Pro instrument using a-Cyano-4-hydroxycinnamic
acid as the ionization matrix.

2.3. Microorganisms

Fusarium oxysporum (generous gift from Dr. Alain Vey, INRA, St. Christol-les-Alés, France),
Escherichia coli (MCAM, MNHN Paris) and Staphylococcus aureus (IBMC Strasbourg) were used in
the assays.

2.4. Circular dichroism

CD spectra were recorded on a Jasco J-810 instrument equipped with a Peltier effect-based
thermostated cell holder. Samples were studied in quartz cells with path lengths of 0.5 mm at 25°C.
Synthetic PvHCt and Ace-PvHCt-NH, were dissolved at 150 pM either in water at pH 5, in 10 mM
phosphate and citrate buffer at pH 7 and pH 3, respectively or in methanol. Spectra were acquired in
the absence or in the presence of 100 mM dodecylphosphocholine (DPC) micelles at both pH values
and in the absence or presence of 100 mM sodium dodecyl sulphate (SDS) micelles at pH 7. The
spectral contribution from the background was subtracted and the CD signals were normalized to the
peptide concentration and expressed as the mean residue weight ellipticity values [0] in deg.cm®.dmol
!, Samples were scanned over the 190-250 nm wavelength range by recording values every 1 nm with
50 nm min™ scan rate, 1 s response time and 1 nm band width. Each spectrum was the average of 5
scans. Deconvolution of CD spectra was achieved using different deconvolution methods [23];
Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml).

2.5. NMR spectroscopy

NMR data were acquired on a 400 MHz AVANCE 400 spectrometer equipped with a *H/X Z-gradient
BBI probehead and BCU-05 refrigeration / BVT 3000 temperature control unit and a 600 MHz
AVANCE IIl HD 600 spectrometer equipped with a triple resonance *H-"*C-"*N TCI cryoprobe with
Z-gradient (Bruker Biospin, Wissembourg, France). Synthetic unprotected PvHCt and modified Ace-
PvHCt-NH, peptides were dissolved in H,0O/D,0 (90:10) at pH 3.5 in the absence or presence of 350
MM dss-DPC and in dsz-methanol (CDsOH), respectively to yield NMR samples of final 3.5 mM
peptide concentration. A 100 fold molar excess of DPC was used to minimize the possibility of
peptide/peptide interactions. 'H chemical shifts were referenced to 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) at 0.00 ppm for experiments in H,O/D,O and in DPC micelles, or to the central
component of the quintet due to the CD,HOH resonance of methanol taken at 3.313 ppm, downfield
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from TMS. For sequential assignments and structure determination, recorded data sets included
COSY, TOCSY with a MLEV spin lock of 100 ms, NOESY, with 100, 200 or 400 ms mixing times,
within the temperature range of 288-323 K to identify overlapping spin systems. Solvent signal
suppression was achieved by using the pulsed-field gradient-based Watergate method in the pulse
sequences at 400 MHz or fulfilled by using excitation sculpting (600 MHZz). Data were collected and
processed using Bruker XWIN-NMR, AURELIA and TOPSPIN 3.2 softwares (Bruker Biospin,
Wissembourg, France).

2.6. Structure determination
The cross peak volumes of the 200 ms NOESY spectra were measured, calibrated with respect to the
cross-peak volume of the Pro5 geminal B-protons, which correspond to an interproton distance of 1.8
A, and converted into distance constraints using AURELIA software. When no stereospecific
assignments could be made for the methyl and methylene protons, appropriate pseudoatom corrections
were applied [24] and lower distance bounds were taken as the sum of the van der Waals radii of 1.8
A. A total of 215 and 134 upper and lower distance constraints were used for structure calculations of
PvHCt and Ace-PvHCt-NH, in DPC micelles and CD;OH, respectively. For calculation of the
solution structure of Ace-PvHCt-NH, in CD;OH, eight @ dihedral angles, inferred from the ® Jhncan
coupling constants measured from the 1D spectrum taken at 303 K were taken into account and
restrained to -60 % 30° for a *Jyncen lower than 6 Hz (Gly8, His9, lle10, Lys13, Val14, Phel5, His17
and Gly18). The three-dimensional structures of PvHCt and Ace-PvHCt-NH, compatible with the
experimental distance restraints obtained in DPC micelles and in CD;OH, respectively were calculated
using a standard simulated annealing protocol with the program X-PLOR [25], with a target function
similar to that used by Nilges et al. [26]. An ab initio simulated annealing protocol [26] was used to
generate a first set of 100 structures, starting from a template structure with randomised @, y angles
and extended side chains and only taking into account the intraresidue, sequential, medium- and long-
range restraints. For the Ace-PvHCt-NH, structure in methanol solution, the NOE restraints were
checked for violations and further 100 structure sets were calculated with the inclusion of the 8
selected @ dihedral angle restraints. Refinement of the structures was achieved using the conjugate
gradient Powell algorithm of energy minimization, using the CHARMMZ22 force field (files
topallh22x.pro and parallh22x.pro) [27]. Structures were visualized using MOLMOL [28] and
analyzed with MOLMOL and PROCHECK-NMR [29]. The 20 best structures on the basis of their
total energy including the electrostatic term, with no systematic NOE-derived distance violation larger
than 0.2 A for both PvHCt and Ace-PvHCt-NH, and no dihedral angle violation greater than 5° for
Ace-PvHCt-NH, were selected as the final structures of PvHCt and Ace-PvHCt-NH, in DPC micelles
and CD;OH solution. They showed no ideal geometry violation (RMSD <0.01 A and <2.2° for bond
lengths and valence angles, respectively).

The coordinates and NMR chemical shifts have been deposited in the Protein Data Bank and
the Biological Magnetic Resonance Bank databases (accession numbers: PvHCt: PDB 2N1C, BMRB
25555; Ace-PvHCt-NH,: PDB 2N30, BMRB 25631).

2.7. Spore germination and hyphal growth assays

F. oxysporum was grown at 25°C for 2 weeks on potato dextrose (Difco) agar medium. The spores
were collected from the plates with sterile water, passed through a glass wool filter to remove hyphae
and counted. For antifungal assays, fresh fungal spores were adjusted to 10* spores/ml in half-strength
potato dextrose broth (Y2 PDB, Difco) at pH 5. Inhibition of spore germination was monitored in 96-
well microplates, as described previously [19]. Briefly, each well received 80 ul of fungal spore
suspension (10* spores/ml), 10 pl PvHCt (serial dilutions ranging from 6 to 400 pM final
concentration) and 10 pl sterile water. Growth controls contained 80 pl of fungal spores and 20 pl of
sterile water. Spore germination was monitored under a light microscope after 24 h of incubation at
30°C in the dark. The ability of PvHCt to inhibit hyphal growth was monitored by adding 10 pl of
PvHCt solution (final concentrations in the range of 6-400 pM) or of sterile water (control) to the
spores (80 ul adjusted to 10* spores/ml) incubated for 13 h at 30°C in the presence of 10 pl sterile
water. Growth inhibition was observed under a light microscope after 48 h of incubation at 30°C. The
minimum inhibitory concentration (MIC) was defined as the lower peptide concentration at which the
fungus did not exhibit visible growth.
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2.8. SYTOX green uptake assay

The SYTOX green (Invitrogen-Molecular Probes) uptake assay was performed as described by
Thevissen et al. [30]. F. oxysporum spores (10* spores/ml) were grown for 48 h at 30°C in 96-well
microplates containing 150 pl of %2 PDB medium (pH 5) until a mycelium covered the surface of
microplate wells. In other microplate wells, 10* spores/ml were dispensed immediately before PVHCt-
treatment. 15 pl PvHCt (1.25-20 uM final concentration) or an equal volume of water (control) were
added to wells containing either hyphae or spores together with 0.5 pM SYTOX green to monitor
permeabilization of hyphae and spores. For bacterial cells, 150 pL of E. coli B and S. aureus were
grown at 37°C in Luria-Bertani (LB, pH 7.2) medium and adjusted to an absorbance at 620 nm of 0.3
before being incubated with 15 pL PvHCt (1.25-20 uM final concentration) and 0.5 pM SYTOX
green. SYTOX green uptake was monitored (Aex 480 Nnm / A 550 Nm) every 15 min over 2.5 h using
a TECAN microplate reader. For microscopic observation of SYTOX green uptake, fungal and
bacterial cells were treated as above for 2 h with PvHCt. Mellitin was used as a positive control.
Excess peptides (PvHCt or mellitin) were removed by two washes in culture medium, before 0.5 uM
SYTOX green was added. Cells were visualized using an Olympus ix70 inverted fluorescence
microscope equipped with standard green 495 nm-519 nm filter. Images were acquired with an
Amoticam pro 282B camera (Maotic).

2.9. FITC-dextran assay

The method described by Van der Weerden [31] was used with slight modifications. Briefly, hyphae
were grown as above and incubated with PvHCt (1.25-50 uM) or an equal volume of water for 2 h at
room temperature in % PDB (pH 5). Hyphae were washed twice for 10 min with ¥ PDB to remove
PvHCt before 4 kDa- or 10 kDa-FITC-dextrans (Sigma) were added to a final concentration of 1
mg/ml. Hyphae were incubated for 30 min at room temperature and then washed twice with ¥2 PDB to
remove excess FITC-dextrans. Hyphae were visualized as above using an Olympus ix70 inverted
fluorescence microscope.

2.10. Liposome permeabilization assay

Carboxyfluorescein (CF)-loaded small unilamellar vesicles (SUV) were used to measure the PvHCt-
induced permeabilization of liposomes, as described previously [32]. Briefly CF-entrapped SUVs
were prepared by sonication (Heat Systems Ultrasonics model W-225R sonifier equipped with a
microtip probe) of an egg phosphatidyl choline / ergosterol 7/3 mixture in Hepes buffer at pH 7.4. The
CF-loaded SUVs were separated from unencapsulated CF by gel filtration over Sephadex G75. The
peptide-induced release of CF at 20 min from the liposomes was measured as a percentage of the
maximal fluorescence intensity obtained after total lysis of the liposomes by 0.5% Triton X100, and
with a constant lipid concentration of 0.6 mM. CF fluorescence was monitored at 20°C on a Kontron
SFM 25 spectrofluorometer, at excitation and emission wavelengths of 488 and 520 nm, respectively.
The efficiency of the peptides tested was quantified by the R;* = [peptide] to [lipid] ratios. Melittin
was used as positive control.

2.11. PvHCt immunostaining

To monitor PvHCt localization in F. oxysporum, hyphae were incubated in %2 PDB (pH 5) with PvHCt
(400 uM) or an equal volume of water for 2 h at room temperature. Hyphae were washed twice for 10
min with % PDB to remove PvHCt before immunostaining. Analyses were carried out using PvHCt
polyclonal antibodies (lab product) as described in [33]. Briefly, after permeabilization with 0.1%
Triton X-100 for 1 h, the hyphae were incubated overnight at 4°C with anti-PvHCt (4 pg/ml) in
PBS/Bovine Serum Albumine (PBS/BSA) at 0.5% or in PBS/BSA (control). After three washes in
phosphate buffer saline (PBS) a second incubation was performed for 1 h at room temperature with
anti-rabbit Alexa green 488-conjugated (Pierce) diluted at 1:400 in PBS/BSA 0.5%. After three
washes in PBS, DAPI was added to the fixed tissues in the dark for 10 min. Upon staining, the
fluorescent products generated by the two dyes were visualized using a wide-field Olympus ix70
inverted fluorescence microscope equipped with standard green (495 nm-519 nm, Alexa green 488)
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and blue (358 nm-461 nm, DAPI) filters set and memorized using an Amoticam pro 282B camera
(Motic).

2.12. Transmission electron microscopy

Hyphae — A 48h culture of F. oxysporum hyphae obtained as in the Sytox green uptake assay was
exposed for 24 h at 30°C to 50 uM PvHCt or an equivalent volume of sterile water (control) diluted in
Y% PDB (pH 5). Hyphae were then fixed in 2.5% glutaraldehyde in PHEM buffer (1X, pH 7.4)
overnight at 4°C. They were then rinsed in PHEM buffer and post-fixed in a 0.5% osmic acid for 2 h
at dark and room temperature. After two rinses in PHEM buffer, the cells were dehydrated in a graded
series of ethanol solutions (30-100%). The cells were embedded in EmBed 812 using an Automated
Microwave Tissue Processor for Electronic Microscopy, Leica EM AMW. Thin sections (70 nm;
Leica-Reichert Ultracut E) were collected at different levels of each block. These sections were
counterstained with uranyl acetate and lead citrate and observed using a Tecnai F20 transmission
electron microscope at 200KV at the COMET MRI facilities, INM France.

Spores - F. oxysporum spores were adjusted to 10° spores/ml in % PDB (pH 5) and exposed for 12 h at
30°C to PvHCt (750 uM) or to an equal volume of sterile water (control). After two washes in 100
mM phosphate buffer, pH 7.4, spores were fixed for 3h at room temperature in 2 % glutaraldehyde
diltued in the same buffer. Spores were then post-fixed with 1 % osmium tetroxide for 30 min at room
temperature. After three washes in phosphate buffer, samples were dehydrated in a graded ethanol
series (50-100 %) and embedded in low viscosity Spurr’s medium (EMS: Electron Microscopy
Science). Ultra-thin sections, 60-70 nm thick, were cut with a diamond knife and collected on
Formvar-coated copper grids (EMS). Sections were stained with 2 % uranyl acetate in ethanol 50 %
during 10 min, before examination under a Hitachi 7100 transmission electron microscope operated at
75 kV at the MNHN electron microscopy facilities.

3. Results

3.1. PvHCt adopts a helical conformation in membrane-mimicking media

The structure of PvHCt, the 23 residue C-terminal peptide resulting from cleavage of the shrimp L.
vannamei hemocyanin, was studied using two synthetic peptides, PvHCt and Ace-PvHCt-NH,. PvHCt
is a free N- and C-terminus peptide devoid of posttranslational modification, which is identical to the
original natural peptide and was used previously for the initial study of its spectrum of activity [19].
Ace-PvHCt-NH, is the N-acetylated and C-amidated analogue of PvHCt, which was used here to
examine the effects of the N- and C-terminal charges on the peptide structure and activity. CD
spectroscopy was used for secondary structure determination. In all the conditions tested, both PvHCt
and Ace-PvHCt-NH, displayed very similar CD spectra, indicating that the charges at the peptide
extremities have no effect on its global conformation. In phosphate buffer (pH 7) and citrate buffer
(pH 3), the CD spectra of both peptides displayed a negative band at 200 nm characteristic of a
random coil conformation (Fig. 2). Therefore, both PvHCt and its N-acetylated and C-amidated
variant are unstructured in aqueous environments. In the presence of SDS micelles, the surface of
which is anionic, the spectrum appeared modified but kept characteristics of a random coil
conformation (Fig. 2A). On the contrary, in the presence of DPC micelles, which provide a lipid
surface used to mimic phospholipid bilayer environments containing a high amount of zwitterionic
phospholipids [34], such as fungal membranes [35], the spectrum displayed strong negative bands at
207 and 225 nm together with a strong positive band around 190 nm, indicating clearly a right-handed
helical structure at both pH 7 (Fig. 2) and pH 3 (data not shown). A similar helical structure was
observed for the N-acetylated and C-amidated Ace-PvHCt-NH, studied in an organic solvent like
methanol, which provides an uncharged non-micellar amphipathic environment that coarsely mimes
membranes (Fig. 2). Using different deconvolution methods, PvHCt was estimated to contain about
30-35% of helix and B-turns in these two environments and at both neutral and acidic pH. Whereas the
hydrophobic/amphipathic environment was important for the peptide structuration, the pH and the N-
and C-terminal charges of the peptide were not.
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3.2. PvHCt adopts an amphipathic a-helical structure in membrane mimicking media

In agreement with our CD data (Fig. 2), the 1D proton, TOCSY and DQF-COSY NMR spectra of
PvHCt in aqueous media showed a random-coil conformation for the peptide (Figs S1-S6). The
spectra in water indeed displayed little resonance dispersion in the NH and Ho regions and the *Jyncan
coupling constants were around 7 Hz. The solution structures of PvHCt and Ace-PvHCt-NH, were
then analysed in DPC micelles and in methanol (Figs. S7-S15), in which PvHCt was well structured as
determined by CD spectroscopy (Fig. 2). Despite several identical amino acids in the sequence, in
particular the 5 histidines, identification of all spin systems was achieved in both media from the
analysis of COSY, TOCSY, and NOESY spectra (Figs S8 and S12). As for the proline at position 5,
the presence of NOE cross peaks involving the Pro5 H6 and the Leud4 Hao was indicative of a trans
conformation of the peptide bond in both environments. The chemical shift indexes (CSI) determined
for the a-protons with respect to random coil statistical values [36] showed mainly negative deviations
indicative of a helical structure in the central region (residues 6-20) (Fig. S15). The presence of strong
dof(i, i+3) and daN(i, i+3), together with numerous successive dNN(i, i+1), as well as of several
daN(i, i+2) and/or daN(i, i+4) occurring without interruption from residue 6 to 19 in the NOESY
spectra taken in DPC micelles and in methanol (Fig. S15), also indicated that PvHCt forms a
continuous o-helix in the central region in these two environments. The *Jyncar coupling constants < 6
Hz measured in methanol for Gly8, His9, lle10, Lys13, Vall4, Phel5, Hisl7 and Gly18 were in
agreement with the helical structure (Fig. S15). We observed that the a-helix starts after the Pro5
residue known to initiate helices [37,38].

The final sets of conformers calculated for PvHCt and Ace-PvHCt-NH, in DPC micelles and
in methanol, respectively (Fig. 3) showed that both peptides adopt a-helical structures encompassing
the central region (residues 6-16 in DPC micelles, 8-18 in methanol). The remaining N- and C-
terminal extremities were disordered. The structural statistics are summarized in Table 1. In 10 % of
the structures calculated for the DPC micelle environment, the helix contains 3, helix parts, while it is
only of the a-type in methanol. The side-chain orientations indicate that PvHCt and Ace-PvHCt-NH,
helices have a marked amphipathic character due to well-defined aromatic and potentially basic
sectors (Fig. 3B, C, E, F). The basic residues (Lys, His) are lining up on one face of the helix, while
the aromatic residues (Phe) form a hydrophobic sector on the other side. Finally, depending on the pH,
the N- and C-terminal regions can be negatively and positively charged respectively, due to the
localization of Glu2, Asp3 at the N-terminus and of His22, His24 at the C-terminus. As a result,
PvHCt adopts an amphipathic a-helical structure in membrane-mimicking environments and belongs
to the class of the a-helical antimicrobial peptides

3.3. PvHCt does not permeabilize egg PC/ergosterol liposomes

PvHCt and Ace-PvHCt-NH, were observed in our assays to have similar activity on F. oxysporum
spore germination with MIC of 12.5 uM, as previously described [19], and on hyphal growth. To
determine if this antifungal activity involves a specific interaction with major membrane components,
we examined whether PvHCt could induce membrane damages in artificial membranes composed of a
zwitterionic phospholipid (phosphatidylcholine, PC) and ergosterol, the sterol specific to fungal
membranes. Small unilamellar vesicles (SUVs) of PCl/ergosterol 7:3 were loaded with
carboxyfluorescein (CF, molecular mass ~ 0.37 kDa) and the CF leakage was monitored by
fluorescence spectroscopy. Even at high R peptide to lipid ratios up to 50 x 10°%, which corresponds
to 1 peptide molecule for 20 lipids, PvHCt was unable to induce any CF leakage (data not shown). By
contrast melittin, which is known to exert its antifungal activity by membrane permeabilization and
lysis [39], induced 100 % CF leakage at the much lower peptide to lipid ratio of 5 x 10°° (1 peptide for
200 lipids).

3.4. PvHCt binds to the surface of fungal cells

To localize PvHCt on F. oxysporum cells, hyphae were treated with 400 pM PvHCt (20 times the
MIC) before immunostaining with anti-PvHCt polyclonal antibodies. An intense green fluorescence
indicative of PvHCt binding was observed at the surface of PvHCt-treated hyphae, which was not
visible in non-treated controls (Fig. 4). Despite the high concentration of PvHCt used, the hyphae
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intracellular space was negative to antibody staining, indicating that PvHCt most likely stays at the
fungal wall and/or at the membrane (Fig. 4).

3.5. PvHCt compromizes fungal but not bacterial membrane integrity

We examined the membrane-activity of PvHCt on live cells by treating fungal and bacterial cells with
PvHCt (10, 20 uM) and monitoring the uptake of SYTOX Green, a fluorescent dye that intercalates
into the DNA strands of cells having a damaged plasma membrane. F. oxysporum hyphae were
observed by epifluorescence microscopy. At 10 uM, all the hyphae were not stained by SYTOX
green, while at 20 puM, i.e. above the MIC (12.5 uM), all hyphae were stained (Fig. 5A). Similarly,
spores of F. oxysporum treated with PvHCt were positive to SYTOX Green staining (Fig S16).
SYTOX Green uptake was then measured over a range of PvHCt concentrations. Fluorescence was
detected even at the lowest PvHCt concentration (1.25 uM) and increased in a dose-dependent manner
to reach a threshold at 10 uM PvHCt, which is close to the MIC. Fluorescence increased rapidly, being
detected as soon as PvHCt was added to the F. oxysporum hyphae (Fig. 5B). Interestingly, neither E.
coli B (Gram-negative) nor S. aureus (Gram-positive), which are not susceptible to PvHCt
antimicrobial activity, could be stained by SYTOX green at 200 UM peptide concentration (data not
shown). In similar conditions, melittin used as a positive control was able to induce uptake of SYTOX
green in F. oxysporum, E. coli and S. aureus (data not shown). From our data, PvHCt induces a
selective and dose-dependent permeabilization of the hyphae of F. oxysporum, which is consistent
with the MICs against this shrimp pathogen (Fig. 5B).

3.6. PvHCt causes local damages to the fungal membrane

To characterize the membrane damages caused by PvHCt in F. oxysporum, hyphae treated with
increasing concentrations of PvHCt (10-50 uM) were incubated with SYTOX green or FITC-labeled
dextrans of two sizes, either 4 or 10 kDa. Dextrans of 4 kDa entered hyphae at the same PvHCt
concentration that led to SYTOX green uptake (molecular mass ~ 0.65 kDa), whereas 10 kDa dextrans
were excluded even at high PvHCt concentration (Fig. 6), suggesting damages of limited size were
created in the membrane. To examine the stability of PvHCt-induced membrane damages, a second
experiment was done in which SYTOX green and dextrans were added after removal of PvHCt by
extensive washing. Both SYTOX green and 4 kDa FITC-dextran entered the hyphae after peptide
washing (data not shown), indicating the persistence of the observed PvHCt-induced membrane
damages.

3.7. PvHCt induces severe damages to F. oxysporum hyphae and triggers daughter hyphae formation
To get deeper insight into PvHCt mechanism of action, ultrastructural effects of the AMP on fungal
spores were examined by transmission electron microscopy (TEM). Major ultrastructural changes
were observed on PvHCt-treated hyphae. In particular, a large number of ghost cells were observed in
which only cell walls remained visible (Fig. 7A). When the cytoplasmic material was still visible
inside cells, most often the ultrastructure of the cell was completely disorganised, with a lack of intact
organelles (Fig 7C-D). Remarkably, we observed a high number of cells containing daughter hyphae
(Fig. 7A-C): hyphae appeared duplicated, a new hyphae being surrounded by the cell wall, and
occasionally the cytoplasmic content of the parent hyphae. Most of the time, the parent hyphae had
lost its integrity. Common observations were a loss and/or condensation of the cytoplasmic content
(Fig 7C-D), and cell wall disruption of the parent hyphae (Fig 7A). Daughter hyphae often showed a
preserved ultrastructure (Fig 7B). In some cases, both the parent and the daughter hyphae were
disrupted. Non-treated hyphae (controls) showed a preserved ultrastructure and a total absence of
daughter hyphae formation (Fig 7E-F).

3.8. PvHCt disrupts the ultrastructure of fungal spores and blocks the spore metabolism

We also observed major ultrastructural changes induced by PvHCt on fungal spores. Before the
beginning of germination (t0), all untreated spores displayed plasma membranes surrounded by very
clear cell walls. The control spores showed a large content in lipid bodies (Fig. 8A), 77 % of the
spores presenting such structures (Table 2). Numerous mitochondria were observed, while
peroxisomes were completely absent at tO (Table 2). After a 12 h-incubation at 30°C (t12), 63% of the
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control spores showed the development of electron-dense peroxisomes (Fig. 8B), while a decrease in
the number of lipid bodies was observed (from 77% to 37% of the spores) (Table 2). Both events are
associated with the beginning of spore germination. No mitochondria were observed. In PvHCt-treated
F. oxysporum spores fixed 12 h after treatment (t12PvHCt), highly damaged ultrastructures were
observed (Fig. 8C). As in t12 controls, the number of spores containing lipid bodies was reduced down
to 43%. However, contrasting with the t12 controls, PvHCt induced a major disorganization of the
cytoplasm, with a damaged plasma membrane (Fig. 8C) and a large number of cell debris (observed in
40% of the spores). Few mitochondria remained observable. Finally, PvHCt-treated spores showed a
total absence of peroxisomes, which indicated an arrest of the metabolic activity.

4, Discussion

We characterized here the three-dimensional structure and antifungal mechanism of action of PvHCt, a
hemocyanin-derived antifungal peptide released in shrimp plasma in response to infection. Results
from the present article showed that PvHCt adopts an a-helical structure in membrane-mimicking
media and specifically inserts into fungal membranes thereby creating severe damages to fungal
spores and hyphae leading to cytoplasm degeneration and ultimately cell death.

4.1. Structure of PvHCt

PvHCt was shown to adopt an amphipathic o-helical structure in membrane-mimicking environment,
while it was unstructured in agueous medium (Figs 2-3). Similarly, a number of AMPs adopt an active
amphipathic a-helical structure upon interaction with membranes or micelles. Like PvHCt, which
contains 5 histidines out of 23 residues (22%), several a-helical AMPs are histidine-rich peptides.
Indeed, moronecidin / piscidin [40,41], clavanins [42] and histatin 5 [43,44], which are highly cationic
AMPs, contain 4 to 7 histidines out of 22 to 24 residues (18 to 29 %) and adopt helical structures. a-
helical antibacterial peptides often carry N-terminal helices stretching from the very first residues
[45,46,47,48]. In many cases the helices contain a bend, which is generally due to the presence of
proline or glycine, two residues known to generate flexibility and induce kinks in helices, due to the
absence of an amide proton and of a side chain on the a-carbon, respectively. On the contrary, in the
antifungal peptide PvHCt, we found that the helix spans the central part of the sequence and starts
after Pro5 in methanol solution or at Gly8 in DPC micelles (Fig 3). These residues could act as
flexible hinges in PvHCt, thus facilitating a deeper membrane insertion, as observed for other AMPs
[49,50]. The N- and C-terminal extremities remain unordered, affording presumably two more flexible
short regions. The helix encompasses two well-defined sectors with different charge and polarity, thus
exhibiting a clear amphipathic character. A hydrophobic face assembles the most hydrophobic and
aromatic residues, while charged and more polar residues are lining on a polar face (Fig. 3). The N-
and C-terminal extended extremities bear a negatively-charged and a positively-charged patch,
respectively. This amphipathic helical structure likely contributes to the interaction of PvHCt with the
fungal plasma membrane: two phenylalanines included in the helical region (Phe7, Phel5) could
indeed participate in the interaction with the membrane bilayer and be preferentially located at the
bilayer interface, as demonstrated for LL-37 or clavanin [50,51]. The aromatic imidazole groups of the
histidines, which are only partially protonated at pH values around 6.5, could also contribute to the
interaction. Altogether, our NMR and CD results indicate PvHCt has the potential to form an
amphipathic a-helix in contact with biological membranes and to further interact with phospholipid
bilayers by the anchoring of phenylalanine and histidine residues and the flexibility arising from Pro5
and Gly8.

4.2. Binding of PvHCt to the fungal cell surface

PvHCt was found to bind massively to the cell surface of F. oxysporum but not to enter into the
hyphae cytoplasmic space. Indeed, a strong fluorescent labelling of the surface of hyphae was
observed upon immunostaining with anti-PvHCt antibodies, but the hyphae intracellular space
remained free of labelling (Fig. 4). Therefore, the fungal cell wall and/or membrane appear to be
important cellular targets for PvHCt. The essential role of fungal cell wall components in initiating the
insertion of strictly antifungal peptides into fungal membranes has been previously reported for the
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histidine-rich histatin-5 [52] and NaD-1 defensin [53]. We observed in this study a damaging
interaction of PvHCt with fungal but not bacterial membranes (Figs 5-6). Binding of AMPs to
biological membranes is often driven by electrostatic interactions between the negatively charged
membranes of fungi and bacteria and the positive charges of cationic AMPs [3]. However, PvHCt
displays a theorical pl of 6.16 (Fig.1). Although this is rather unusual among AMPs including the
histidine-rich AMPs previously mentioned, an increasing number of anionic AMPs have now been
described with net negative charges in the range of -3 to -2 at physiological pH [20]. PvHCt contains
three negatively charged amino acids. Importantly, it also contains 5 histidines that behave as cationic
residues at pH values below 6 and as aromatic uncharged residues at pH 6-7. As a consequence,
PVHCt net charge can rapidly revert from -2 to +3 in a narrow range of pH values close to the
physiological pH inside spores and hyphae (pH 6.5-7.0) [54]. Similarly, PvHCt is expected to behave
as a cationic peptide at the pH of antifungal assays (pH 5) but as an anionic peptide at the pH of
antibacterial assays (pH 7.2). This may have important consequences on electrostatic interactions
between PvVHCt and biological membranes and consequently on the selectivity of PvHCt towards
fungi. However, from our CD and NMR data, PvHCt adopts an amphipathic a-helical structure in
zwitterionic membrane mimicking media at both pH 3 and 7 (Figs 2-3). Moreover, the additional
charges at the two extremities of the peptide were found here not to be critical, neither for the structure
acquisition nor for the antifungal activity. Altogether, those results suggest that hydrophobicity is a
stronger driver than charge in the interaction of PvHCt with biological membranes.

4.3. PvHCt creates damages to the fungal membrane

PvVHCt was shown to create local damages to the membrane of the shrimp pathogen F. oxysporum.
First, we found that PvHCt induced a massive uptake of SYTOX green in F. oxysporum spores and
hyphae, which cannot cross the membrane of live cells, but readily penetrates compromised plasma
membranes. From our results, the plasma membrane of F. oxysporum spores and hyphae is rapidly
compromised (within a few minutes) upon incubation with PvHCt (Fig. 5). The level of damages
induced by PvHCt on F. oxysporum hyphae was shown to be dose-dependent, the maximum of
SYTOX green fluorescence being observed between 10 and 20 uM (Fig. 5), which correlates with the
minimal inhibitory concentrations (MIC 12.5 uM).

In addition, at concentrations close to the MIC, the membrane damages were found to be
limited in size. Indeed, FITC-dextran beads with a size of 10 kDa (average globular diameter 23 A)
were unable to reach the cytoplasm of PvHCt-treated samples unlike 4 kDa beads (average globular
diameter 14 A) (Fig. 6). Similar observation of FITC-dextran selective uptake were interpreted as
indicative of pore formation in filamentous fungi treated with the NaD1 plant defensin [31]. However,
unlike PvHCt, the cationic antifungal defensin NaD1 massively enters the cytoplasm of filamentous
fungi, in a process that requires the Agp2p membrane protein and likely relies on electrostatic
interactions between NaD1 and the membrane [55]. Formation of pores has also been proposed for
astacidin-1, a 16-mer antibacterial peptide (theoretical pl=10), which contains two putative B-sheets
[21], and was recently found to depolarize the membrane of yeast cells [56].

Although in depth studies would be required to determine the precise nature of the
peptide/membrane interactions [57], the three-dimensional structure of PvHCt is consistent with the
capacity of PvHCt to insert into biological membranes as demonstrated in our fungal membrane
permeabilization assays. Indeed, the amphipathic character of a-helical peptides is recognized as a
major determinant of the capacity of hydrophobic and cationic AMPs to insert into membrane bilayers
[3] [58]. This is now also recognized for membrane-active anionic AMPs [20]. Thus, targeting of the
fungal plasma membrane has arisen as a convergent mechanism of action among antifungal peptides
of diverse charges and three-dimensional structures.

4.4. Final stage of fungal killing by PvHCt

Besides inhibiting spore germination, we showed here that PvHCt prevents hyphal growth. In our
TEM observations, PvHCt created severe damages to the hyphae structures with a gradual
degeneration of the cytoplasm, which often resulted in cell lysis, as indicated by abundant ghost cells,
disrupted membranes and occasionally disrupted cell walls. Most of the remaining live fungal cells
gave birth to daughter hyphae by producing new wall material inside the original hyphal cells, a
protective response also reported in filamentous fungi exposed to a fungicide treatment like
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tebuconazole [59]. Many of the original hyphae appeared collapsed and in some rare cases, the
daughter hyphae appeared to grow out of the original hyphae (Fig. 7).

TEM experiments on F. oxysporum spores allowed to get insight into the ultimate state of F.
oxysporum killing by PvHCt. As with hyphae, PvHCt induced major cytoplasmic and plasma
membrane damages in spores (Fig. 8). The PvHCt-mediated arrest of growth was associated with the
absence of peroxisomes, which were conversely observed in most of the germinating spore sections
(controls). Among the functions of peroxisomes are the sequestration of oxidative steps in lipid
metabolism including B-oxidation of fatty acids, and steps in the synthesis of sterols, isoprenoids,
ether-phospholipids, and polyunsaturated fatty acids [60]. The absence of this organelle in the PvHCt-
treated spores is not only consistent with the observed growth arrest, but also suggests that upon
PvHCt-treatment, F. oxysporum spores become unable to repair damaged membranes. The rapid
degradation of peroxisomes in yeast has been associated to specific autophagy processes (pexophagy)
eliminating damaged peroxisomes [61]. Peroxisomes also undergo rapid pexophagy when the
metabolic pathways they contain are no longer required for cellular metabolism. However, in PvHCt-
treated spores, peroxisomes may not have been produced rather than degraded. Unlike histatin-5,
which has been shown to inhibit respiration [62] after translocation into the cytoplasm in a non-lytic
manner [52] or through an energy-dependent local membrane disruption process [63], we did not
observe any specific effect of PvHCt-treatment on mitochondria. Unlike some antifungal plant
defensins [22], PvHCt did not induce signs of apoptosis in hyphae neither.

4.5. Mechanism of antifungal activity of PvHCt

Altogether our structural and biological data strongly suggest that PvHCt antifungal activity is a direct
consequence of its membrane-activity. Indeed, we showed (i) that PvHCt has an a-helical amphipathic
structure compatible with insertion into biological membranes, (ii) it creates membrane damages of
limited size in fugal membranes, and (iii) it permeabilizes fungal membranes at doses consistent with
its MIC. Consistent with its absence of antibacterial activity [19], we also found that PvHCt fails to
permeabilize membranes of bacteria. We believe that this ability to specifically permeabilize fungal
but not bacterial membranes is responsible for its specificity of action against fungi. Interestingly, we
found that PvHCt was unable to acquire its a-helical structure in fully anionic SDS micelles, but in
DPC micelles which mimic phosphatidylcholine zwitterionic membranes. This is consistent with
fungal membrane composition, and especially F. oxysporum one, which contains zwitterionic
phospholipids as major components (about 70-80% PC/PE) together with a lower and variable
proportion of anionic phospholipids (essentially PS) [35].

PvHCt was also unable to permeabilize PC liposomes containing ergosterol. This indicates
that the mechanism of its antifungal activity does not involve a particular interaction with the sterol of
fungal plasma membrane. The capacity of antifungals to permeabilize liposomes can depend on the
charge and unsaturation of lipids [64]. Therefore the lack of PvHCt activity on model membranes
could result from the use of PC as the only lipid. Alternatively, insertion of PvHCt into membranes
could require a membrane potential, which is lacking in the liposomes used. Such an energy-
dependent mechanism of action has been found to be critical for other membrane-active peptides [65].
Finally, another likely hypothesis is that like for histatin-5 or NaD1 [52,53], a specific
receptor/docking molecule present at the fungal cell wall or membrane could be required for PvHCt
recognition, concentration and further insertion into the fungal membrane.

In conclusion, we have characterized here the structure and mechanism of action of an
antifungal peptide involved in crustacean immunity. One interesting feature of PvHCt is that it is
encrypted in the most abundant plasma protein of crustaceans, the hemocyanin. Therefore, unlike
gene-encoded cationic defense peptides (penaeidins, crustins, ALFs... ), it can be obtained in large
quantities in the absence of recombinant production/purification system, by proteolytic cleavage of
hemocyanin. Alternatively, it can be obtained easily by chemical synthesis as done in this article.
From its marine origin and its low acidic pl, PvHCt retains antimicrobial activity in the presence of
salts, while many cationic AMPs do not. Altogether, these findings open the way to new prospects on
the use of marine AMPs, easy and inexpensive to produce for biomedical or agriculture/aquaculture
applications.
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Table 1. Structural statistics for the NMR solution structures of PvHCt and Ace-PvHCt-NH, in the

presence of DPC micelles and in methanol solution, respectively.

Mechanism of antifungal activity of hemocyanin-derived PvHCt

PVHCt Ace-PvVHCt-NH,
Energetic parameters (kcal.mol™)?
Bond 10.4+0.35 11.62+0.36
Angle 49.24 + 3.45 40.77 + 3.29
Dihedral 82.99 + 4.68 84.87 + 3.83
Improper 0.78x0.14 0.67x£0.17
van der Waals -44.24 + 5.40 -57.36 £6.34
Electrostatic 0.9+£0.23 -1.24 +0.84
NOE restraint” 6.8 +1.23 1.16 +0.31
Dihedral restraint® - 0.0
Total energy 106.9+7.34 80.51+8.19
Deviations from ideal geometry
RMSD bond (A) 0.009 0.01
RMSD angle (°) 2.17+£0.08 1.95+0.08
RMSD improper (°) 1.24 +0.16 0.97 £0.23
Ramachandran (%)
Most favored 725 78.1
Additionally allowed 24.2 15.8
Generously allowed 2.2 3.9
Disallowed 1.1 2.2
Pairwise atomic RMSD (A)d
Backbone atoms 0.40+0.14 041+£0.14
Heavy atoms 1.37+0.37 1.30+0.19

% The parameters are from CHARMM22 ; the van der Waals energy is calculated with a switched
Lennard-Jones potential and electrostatic energy with a shifted Coulomb potential with a dielectric
constant € = 80.0 (water) or 32.7 (methanol).

® The experimental energy was calculated with a square-well potential and with a force constant of 50
kcal mol* A2,

® The experimental energy was calculated with a force constant of 20 kcal.mol™.rad.

¢ Residues selected for the fit are 6-16 for PvHCt in DPC and 8-18 for Ace-PVHCt-NH, in CD;OH.

Table 2. Statistics for the ultrastructure changes observed in F. oxysporum spores treated or not
(control) with PvHCt (percentages of spores including the observed structures).

Lipid bodies = Mitochondria  Peroxisomes Cell debris

t0 control? 77 17 0 10
t12 control® 37 0 63 18
t12 PVvHCt 43 3 0 40

#number of spores counted: 60
® number of spores counted: 150
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Figure legends

Fig. 1. Alignment of PvHCt peptide with C-terminal sequences derived from L. vanamei hemocyanin
genes. Sequence names / genebank accession numbers are shown on the left. Theoretical isoelectric
points (pl) are shown on the right. Residues differing from the PvHCt sequence are highlighted in

gray.

Fig. 2. CD analysis of the conformational changes of PvHCt in different environments. (A) CD
spectra of PVHCt in phosphate buffer at pH 7, in the absence and presence of DPC and SDS micelles,
and of Ace-PvHCt-NH, in methanol. (B) CD spectra of PvHCt in citrate buffer at pH 3, in the absence
and presence of DPC micelles, and of Ace-PvHCt-NH, in methanol.

Fig. 3. Three-dimensional structure of PvHCt. Superposition of backbone atoms of the 20 final
NMR-derived lowest energy structures of PvHCt in interaction with DPC micelles (A) and of Ace-
PvHCt-NH; in methanol (D), respectively (B, C, E, F). The structures include an amphiphatic a-helix
spanning the central region (acidic, basic and aromatic residues are coloured red, green and black,
respectively; proline is coloured blue, other residues are not shown).

Fig. 4. PvHCt binds to the surface of F. oxysporum hyphae . Non-treated (negative control) and
PvHCt-treated hyphae were stained with anti-PvHCt antibodies (green fluorescence). Nuclei were
stained with DAPI (blue fluorescence). Hyphae were observed under a fluorescence microscope (40x).
PvHCt detection is observed at the surface of PvHCt-treated hyphae only.

Fig. 5. PvHCt induces membrane damages in F. oxysporum hyphae. Hyphae were treated with
increasing concentrations of PvHCt (from 1.25 to 20 uM) in the presence of SYTOX green. (A)
Hyphae observed after 2.5 h under a fluorescence microscope (40x). Light and fluorescence pictures
are merged. (B) Time-course of SYTOX green uptake monitored by fluorescence spectrometry. Each
point represents the mean of three individual measurements + S.E.

Fig. 6. Characterization of membrane damages caused by PvHCt in F. oxysporum. Hyphae were
treated with increasing concentrations of PvHCt (10-50 pM) and incubated with SYTOX green, 4 kDa
FITC-dextran or 10 kDa FITC-dextran and observed under a fluorescence microscope (40x). Only
small fluorescent dyes (SYTOX green and 4 kDa FITC-dextran beads) stain the cytoplasm of PvHCt-
treated hyphae.

Fig. 7. Transmission electron microscopy of F. oxysporum hyphae sections. A-D. Hyphae treated for
24 h with 50 uM PvHCt. (A) At low magnification many ghost cells (GC, black arrows) are observed
together with a high number of daughter hyphae (DH, white arrows). (B,C) The daughter hyphae cell
wall (dcw) are thick compared to parent hyphae cell wall (cw). (B) Some parent hyphae have a
preserved integrity of the cytoplasmic organelles. (C) Some show a retracted cytoplasm with an intact
plasma membrane (mb). (D) Some have a disrupted cytoplasmic membrane and the cytoplasmic
content is degraded. E-F. Control hyphae containing mitochondria (m) and lipid bodies (I) and an
intact plasma membrane (mb).

Fig. 8. Transmission electron microscopy of F. oxysporum spore sections. A, control spore containing
large lipid body (I) and an intact plasma membrane (mb) (black arrow); B, control spore at 12 h,
showing the beginning of germination with the development of peroxisomes (p); C, a spore 12 h after
PvHCt treatment showing a significant decrease of lipid bodies and a damaged plasma membrane.
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Name Cter sequence Theorical pl
PvHCt 1 FEDLENF GHIQVEVFNHGEHTIHH 23 .16
AHYSR474 147 FEDLPNF GHIGV EVFNHGEHIHH 169 g.18
AHYB6478 358 FEDLPNF GHIBV EVFHNHGEHIHH 380 6.27

CABB5965 649 FEELPNFGHI.K‘JE‘NHGEHIHH 671 6.27
AIN41163 £45 FEELPNE‘GHIQ‘\FK'\FETIHGRFHI- e72 £.27
AHNB5635 £41 FEELPNFIHIQ‘JE‘JENHGEHI—H EEZ £.43
ADZ15149 650 FEDLPNF GHIBV EVFNHGEHIHH 672 £.54
AHY8&4TT 554 FE ELE‘NE‘IHIQ‘\FFHFETJHGEHIHH 676 5.54
Figure 1
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Figure 3
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Figure 8
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