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Abstract

The antifungal protein (AFP) secreted Bgpergillus giganteugxerts growth inhibitory effects on various filamentous fungi. In order
to obtain more information on the mode of action of AFP, we used transmission electron microscopy in this study to compare the cellular
ultrastructure of the AFP-sensitivespergillus nigerand of the AFP-resistamenicillium chrysogenumpon AFP treatment. Furthermore,
AFP was localized by immunogold staining in both fungi. Severe membrane alteratiénsigerwere observed, whereas the membrane of
P. chrysogenumwas not affected after treatment with AFP. The protein liaed predominantly to a cell wall attached outer layer which is
probably composed of glycoproteins, as well as to the cell wall.afiger. It was found to accumulate within defined areas of the cell wall,
pointing towards a specific intaction of AFP with cell wall componest In contrast, very little proteinas bound to the outer layer and cell
wall of P. chrysogenumor future applications of AFP as an antimycotic drug, the mode of action of the protein was further characterized.
The protein was found to act in a dose-dependent manner: it was fungistatic when applied at concentrations below the minimal inhibitory
concentration, but fungicidal at higher concentrations. Using an in vivo model system, we were able to finally show that AFP indeed prevented
the infection of tomato rootd gcopersicon esculentyrby the plant-pathogenic fungdisarium oxysporurfi sp.lycopersici
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction is sparse. In order for it to be applied, an antifungal protein
needs to fulfill several prerequisites such as antifungal activ-
Proteins with antifungal activity have been isolated from ity i_n vivo and lack qf effects on the host cells. Furthermore, _
various organisms ranging from bacteria, plants, insects and'eSistance mechanisms need to be excluded as far as possi-
amphibians to human beings. Both their fungal target site ble. T_herefore, mv_estlgatlon of_the target site and the mode
and their mode of action are extremely diverse (for review ©f action of an antifungal protein should reveal whether the
see [23]). However, despite the ubiquitous occurrence of an-Protein is suitable for an application.
tifungal proteins, none of these proteins are currently being | "¢ antifungal protein (AFP) which is secreted by the
utilized in either food preservation or in treating clinically imperfect ascomycetaspergillus giganteufl9] is a small

relevant pathogenic fungi. One reason for this discrepancy2?:'ecvgrr§|t§:2r:’]\’;']fgu2?3n%?ergjzglv‘;pox t';:'ggntg;giowm
igh h h f acti f th ins. . ! . . :
might be that data on the mode of action of these protelnslum andAspergillus[11,22,27]. The protein consists of 51
amino acids and is folded into a small compact structure with
* Corresponding author. four stabilizing disulfide bridges [15]. AFP causes mem-

E-mail addressv.meyer@lIb.tu-berlin.de (V. Meyer). brane permeabilization in AFP-sensitive fungi by an as yet
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poorly understood mechanism, and its minimal inhibitory posed of 2% soluble starch, 1% beef extract, 2% peptone
concentrations (MICs) range from 0.1 fmgl for Fusarium and 0.5% NacCl. The culture was subsequently incubated at
moniliformelfGB 39/1402 up to 200 ygnl for Aspergillus 37°C for 20 h. Both, the purification of AFP from the culture
nidulansG191. However, the antifungal activity of AFP is  supernatant oA. giganteusnd the quantification of its anti-
strongly diminished in the presence of cations [22]. fungal activity by the determination of minimal inhibitory
The localization of AFP within sensitive and resistant concentrations (MIC) usind\. niger as a test strain were
fungi by means of immunofluorescent staining revealed that performed as described previously [22]. The putative tem-
the protein binds to the cell wall or the membrane of AFP- perature sensitivity of AFP was analyzed by treating AFP,
sensitive fungi, and it is localized intracellularly in AFP- diluted in solution E (0.05 M sodium acetate, 0.1 M NaCl),
resistant fungi [22]. However, immunofluorescent staining at different temperatures, ranging from 60 to 200 Prein-
with subsequent fluorescent microscopic analysis did not al- cubated AFP was subsequently assayed for its MIC on the
low further characterization of the target site of AFP. test strairA. niger.
In the present study, we used transmission electron mi-
croscopy (TEM) for structural analysis of the AFP-sensitive 2 3. Analysis of the fungicidal and fungistatic effect of AFP
fungus A. niger and the AFP-resistant fungu® chryso-
genumafter treatment with AFP. We also localized the pro- Conidia of the AFP-sensitive fungus nigerwere cul-

tein within these fu_ngi byimmunogo_ld stainir_1g with s_ubse- tivated in YPG medium (0.3% yeast extract, 1% peptone,
guent TEM analy5|§ in order to obtain more information on 29 glucose, (pH 4.5)) containing different AFP concentra-
the cellular _targe_t site of AFP. . tions, ranging from 1 ngml up to 100 pgml. After 48 h

As AFP inhibits the growth of several plant pathogenic of incubation, the AFP solution was removed and conidia
fungi in vitro, it might be suitable as a substitute for classi- and mycelia ;/vere washed three times with YPG medium
cal fungicides. We therefore tested the heat stability of AFP Subsequently, fungi were inbated for an additional 72 h '
and sought to determine whether AFP acts in a fungistatic in YPG mediL,Jm without AFP, For negative control, coni-

or fungicidal manner. Vila et al. r_ep_orted _that rice_ plants are dia of A. nigerwere cultivated in YPG medium lacking AFP
protected againdlagnaporthe griseanfection by direct ap- for 48 h, washed and further cultivated for 72 h as described

pil)?suiltﬁg ?JtﬁrFePato :;gzﬁlgﬁv(;s A[Izig].vxfg)l(l)éhs; ?ﬁgmfcl)fel;otzoi above. A fungistatic effect of AFP was assumed if growth of
P PP P A. nigerwas reduced during AFP treatment, but compara-

of tomato plants against the pathogeroxysporumwhich ble to the negative control &t replacement of the medium.

et hat solonzes and nfects tomatc 100t and caaee wi TN® GTOWth imhbitry effect was considered fungicidal
no growth could be detected after 72 h incubation in YPG

diseases of worldwide economic importance [9]. We show medium lackina AEP
in this study, that AFP also holds promise in protection of 9 '
tomato plants, as the protein was found to prevent infection

of tomato roots byF. oxysporunt. sp.lycopersici 2.4. Transmission electron microscopy (TEM)

2.4.1. Cultivation of fungi

24-well microplates (TPP, Switzerland) containing 1 ml
YPG medium per well were inoculated withx3L0° conidia.
All subsequent steps, including AFP treatment and sample

The fungal strains. giganteusMDH 18894, A. niger fixation were carried out in 24-W(_all micrqplates. The fungi
IFGB15/1802F. oxysporuni. sp.lycopersiciandP. chryso- were cultivated for 18 h at 28 with contlnuoys agitation
genumATCC 10002 were selected from the strain col- at 120 rpm. Subsequently, 100 pl AFP solution was added
lection of the Institut fiir Garungsgewerbe, Berlin. The © final protein concentrations of 1 jigl up to 300 pgml.
tomato seed&ycopersicon esculentuiarzglut F1) were For negative controls, 100 pl solution E without AFP was
purchased from Saatzucht QUiaburg (Quedlinburg, Ger- added. The supernatants were removed after 1 h and the hy-
many). The AFP-specific antibody (0.3 mg specific I¢g) phae were washed three times with 1 ml PBS buffer(8 g
was purchased from Biogenes (Berlin, Germany) and the NaCl, 0.2 g1 KCl, 1.44 g/I Na;HPQy, 0.24 ¢/l KH2POy;
gold-conjugated antibody (10 nm colloidal gold EM grade) (PH 7.4)) for 10 min at room temperature without agitation.
was purchased from British Biocell International (Cardiff, The myceliawere subsequently subjected to the fixation pro-
UK). All chemicals used for imnmunogold experiments and cedure.
transmission electron microscopic analysis were EM grade.

2.4.2. Paraformaldehyde fixation for immunoelectron
2.2. Protein purification and MIC assay microscopy
After removing excess PBS huffer, the mycelia were

A. giganteusvas grown for 96 h at 28C in 2-1 Erlen- treated with 4% paraformaldehyde in PBS buffer (w/v)

meyer flasks each containid@0 ml culture medium com-  (pH. 7.4) for 1 h at £4C without agitation. Subsequently, the

2. Materialsand methods

2.1. Strains and materials
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mycelia were washed three times with PBS buffer and were 2 min each and three washing steps with distillegDHor

then subjected to the embeddimgcedure in methacrylate.

2.4.3. Combined glutaraldehyde and reduced osmium
tetroxide fixation for standard electron microscopy

Fungi were fixed with 2.5% gkaraldehyde in cacodylate
buffer (v/iv) (pH 7.3) for 1 h at 4C without agitation. After
washing with cacodylate buffer (21.4Igodium-cacodylate
x 3H20; (pH 7.3)) for 10 min at room temperature, sam-

5 min each. Sections were then dried under red light, double-
stained with uranyl acetate and lead citrate and examined
with a Zeiss 902 TEM.

2.5. Cultivation and infection of tomato plants

Artificial cultivation and infection of tomato seedlings
with spores ofF. oxysporumf. sp. lycopersici was per-

ples were secondarily fixed with reduced osmium tetroxide formed according to the protocol of Dolej [4]. Tomato seeds

(0.5% 0OsQ and 0.75% potassium ferrocyanide in cacody-
late buffer (pH 7.3)) for 1 h at room temperature. After three
washing steps with cacodylate buffer for 10 min at room

were grown in a glass Petri dish filled with sterile, wet sil-
ica sand. The seeds were washed with sterile water and
subsequently sowed with tweezers. After 2 days at@8

temperature, fungi were subjected to the embedding proce-in the dark, the plants were incubated for an additional

dure in epoxy resin.

2.4.4. Embedding for immunoelectron microscopy

8 days with a day/night rhythm of 16/8 h at 25. Tomato
seedlings were subsequently transferred to test tubes con-
taining 10 ml liquid fertilizer (0.88 g Ca(NGs)2-4H20,

Mycelia were dehydrated in standard ethanol series 0.126 gl NaH;POy-2H,0, 0.39 gl KoSO4, 0.31 ¢l
(15 min treatment with 50, 70, 90% ethanol each, and MgSOs-7H20, 0.0031 gl EDTA, pH adjusted to 5.8 with

3 x 15 min with 100% ethanol). Resin infiltration was car-
ried out by preincubation of 50% Lowicryl in 100% ethanol
(v/v) for 1 h at 4°C and pure Lowicryl incubation for 20 h
at 4°C without agitation. Mycelia then were transferred into
gelatine capsules (Merck, Dastadt) and were polymerized
for 48 h under UV light.

2.4.5. Embedding for standard electron microscopy

1 M KOH). The liquid fertilizer was supplemented with
10 ul trace element solution (1.01 MgMnSO4-4H,0,
0.56 mg| HzBO3, 0.098 mgl CuSOy-5H,0, 0.124 mgl
ZnSOy-7H20, 0.322 mgl (NH4)eM07024-4H,0) and dif-
ferent AFP concentrations ranging from 1 to 100/ g

The test tubes were sealed with parafilm, and the tomato
seedlings were transferred through a 4 mm hole in the
parafilm. The roots of the seedlings were completely covered

Samples that were fixed with glutaraldehyde and reducedwith liquid fertilizer. Each AFP concentration was tested

OsO; were dehydrated in standard ethanol series, prein-

cubated in 100% ethanol containing 50% of Spurr’s low-
viscosity resin (v/v) for 18 h at 4C, finally infiltrated twice
with 100% Spurr resin [21] for 2 h at room temperature and
polymerized at 60C for 48 h.

2.4.6. Preparation of ultrathin sections

Both methacrylate and epoxy blocks were trimmed with
a Leica Ultratrim (Leica). Seithin (300 nm), and ultrathin
sections (50-90 nm) were cut with an Ultracut UCT (Leica)

on four tomato seedlings. After 10 days of further cultiva-
tion, the liquid fertilizer containing AFP was sucked off. The
roots of the seedlings were washed three times with 10 ml
distilled H,O. Subsequently, the test tubes were filled with
10 ml fresh liquid fertilizer containing & 10’ Fusarium
oxysporumconidia. The tomato seedlings were cultivated
for an additional 10 days and were visually monitored for
signs of vascular wilt disease.

using diamond knives. Methacrylate sections were mounted3. Results

on gold slot grids using pioloform support films and im-

munostained (see below). Epoxy sections were mounted3.1. Ultrastructural analysis of AFP-treated fungi

on regular copper hexagonal grids, double-stained with

uranyl acetate and lead citrate and examined on a Zeiss AFP-treated cells were analyzed by TEM to investigate

902 TEM.

2.4.7. Immunogold staining

All steps of the immunogold staining were carried out at
room temperature. Lowicryl sections were treated twice with
blocking solution (BS: 0.1 M PBS containing 1% bovine
serum albumin (pH 7.3)) for 15 min. Further incubation for
1 hin the primary antibody (chicken anti AFP, dilution 1:100
and 1:200 in BS) was followed by three washing steps with
BS for 5 min. Secondary, gold-conjugated antibody (rab-
bit anti-chicken, dilution 1:50 in BS) was applied for 1 h.

whether treatment of fungi with AFP leads to alterations
in cellular structures. The experiments were carried out us-
ing both the AFP-sensitive fungus niger whose growth

is completely inhibited at an AFP concentration of 1/ pu
(MIC), and the AFP-resistant fungds chrysogenuni22].
After 1 h of treatment with AFP, mycelia &. nigerwere
fixed with 2.5% glutaraldehyde and subsequently with 0.5%
OsQq. This procedure yielded a very clear cellular ultra-
structure as illustrated in Fig. 1. AFP-untreated cells con-
tained one or two vacuoles and several nuclei (Fig. l1a).
Furthermore, the cell wall oA. niger was surrounded by

To reduce background staining, sections were rinsed with an outer layer. In contrash. nigerhyphae treated with 100

blocking solution for 5 min, followed by 0.1 M PBS for

pg/ml AFP showed a very different ultrastructure (Fig. 1b).
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Fig. 1. Ultrastructure of. nigerandP. chrysogenumm(a) Two compartments of an AFP-untreatechiger hyphae. The cells display clearly defined vacuoles,
several nuclei inside one compartment, an intact cell wall and a cell-wall-associated outer layer. (b) Treadm@geofvith 100 ug'ml AFP for 1 h led to cell
death, indicated by a collapsed cytoplasm arargd number of aberrant vacuoles. The outer lajsambeared partially. (c) Ultrastructure Rfchrysogenum
without AFP treatment. (d) Treatment Bf chrysogenumwvith 100 pg’'ml AFP for 1 h did not lead to any detectable ultrastructural alterations. cw: cell wall;
cp: cytoplasm; ol: outer layer; v: vacuole; n: hewes; m: membrane; mi: mitochondrium. Bars: 1 pm.

Although the cell wall seemed to be intact, the cytoplasm not shown), demonstrating that the observed alterations were
of the cells had collapsed and all intracellular structures due to treatment of the cells with AFP.
had started to disintegrate.dly vacuoles were detected, The ultrastructure of the untreated AFP-resistarthry-
most of which showed an aberrant shape. The nuclei weresogenun{Fig. 1c) varied significantly from that @&&. niger.
still present but partially lacked nuclear membranes. Further- The main differences were the higher amount of mitochon-
more, the outer layer had partially disappeared. In summary,dria and the different structure of the plasma membrane.
these hyphae showed signs of cellular death. Remarkably, while the outer layer &f. niger completely
Analysis of semi-thin sections demonstrated that approx- surrounded the hyphae, only scattered fragments were found
imately 25% of all hyphae showed a similarly altered ul- at P. chrysogenunmyphae (Figs. 1c and 1d). Treatment of
trastructure after treatment with 100 gl AFP for 1 h P. chrysogenunwith 100 pgml AFP for 1 h led neither
compared to only 2% of the untreatéd niger cells (data to a detectable alteration in membrane structure, nor to any
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Fig. 2. Plasma membrane altéoas after AFP treatment. TEM analysis of cross-sections afgertreated with 1 ugml AFP for 1 h. (a, c) Altered membrane
structure on lateral wall. (b) Enhanced alterationhaf plasma membrane at hyphal tips. (d) Ultrastructur&. afiger without AFP treatment. cp: cytoplasm;
cw: cell wall; ol: outer layer; m: plasma membrane. Bars: 0.5 pm.

change in the structure of the mitochondria or other in- of A. niger Minor amounts of the protein were associated
tracellular structures (Fig. 1d), clearly demonstrating that with the membrane (Fig. 3bjsome AFP was detected in-
P. chrysogenurells are not affected by AFP. side a vacuole (Fig. 3d), but this was only rarely observed.
Analysis of A. niger cells treated with a concentration In general, no AFP was detected in mitochondria or nuclei.
corresponding to the MIC (1 ygnl) revealed that this was  Interestingly, AFP seemed taccumulate at distinct areas
large enough to cause membrane alterationg\taiger within the cell wall ofA. niger (Fig. 3b). Fig. 3e shows an
(Fig. 2). Striking changes in the membrane, comprising A. niger hyphae which was not treated with AFP. The ab-
“bulb-like” structures, were often observed at the lateral sence of any labeling clearly demonstrates specific detection
plasma membranes (Figs. 2a and 2c) and also at the hyphabf AFP within A. nigerand rules out cross-reactions of the
tip (Fig. 2b). These alterations in the membrane were not de-antibodies used.

tected within untreated. nigerhyphae (Fig. 2d), indicating Immunogold staining with the AFP-resistant fungus

that their occurrence is provoked by AFP. P. chrysogenumshowed that some AFP was internalized by
P. chrysogenurras reported in Fig. 4e. It had not bound to

3.2. Localization of AFP by immunogold staining a specific intracellular organelle, and was thus localized in

the cytoplasm. A very small amount of AFP was localized at

Localization of AFP by immunogold staining was carried the vacuolar membrane or inside the vacuoles (Figs. 4c and
out with A. niger and P. chrysogenumvhich were treated  4e), the cell wall (Fig. 4d), and to some extent at the outer
with 1 pg/ml AFP for 1 h, fixed with 4% paraformaldehyde layer (Fig. 4b). No labeling of any structures was observed
and embedded in Lowicryl resin as described in Section 2. when immunogold staining witR. chrysogenurhyphae not

TEM analysis of sections fixed with paraformaldehyde treated with AFP was carried out (Fig. 4f).
revealed loss of ultrastructural information (Figs. 3-5) in Immunogold staining was also performed with mycelia
comparison to fixation with glutaraldehyde and subsequentfrom A. niger treated with 300 pgnl AFP, which is far
treatment with Os@(Figs. 1, 2). However, the latter method above the MIC (Fig. 5). The protein was localized at the
of fixation as well as fixation with glutaraldehyde alone outer layer, the cell wall and the membrane. Only minor
prevented binding of the AFP-specific antibody. Therefore, amounts of the protein were detected inside living cells
paraformaldehyde fixation was preferred. (Fig. 5a). Notably, many cells showed the first signs of cell

As can be seen in Figs. 3b and 3c, a considerable amoundeath, as the intracellular structures of these cells had started
of AFP was detected within theuter layer and the cell wall ~ to disintegrate (Fig. 5b). Here, a high amount of AFP was
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Fig. 3. Localization of AFP withirA. niger by immunogold staining. TEM analysis shmunogold-stained cross-sectionsAfniger treated with 1 pgml
AFP for 1 h. Due to the fixation and embedding protocol the cell wall is raihetl and appears as a light area. Bldoks represent gold-stained AFP.
(a) Cross-section dA. nigerhyphae (overview). (b) Detailed view of (a), showing localizatié\BP at putative specific binding structures (sbs) within the
cell wall of A. nigerand binding of AFP to the membrane and theeouayer. (c) Detailed view of (a), showiriinding of AFP to the cell wall and the outer
layer. (d) Detailed view of (a), showing minor amountsA&P at the plasma membrane and inside a vacuoke afger.(e) Negative controlA. nigerwithout
AFP treatment. cp: cytoplasm; cw: cell wall; m: plasma membrangutér layer; sbs: specific binding stture; v: vacuole. Bars: 0.5 um.

detected within these cells, although most still bound to the media with fresh media that lack AFP led to growth com-
cell wall and the outer layer. Finally, Fig. 5c shows a dead parable to that of the negativntrol, indicating that the
cell. The cytoplasm had completely collapsed and no intact toxicity of AFP is reversible (data not shown). A fungicidal
organelles could be detected. Moreover, these cells had loseffect of AFP was also observed with mycelia&fniger.
most of the outer layer. Only small amounts of AFP were Treatment of hyphae with an AFP concentration of 80mb
still bound to the cell wall, whereas the majority were found for 1 h completely inhibited fungal growth. After removal

inside the cell. of AFP, no further mycelial growth was detected (data not
shown). This data is in agreement with the TEM analysis in
3.3. Fungistatic and fungicidal activity of AFP which treatment ofA. nigerwith an AFP concentration of

100 pugml for only 1 h already caused cellular death to ap-
According to previous studies, AFP has a fungistatic ef- proximately 25% of the hyphae.

fect [27], since AFP-sensitive fungi were not killed by the In addition, we tested whether AFP retains its antifun-
protein but their growth was inhibited. However, the present gal activity after treatment at high temperatures. AFP was
study revealed that AFP is able to act both in a fungistatic preincubated at different temperatures, ranging frorf@0
manner and fungicidally. No growth was detected for coni- to 100°C for 15-60 min and was then applied to conidia of
dia which had been treated withFP concentrations equal A. nigerandP. chrysogenumNo change in protein activ-
to or higher than the MIC (1 ygnl), thus indicating a fungi- ity was detected, even after 1 h of treatment at temperatures
cidal activity of AFP. In contrast, a fungistatic effect was up to 80°C (data not shown). However, the MIC of AFP
observed for conidia treated with AFP concentrations be- preincubated for 15 min at 10€ on the test straiA. niger
low 1 pg/ml. Here, the replaceménf the AFP-containing  increased 10-fold, i.e., from 1 up to 10 fmgl, indicating that
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Fig. 4. Localization of AFP withirP. chrysogenunby immunogold staining. TEM analysis shimunogold-stained cross-sectionsRofchrysogenuntreated

with 1 pg/ml AFP for 1 h. Due to the fixation and embedding protocol the cell vgatiat stained and appears as a lightened area. Black dots represent gold
stained AFP. (a) Cross-sectionffchrysogenurhyphae (overview). (b) Detailed view of (a), stiag localization of AFP at the cell wall d?. chrysogenum

and binding of AFP to the outer layer.)(Petailed view of (a), showing localization of AFP at the edge of a vacuole. (d) Detailed view of (a), showing a
localization of AFP inside the cell wall &. chrysogenun{e) Detailed view of (a), showing cytoplasmatic localization of AFP. (f) Negative corrahryso-
genumwithout AFP treatment. cp: cytoplasm; cw: celally ol: outer layer; v: vacuole. Bars: 0.5 pm.

the protein had lost approximately 90% of its antifungal ac- contrast, treatment of tomato plants with 100/poy AFP
tivity. Prolonged treatment of AFP at 10Q for up to 60 min for 10 days was sufficient torptect these plants against

did not result in further loss of activity. F. oxysporunf. sp. lycopersiciinfection (Figs. 6a and 6b).
Their growth and appearance resembled those of the controls
3.4. Invivo application of AFP which were not inoculated witR. oxysporunf. sp.lycoper-

sici (Figs. 6b, 6d, 6f and 6h).

Tomato seedlings preincubated for 10 days with different
AFP concentrations were inoculated with the plant patho-
genic fungugr. oxysporunt. sp. lycopersici.Incubation of 4. Discussion
the plants with an AFP concentration up to 10Q0mdhad no
negative impact on the growth of the plants (data not shown). The analysis of immunogold-labeled AFP by TEM
Treatment of plants with 1 ygnl AFP and 10 pgml AFP showed that AFP binds to the cell-wall-associated outer
did not prevent infection withr. oxysporunf. sp. lycoper- layer which surrounds hyphal cells Af niger. Most species
sici. After 10 days of incubation with the fungal pathogen, of the AscomycotinaBasidiomycotinaand Zygomycotina
these plants showed the same signs of vascular wilt dis-are surrounded by an outer layer of glycoproteins [1,3];
ease as the AFP-untreated control (Figs. 6¢, 6e and 6g). Inhowever, its composition is not yet known. Interestingly, the
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10 d incubation 10 d incubation
+ F. oxysporum - F. oxysporum

100 pg/ml

Fig. 6. Tomato seedlings after inoculation wihoxysporunt. sp. lycop-
ersici. 30-day-old tomato plants whoseats were treated with different
AFP concentration prior to inoculation with oxysporumf. sp. lycoper-

sici. Plants in panels (a) and (b) were incubated with 100mIgAFP, in

Fig. 5. Effects of high AFP concentrations @n niger analyzed by im- panels (c) and (d) with 10 penl, and in panels (e) and (f) with 1 jml.
munogold staining. TEM analysis ahimunogold-stained cross-sections of ~ Plants shown in panels (g) and (h) were not treated with AFP. Panels (b),
A. nigerhyphae treated with 300 ml AFP for 1 h. Panels (a)—(c) showse-  (d). (f), and (h) show plants that were treated with AFP but not inoculated
lected cells demonstrating differestages of the antifungal activity of AFP.  With F. oxysporunf. sp.lycopersici

(a) Binding of AFP to the outer layer, the cell wall and the membrane of an

intact cell. A small amount of AFP was localized cytoplasmatically, but not

associated with organelles, e.g., mitochondria. (b) A cell affected by AFP. though AFP shows no sequence similarity to chitin binding
The cytoplasm has started to collapse and a large amount of AFP has E”proteins, it does share several features with these proteins.

tered the cell. (c) In a dead cell with a completely unstructured cytoplasm, FTETIT : _
the majority of AFP was found insidegltell. No outer layer was present at For example, chitin bmdmg proteins are often small and ba

this stage. cw: cell wall; m: plasma membrane; mi: mitochondria; ol: outer sicand i_nhibit fungal growth at C_Once_ntrations O_f J/ng [6,
layer; v: vacuole. Bars: 0.5 um. 10]. As is the case for AFP, their antifungal activity is often

antagonized by monovalent and divalent cations [2,16,22].
Notably, Vila et al. reported AFP-mediated growth inhibi-
outer layer is sparsely distributed on the cell wall surface tion of the oomycetd®hytophtora infestanf26]. Thus, if
of P. chrysogenumand less AFP has been detected there. binding of AFP to chitin is involved in its antifungal activ-
These data indicate that the outer layer might contain an ini- ity, it cannot be the only cauder fungal growth inhibition,

tial binding site for AFP. sinceOomycetegontain little or no chitin within their cell
Similarly, AFP was localized within the cell wall of  walls.
A. nigerand, to a lesser extent, in the cell wallfchryso- Remarkably, an accumulatioof AFP at distinct areas

genumlLiu et al. reported that AFP can be purified by chitin  within the cell wall was only detected for the AFP-sensitive
affinity chromatography [12]. As chitin is the main structural fungusA. niger. This accumulation might hint at specific

component of fungal cell walls, it is most likely that binding binding to structures within the cell wall and could there-
of AFP to the cell wall is due to its affinity to chitin. Al-  fore be involved in the antifungal effect of AFP. It remains
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unclear whether these struatgrare proteins which reside at  sition in AFP-mediated growth inhibition of AFP-sensitive
specific sites of the cell wall or whether they are built up by fungi. Interestingly, AFP was not only localized in mi-
AFP itself. nor amounts at the cell wall and scattered outer layer of
A former study revealed that AFP is able to permeabilize P. chrysogenunbut also within the cytoplasm. Thus far, we
the plasma membrane of the AFP-sensitive fungusiger have not been able to provide an explanation for this phe-
[22]. In accordance with this finding, small amounts of AFP  nomenon. It is conceivable that AFP is internalized and used
were localized at the plasma membranefofniger. The as a nutritional source W chrysogenunbDegradation prod-
activity at the membrane seemed to be dependent on theucts of AFP which are still antigenic might subsequently be
concentration of the protein. The observed alterations in therecognized by the AFP-specific antibody used in immuno-
membrane structure at a concentration of ¥mb which gold staining.
corresponds to the MIC fak. niger, might be due to AFP af- This study provides evidence of in vivo activity of AFP,
fecting the membrane curvaturMembrane acting proteins  as vascular wilt disease bf esculentuntaused by. oxys-
have been reported to cause curvature stress by expandporumwas prevented by preincubation of tomato roots with
ing the phospholipid head groups of membrane lipids [5], AFP. The amount of conidia deployed in the artificial model
thereby resulting in membrane thinning [7]. However, it is system does not reflect environmental conditions, since the
also possible that curvature stress is reduced by the forma-concentration oF. oxysporuntonidia within the soil is nor-
tion of the observed “bulb-like” structures which were as- mally much lower. However, it was necessary to use a high
certained in membranes Af nigertreated with AFP. In this ~ concentration of conidia for this model system, as only a few
regard, it is interesting to note that Thevissen and colleaguesplants would otherwise have been infected. This might have
reported that the glycosphingolipid composition of the fun- led to an erroneous statistical analysis. Moreover, signs of
gal membrane is involved in resistance and susceptibility of vascular wilt disease occur much earlier in plant develop-
Saccharomyces cerevisiagd Pichia pastoristo the plant ment when the plants are treated with high amounts of the
defensins DmAMP1 and RsAFP2, respectively [24,25]. As pathogen. The high concentration of conidia most probably
AFP shares similarities with defensins in terms of size, basic contributed to the observation that only an AFP concentra-
character, three-dimensional structure and disulfide bridgetion of at least 100 pgnl was sufficient to protedt. es-
formation, it would be interesting in future experiments to culentumagainst~. oxysporumThis concentration is about
test whether the glycosphingolipid composition differs in 1 x 10? times higher than the previously estimated MIC
A. nigerandP. chrysogenunand whether it contributes to  of AFP onF. oxysporuntonidia in vitro. Moreover, MICs
sensitivity or resistance to AFP. were determined in a different cultivation medium which
The effect of AFP on membranes was very promi- also has an impact on the antifungal activity of AFP [22].
nent whenA. niger was treated with high concentrations The mechanism by which AFP is able to prevent infection of
(300 pgml) of AFP. Numerous dead hyphae were de- treated tomato seedlings wikh oxysporunwas not further
tected where large amounts of AFP had entered the cell.analyzed. It is conceivabldat the protective effect might
We previously reported that a concentration higher than the result from minor amounts of the protein which remained
MIC leads to rapid membrane peeabilization in sensitive  attached outside on the plant roots even though the plants
fungi [22]. The absence of membrane permeabilization at were washed with BO after treatment with AFP.
AFP concentrations below the MIC would be a reasonable In conclusion, this study indicates that determinants for
explanation for the fungistatic activity of AFP. Internaliza- the species-specificity of AFP reside in the outer layer and
tion as a consequence of membrane interaction has beerell wall of sensitive fungi and that the plasma membrane
described for many antimicrobial proteins [8,14,17,20,28]. might represent the primary target for antifungal activity.
Martinez del Pozo et al. reported that AFP displays char- Due to its fungicidal mode of action and its high tempera-
acteristic features of the glonucleotide—oligosaccharide ture stability, AFP might be a promising candidate for use
binding motif (OB fold) found in proteins that bind nucleic in food preservation and for the generation of pathogen-
acids as well as oligosacchaegl[13]. Indeed, AFP is able resistant plants [18,26], as AFP is highly specific to diverse
to bind DNA in vitro and promotes charge neutralization and plant-pathogenic fungi, e.grusariumspp. Since AFP also
condensation of DNA. It was concluded that similar binding inhibits the growth of opportunistic human pathogens, e.g.,
of AFP to RNA and DNA might be involved in its antifungal ~ A. fumigatus (MIC = 10 pg/ml; unpublished), the protein
activity. However, in our study we did not observe a nuclear might also be attractive for use in clinical applications.
or mitochondrial localization of AFP whef. nigerwas in-
cubated at the MIC. Only when a 300-fold higher amount
of AFP was applied t@é\. nigerwas AFP localized intracel-  Acknowledgement
lularly. Thus it remains questionable, whether the binding
affinity of AFP to DNA contributes to its antifungal activity. This work was partially supported by a grant from the
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