Structural changes of spores of tree fungal
pathogens after treatment with the designed
antimicrobial peptide D2A21
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Abstraet: In vitre effects of the sntimicrobial synthetic DIAZ ] peptide on the st of spores of four fungal pasheo-
gens casing imposant inee disenses were coumined by microscopy i parallel with tests (o mesure inhibition of Spore
pemnination. With light microscepy, the use of SYTOX® preen stain indicated thot the peptide rapidiy altered the
plasma membrane of conidin of three Ascomycetes: Gremmeniells abicting {Lagurbergy Morelet var. ghistime Petring of
al., Oplidocranmg wlmi (Baism.) Manaf ., aod Nectriz polligera Bres, With basidiospares of Cromariion riticola 1.0,
Frcd. a differencs belween control and tressed spares was also found, Bud it wes Jess pronaneed than with conidia of
the Aseomyeetes. In frmsmisson electron microscopy, mtreated eonidia showed typical cylopleanic comtents with the
regalar presence of mitochondriy, ribosomes, and euclel, al times accompanded by vacasles of various simes. Al oone
c=nirtions of dhe peptide inhibitory 1o spare germination, phisma membramess, 2 well 05 mclear and mitochondrial ci-
velopes, were either gonerally diffieult to discern or were distorted and swollen. AL more advarseed stares, the
crtoplasm of treated spores contained numenas vesicles and was i ploces mone Slestron-dense than i control, Cyto-
plasm leakage was alse repubarly observed, Present ohserations stronely supeest that the primary site of actbon of this

peptide is bocated at the plasma membome level,

Aoy words: Cronarsiom riicols, Gremmeniello abieting, Nectrio pallimen, Ophiosiomea wey, DEAT] Peptide.

Réswmt : Les effiets in vitro du peptide antimicrobien synibdigue D2AZL, mir b stracsure de spores de guatre champi-
gnans pathogines respansables de malsfies Imporantes des arbres, onl 218 ex=mings o fmeTEcoRie conjoinloment
v e tests de permination. En microscopie photonique, emplof du réaef SYTOXE frect a révEld que le peplide
ahitre rapidement le plismalemme des conidics dos rois Ascomyedles = Gremmeriol abdeting {Laperbens) Moreler
var. abigting Petring et o, Ophiosioma afm (Buist) Mannt, of Necirio gatfipens B, Une Gifférence b le hasiid-
IEpOres Iaities of Wmoins des Cronartinn ribieoda 10, Fisch, 0 assi &6 nolée bien que celle-ci ait étd moins pro-
poncde que chex les onidies des Assomyottes Fn microseopie électronique 3 trnsmission, hes conidies idmodns
wraictl un cyloplasme typigue avec |a présesoe réenlisre de mitochandries, de fbasomes ot e idyaux, coompaginte
parfois de vacuoles de différentes ailles, Aux concenimtions de peptide inhikan la permination des spores, le plisems-
lemme ainsi gue les enveloppss nocléaire of mitoehondiade dnions soir difficiles 4 discomer, snit gonildes o1 diffarmes,
A un sade plis weance, b cytoplasine des spores traittes mondrait plusicars visicules ainst gue des parties de cyto-
plasine ples opaques aux Electrons. Dies fudles de cytophassne Staient également observies, Les ohuervations de ceble
étude supgérunt forement gue e site d'action primaire de oe peplide se sitve dams ke plasmalemm.

Mots el = Cronartinm ribicola, Gremmeniella abiering, Noctris lligens, Opkiestome wimi, DA, peptide.

Introduction

Mumerous mechanisms occer in plants and animals thar
conlir protection agwinst w variety of microorgansms, An
important component of this defense system appoars Lo he
the production of small peplides displaying antimicrobial ae-
tivities (Crabay 1994 Micolus nnd Moe 1995; Rao 1995:
Rrockaert et al. 1997), These peplides, penerally comprising
oy maore than 50 amine acids, can be classified as (llows:
linear peptides. svathetic (designed) peptides, disulfide pep-
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tdes, and lantibiolics (Rao [995), Among the linear Do
Udis, the best charcterized are the cecropins idemtified in
insects (HBoman and Hultmark 1987) and the MEEAining -
lated from amphibian species (Bevins angd Fasloff 1940,
The synthetie peptides produced so far are uwsimlly analogoss
of the linsar peptiches (Chen et al, 1988 Pasboft o al. 198%:
Powell of al. 1995; Reed oo al. 1997) Disuelfide peptides
biave been fsolated from many higher organisms and are
the prominent type produced by plants against pathogens
{Brockoen et al. 1995) Lantibiotice @re found in buaceris
and comprise those peptides thit undergo modifications ful-
lowing their synthesis (Hansen 1993),

Desides the possibility of directly using these peptides
i Lherapeutic trestments againsd many discases, their anti-
mierabial metivity, coupled with their relitively simple struc-
ture, makes them sfmctive candidates to improve plam
disease resistance through genetic engineering. For instance,
tobacco plants were transformed 1o produce an antimicrohial
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peptide upon infoction with a foliar pathogen and were
shown to better withstand the fumgal agpression (Teras o
al. 1995). Another reason for the incressed interest in these
peptides is that they represent a good alternative o the use
ol traditbonal cheenical pesticides.

The strategy of using antivsiceobial peptides might also be
followed with great benefit in forestry where discases that
ocour in nateral stands, in plantations, and in wrban emviron-
ments ofben ciuse severe economic, ecological, and acsthetic
losses. A pecent in vitro study bas asscssed the podential of
four peptides by measuring their antifungal activity against
some fungal pathogens causing imporiant tree diseases and
by evalyating their phytodoxicity using a polben gesminanion
e (Jacobi el al. 2000) This stedy revealed that the syn-
thetic Peptidyl MIM™ D2A21 combined high antifungal ac-
tivity with low pollen toxicity. A necessary parallel stady,
the object of the present paper, was to follow microscopi-
clly the effects of this peptide on the cellular strocture of
spores prodoced by four fungal pathogens: Gremeenisioe
abieting (Lagerberg) Morelet var. abierime Petrini et al.
Cphiosioma wimi (Buism.) Mannf,, Neciria golfigena Bres,,
and Cromartium ribicods JC. Fisch, These fungi are respon=
sible for sclernderris canker of conifers, Duetch elm disease,
nectrig canker, and white pine blister rust, respectively.

Materials and methods

Fungal straims and culture conditions

The isolate 94006 (Nonth American ross) of G abieling var.
ahiering (provided by Dr. G. Laflamme, Lasrentinn Forestry Con-
tre wes prowen ab 1390 in the dork on 3 medium containing 7%
Bscto apar (BA) {[hfeo Laborstones, Deml, Mich) and 20%
Campbells V8 juice. To induwce sponlation, 3-weck-old cultures
were exposed to light adjusted to 175275 pmed-s-m . The iso-
late 205 of Opfisctoms e (provided by D P, DesRochers, Laii-
renlian Foresery Uentre) amd the izolste Q491 of Neceeia
Eoilipena (provided by F. Mlante, Universieé Laval, Facufté de fors
esterie of gphomathque, Sainte-Foy, Que. ) were grown al mom fem-
perture either aon pitato dextrose agar {BBL, Cocleveville, Md.)
or malt agar {Difor) and spones were hanvested directly from these
culturess, Basidiozpores of Crosartium rifdona were collected from
naturally infected Bibes lepes.

Peptide hinassay

The antimicrobial peptide D2AZ] was kindly provided by
Desneter BroTechnobogies {Durham, M.CL This lnear synthetic
peptids (molecular weipht = 3664) &= composed of 23 aming acids
having the following sequence FAKKFAKKFEKFAKKFAKTAR
AF (A, alaline; F, phenylalaline: K. lysme) Treatments were made
wiing the peptides af different concentrations after appeopeiate dilu-
L wilh sterile deionized water and 0.03% Tacen 200 (Brush
RivCell Intematmmal, Cardiff, 11K}, the Inifer preventing spore
wdbeession to test ube walls, The Gnal concentrations of the peplide
anif the spore concentration ae given Below fior cach experiment.
Privr ti microscopy, 5 pl of cach spose suspension was transfiermed
onde 1.5% BA and incubated ot room iempersiong to s poroent
germumation wang either a Leite Fluovert FS invertied microscope
or g Wilkd M4 msscroscope. Water-trented spores served a5 oon-
trods, All the plates wer: liollowed unbil the time when sither thers
wﬁt“ﬂd‘lﬂlﬁﬁﬂf%ﬁummhﬁi&mmﬂ: it
mmpassihle to sccurately evaluate percent pormmination.

F::.rpwimm i

Gremmenislla alicting var obicring was challenped for 2 h ot
room temperpture with 50 or 250 pM of the peptide, The spore
concentration was T = 10%ml-, ami the percent germination was
evaluated after 96 ho

Erperiment 2

Crremmericlla alieting var ehietiner and & alei were chal-
leaged with 50 pM of the poplide &1 room Wenperalurs for 10, 30,
&0, or 120 min. The spore comceniration was 1 = [0%mL ™" for
(5. ablering vor, ableting and 4 = 1P-ml™" for & s, Genmins-
tinn was eoesed after 72 b for 5 abfesing varn abiering and 24 k
bor €2 wlwei

Egperiment 3

Ceremmeriella abicting var abictimg ol 03 wlwi were chal-
}L'u,gud.wmﬁ_?_‘», 125, 25 50, or 10 M, and N gailisera was
challenged with 50 and 100 M of the peplide = mom lemperatune
for 2 h. The treatment of A gaﬁage-mm‘u.dmmh:pﬁamdmm._
The spore concentration was 5 = 1F-mL " for the three pathogens.
Percent germination was examinsd after 68 b for & abieniag var,
abietine, 40 h For 0. wlmi, and 31 h fx N gedliperd.

Experiment 4

Telia of 2 ribicods were carefully detached from Biber leaves
anl were fosd with 2% BA 1o the lid of a Poin dish. Basidiospores
produced were allowsd w dischange uederseath on & microscope
slide coversd with n dhin laver of 2% BA. In an assay, ubges-
minaded basidiospores colbected after 18 h wers coumted and were
treabed with 100 i M of the peptide at ronm temperature for 2 b In
atrodhcr st basdiospores were et i dischange directhy upen ei-
ther 20 50, or 100 pl of a 100 pM solution of the peptide. The
SYTOX snin (see below) was applicd afler 2 h ol treatment and
the percent germination wis evalusted aftce 48 L

Epifluorescence micra

The SYTOX™ green muclee acid stain (Molocutar Probes, Eo-
peae, Oreg.) was developed o evalieate the integrity of the plas-
nsalenung of micmongmisms. Whereas it cannot eross the plasma
mezmbrmme of live cells, it readily peoetmtes compromised plasma
membrmes before hinding to nuckeic acids when: 1 mdwoss an in-
femse fluorescence emission when cxcited vader bloe lght illumi-
aation. The SYTOX green sain was wed in repesied caperiments
with control sponst and with spores exposed to the DZAZ] peplide.
Adter the appropriate trestment. 10l of esch fungal cell suspen-
sion was mied with 10 pL of 2 Y TOX solution =t 10p M, Afer
5 min, the czlls wers exomined with a Beichert Polyvar microscope
under either sifferential inderferencs comtrast ar blue bght excita-
oo using 3 BF 450490 exciler filter combined with a DS SI0
separpior evircor amd a LF SIS bamier  flter, Except with
O rihicada, with which we ohserved =t mast 30-40 hasidiosposes
per mictascope slide, s lexst 100 sporcs per ineatment were
vourted with the ofber pathopense fumgs.

Acridine orunge, a stain that can penctrate wmalionod  plasma
membranes, was also wsed with spores of G abieting var, adieling
ot @ final concemration ol . Iﬂmdnmmiﬂc cytoplasa leak-
age. Under blue light Qlumisaion. scridine orenge gives an omnge
colour o the cytoplasm, whercas the puclous displays o yelloee
racn Muensscence.

Transmission electron microscopy

The conidia of ¢ abéras var abienime, €8 wimi, =d N gal-
figena wert poopared for trensmiszion electron microscopy (TEM).
Thee besidivspormes of 7 ritdcola were in boo low ) oonesniraton
permit obscrvation in TEM. Each conidEa suspension was sdjustod
with glutarafdehyde 10 a final concentration of 2.5% of the fixative
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Figs. 1 aod 2. Differential imterfesential contrast {(Figs, 1o and 2o) and blue spifluorescence after treatment. with 5YFOX stam

(Figs. 1h and 260 The fluorescencs is slmost undetectabie with the contml spon=s of (. abietimg var. abieting (Fig. 1} bl it o intemse
within a few mingbes afier irestment with 100 M of the D2A2] peptide (Fig. 2} Scabe bars = 25 po (Free 1) and 30 pm {Fiz. 2).
Fips. 3-6. Acridine orange stanasg of coatrol sporss (Fig. 3) and of sporcs of G, abdening v ablenng treaged with 100 2 M of the
peplide for 10 mm (Fig. 4), 25 man (Fig 5, arrowbead), and %0 min (Fig. 6). The orange staining of the cytoplasm (Fig. 4, armos-
Bumds), as well as e vellow-grsen foorsscenee representing the nucleus, has become diffused in the mirdes following the treabment,
il IWer, somme of i is seon outside the spores (Fig, 5, amowhesds). By 90 min, it was often difficult b detect any ormmge Aoosoes-
cence, wherens the yellow-green flusrescence was ko indense than i conitrals (Fig. 6. armodeads). Seale bars = 02 pm (Fips, 3-3)

and 30 fm (Fig. 6L

Tahle 1. Percent (%) of spore germination afier exposun: 10 D2ZAZ]L peptide.
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“Fuw bath macrommesdin amd microconidia (two repetitones )
“Progeormon. fior magzoeanilia (R5% and R and micmoonidia (4% mmd 5296) respecively

in 0.05 M sodivm cocodylate buffer (SCB) (pH 7.2). Spores were
fived avernight st 4°C and theresfier centrifuged for 1l 22040 =
£ al ronm lemperature, The supermatant wes discarded and w e
pelletl was added an equal volume of a selution containing 109 bo-
ving serum alhuamin and 5% gloamldehyde, After the mediam so-
lidifeed, samples were rinsed thoos Umes with SCB and postfived
with 1% Oy in SCH for | b, The spores wens ninsed three Hmes
with SCH prior 1o being pradually debydrated with ethemol and
emhedded in Epon E12.

Sections {0.5-1 pm) were preexamined with & Reichert Polyvar
light microscope. In TEM, sections (90 nm) were contrasied with
urainyl stetans and besd citrate =l cxamined with o Philips 300 mi-
crosoopes opersting at 20 kKW

Results

[rata concemning the effect of the peptide on percent ger.
mination of fungal spores are presented in Table 1. AL low

concentmtions (62525 pM) of the poplide, nhibition of
germminalion wiss mone pronounced with @ wled than with
5. abieting vae, abieting, AL 50 uM, spore pormination was
suppressed in both fungi. At that concentration, sparcs of
N, pailigena scemed less affected by the trestment but at
Tk phd, about half of the microconidia did not germinte
wheres most of the macrmoconidia germinated. With & ribi-
cola, the 100 pM concentration inhibited the germination by
ghout 3750,

The proportion of spores that showed imtense Monecence
m the presence of SYTOX stain corresponded with the
reduction of permination obtained with the peptide. While
almost all control spores displaved a fluorescence barely no-
ticeable under blwe light ilumination (Figs, 1 and 77, in the
minutes following treatment with 30 ub of the [XZAZ1 pep-
ticke, spores of O afeting var abieime and €2 dmi emitted
intense Nueorescence likely as a result of the binding of the
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Figs. 7T-11. [vifferentinl mgerferential contrast (Figs. Ta B, and 11a) and blue epiilvorcscenes afler trestenent with SYTOX stain
[Figs. Th, &b, 9, 10, and 115). Fig. 7. Untreated mecrooonids and macroconsdia of v, pollipens showing the penesal sbsencs of fleo-
resoence except a weak one i oswme miceeconidia (Fig. Th, arrocwhensds). Fig 8. Intense floorescence ohserved in conidin of 0 sy
alter 2 b cxposare o 30 M of peptide, Fige 9 and 10, NMectria goliipena 2 b after trestment with 100 p M of the peptide. Fig. %
About balf the microconidia show intense fluorescence, wheness macroconidia do md (armowhesads ). Adter permination of 2 conddiom,

the 1 is also mdi

hie in o developing hypha (armow) @nd s mether el Frg. 100 Cady e Gp el of this. mecreconidiam

displays Auorescence (ammovwhead). Fig. 11, These owo basidiospores bave reacted positively wath SYTOX and e rpht one showes tea
well-cireumsenbed fuclei: Seale bars = 25 pm (Figs, 7. 9-10) and 20 pem (Figs, & and 11),

SY 10X proen stain to the nuclear DA (Figs. 2 and 8). Af-
ter dreatment with 100 pM of the peptide, sbout hall of the
microconidin of N galfigems showed (oorescence, while
only 2 few dispersed macoconidia Meoresced and then, fre-
gquently, ot was only ome cell at the extremity of the oo
nidiom {Figs 9 and 10} I is to be noted that the intense but
meare diffuse fluorescence observed with V. pafiipenda made
the precise localization of noclei generaily difficult, 'With
. rilicola, approximately 30-45% of the trested sponess ex-
hibited floorescence, while. 7-10% of the oontrol basi-
diwmpores did so after their release from Ribes leaves.
Depending on the position of the spores, it was often possi-
ble o observe two nuckel per psidiospore (Fig, 11}, Except
with € rifbicofz, ot most 5% of the contmol sponss ol the
other fungi gave a weak fluorescence when trcated with
SYTOX.

The acridine orange made it possible to easily differenti-

ate the cyloplesm lmom the neclews inocontml spones of

Or. ahieting var. abieting (Fig. 3). In tneated spores, the ar-
ange cmigson from the cytoplasm was weak, even just afler
10 min in the presence of the peptide (Fig. 4). In more ad-
vanced stages of trestment. it was impossible to distinguish
the omnge Nueonescence inside the spores, but some was og=
camonally discenthbe just outside {F:ig, &), The yelbow-
fleorescence typical of nuclear materdal remained visible for
some time, although it was more diffuse and less intense
than in controls (Fig, 4.

In TEM, most of the contred spores showed o simple
strwcture consastmyg of the plasmalemma, one or many nucled
with their envelopes, pumerous fbosomes, and some scal-
tered mitochondria contaiming only a few well-developed
cristac (Fig. 12), Occasionnlly, a few small vaguoles were
alsor observed. Most of the extracellols sheath usua.l'l:_l.' pres-
ent asound colls of 5. ohistine var. abicting had been de-
strovved by the detergent used to prevent spose adhesion o
our test tubes. Some control spores with a disosganized cyto-
plusm were observed, These might have cormesponded with
spores unable to germinate that were occasionally observed.
In these s, the cyloplasm was choracterized by the pres-
e of fane polymorphic membrenons webules amd vesicles
[ohservations not shown )

The first ultrastrectural change in treated spores of the
three fungi studied was that it was difficult to discern the
plasma membrane and also at times the envelope around the
nuclews and mitochondrda (Fig. 135 In other cases, milo-
chondria and nuelei were misshapen but 51l discernible ow=
ing to the presence of @ more or less continwows but swolien
envelope (see Fig. 17). Two hours after treatment with 6.25
uid of peptide D2A21, most of the conidia of (. abietima
var. abieting sppeared normal, bt those of & wimi already
shinwed some cytoplismic degeneration with many vesicles

gt their periphery (observations not shown), Afier ondy
10 min exposure o 50 uM of the peptide, many portions of
the cyrplasm of these two fungl were mome elecirn-opagos
than in untreated sporcs, and cytoplasm leakage was regu-
larky observed (Fig. [4) Following treatment with higher
concentrations of the peptide, or after longer exposure time,
the majority of conidiz of & wbistime var, obictimg and
2. mfmi were filled with electron-tramsbecent vesicles acoomes
panicd by the scattered presenee of electrmn-opagque material
{Fig- 15}). 1t was also noted that at & concentration of 50 pd
in the first thres experiments, there was an inverss cormela-
tion between the number of spores used and the intensity
of ultrastructoral changes of the conidium cylonplasm with
. aberiog var. abieting and (0wl
Hoth comtral miergcomidia and msrooonidia of & girl-
fperrne were similar 1o those of €7 abdetima var. obistims and
£ wimh, except that vacuoles were particubarly prominent
(Fig. 16). Whike most of the cells of N, galfligens appeared
normal afler exposure o 50 uM of the peptide, with
100 pM, many cells comesponding with microconidia in
length and diameter were altercd. For instance, some of
them had 2 swollen envelope around their mitochondria and
nuclei (Fip, 170 or were plasmolyzed and contaimved no dis-
tinet organelles apert from intensely damaged mitochondria
and many wesicles (Fig. 18} Most of the macroconidin ap-
normial except for some cells located at their extrem-
ity {Fig. 19% Electron-cpaque material was parcly detected
in these microconidia and mecroconidia,

Discussion

The obscreations obtained n light microscopy e in
aprecment with a recent study showing that the plasama
membrane of fungi is rapidly compromised after challenge
with small synthetic peptides allowing the passage of the
SYTOX green stain through the sliered plasma membrane
(Reed ot al. 1997). This dve has also been used successhully
with bacteria to demonsirate therr viabality Following antil-
otic trestments (Roth et al. 1997 Although it s possible
o undderestimate the nomber of degd cells in tests using
EYTOX, o il has been recently reported when the nucleic
acids are absent or oo altered (Lebarmn el al, 1998), the con-
cordancs obtained between our results with light and wrang-
mission electron. microscopy  indicated that most of the
nucleic seids remained within the spores during our experi-
ments and they were not aliered enough 1o impede the reac-
tion with 5% TOX.

With (7 ribicela, the differences between control and
treated  besidiospores were nol a5 promounced  as with
comidia of the other fungi. A nmson lor this might be that
these basidicspores are very temperatore- amd mozstee-
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Figs. 12-15. Conidia of ielle ahictira var. abieting. Fig. 12, A control consdinm containing menserons ribesomess, o nackeus
with its eovelope (ssrow) and mitochondria (arowhesds) cootaining only a few cristae, The plasmalemma is visible on the left side of
the figure {ourved armw) bul is @illicull 1o disosm ot the apes of this spore since it was cut obliquely, Scale har = 0.2 pm. Fig. 13.
Afler exposure o 25 pM of peptide, the plasmalemma s well 2 the membmnes around e nuclees (amow) amd 3 mdtochondrion [ar-
remadsead) are difficalt io distingoish, Unisanl large veouoles ane 2lso present occasionally conl=ning clectron-opegque material ad ves-
cles apparently originating from the imaginating oooplast {oerved ammow). Scale bar = 0.2 wm. Fig. 14, Tea mioues after D2AZI
treatment &t 50 p M, the altered cptoplasm displays clectron-opague maberial, sems of which has Jeaked out of the cell (nrowheads),
Scade bar = 0.4 wm. Fig. 15. In the most affecied conidia ¥ b afier trestment with 50 pM of peplide, anly scatbered wesicbes {armow-
beuds) and cloctron-opague iaterial e be ohserved in the cytoplasm. Scale har = (L5 pm.

setlive [ Manion L9901 ) Owr in vitro conditions might have
hastened their deterioration, 45 sugpested by the detection of
7-10% of control basidiospores reacting with 3YTOX. An-
other resson might be that besidiospores were collected on
an g layer, at the surface of microscope slides, insicad of
directly in water. Thus, a part of the spore that was embed-
ded in agar might have besn ingocessible Lo the peplide, 1L is
also likely thal the numerous inorgenic calions present in
war, and particularly divalent ones, reduced the effective-
ness of the peptide, as reported elsewhere (Jacobi et al.
200, Mills and Hammerschlup 1993; Terms et al. 1993).
Finally, it i worth mmtiu‘nh‘iﬁ that the surprising frequent
presenc: of two neclel per basidiospore, which are the re-
sults of meosis, had becn alrcady described with fluores-
cence microscopy by Anikster (1983),

Observations with TEM ¢learly showed that the plasma
membrane, as well as the envelope surrounding mitochon-
drim and maclei, are rapidly altered after reatment with the
|_'r|:'|'.|'|i-;l::. These mernbrnes were oflen partially or wdally
missing, and when present they were often swollen. Ther
degradation appearcd to give risc o numerous vesicles that
were regulurly ebserved in the cyloplasm of the most dis-
turbed cells. The disrupton of noclear envelopes by small
designed peptides, allowing the penetration of SYTOX, has
also been noted by Reed et al. (1997) In another study, the
effects of the magainin 2 antimicrobial peptide on the struc-
twre of fungal hyphae wene examined by clectron micnoss
cofry, and it was found that the treated cells often contained
many vacuoles and mitochondria with abnormal nrorphology
(Kristyvanne et al. 1997 It has to be noted, however, that
they did ned deseribe structural chanpes of meclei.

Koristyamme et al, (1997) also found that the Oxation was
irnpeoved with tremted hyphae when compared with controls
and they mentioned that this was probably canseed by 2 better
penetration of fixatives across compromized plasma mem-
brunes. The control spores wsed in the present study arc
probahly more impermeable than hyphae to different sub-
stances, and this might explain why some of these cells did
not exhibit a clear definition of their fine structune and, in
pamicular. of their various membranous systems after & stan-
clard 2 iy 3-h pericd of fixation with glutaraldechyde (obser-
vistions not shown). However, after such o period of fixation
Tollowing peptide reatment, likely o a consequence of the
greater permeability of the plasmalemma o Gxalives, the
various types of membranes of the spores abways becarme
evident, and the cytoplasm was also frequently more con-
trasped than in contrids, Finally, it is worth noting that the re-
duced metabolism of control spores m@! have been partly
reflected by the presence of oaly a few cristse in mitp=
chondria, which is indicative of a low level of respiration
(Cheville 1904,

All these results clearly showed thig the plasme mem-
brune was mapidly altered after exposore 1o synthetic D2AZ2]
peptide. AL about the same tirne or very soon afterwasds,
alteration of the highly compartmentalized internal men-
branous system was also observed. It is difficult to determine
whether these internal bilayers were directly affected by the
peptide or indirectly as 2 consequence of the numemus
changes resulting from the compromised plasma membrane.
However, it is clear that the capacity of such antimicrobial
peptides to formm pores inthe latter is the primary reason for
theit effectiveness (Rao 1993). Thus, =ech peptides might
ilso be called iomophores. By definition, the latter ane srmall
hydrophobic molecules thatl form rangnembrane chanmels
greatly incrcasing the permcability of lipid membranes and
they would be common in nature {Alberts et al. 1989}, Thess
miolecules appear W be regularly prodeced by most microor-
g:.mixrm; 1y cdefend thermselves .qpinﬂ! compeetitors, and many
have been osed as antibaodics.

Tests to measure inhibition of spore geemination of these
four pathopenic fungi were carried out to confirm the
antifungal activity of the peptide before preparing samples
Tor aiersoopy. More detaibed inlommistion aboet in vitoo efs
fects of thie peptide against seven tree fungal pathogens, in-
cluding those of the present study, are deseeibed elsewhers
{Jmcobi et ol 20000, In this article, it is reported that the pep-
ticke was effective at lower concentrations than those men-
tigeed wn the present study. The recian For this difference is
probably that they used less concentrated spooe Suspensing
for their tests. This is supported by the Fact that for higher
concentriions of fungal cells treated with the peptide in the
present study, cytoplasm ulirestruciure appeared less altered
when compared with samples prepansd with 2 lower number
of spores exposed to the same concentration of pepticde.
More spores have been exposed to D2ZAZL peptide 0 our
wluddy in order to obtain & sslisfactory number 4o examins in
IS SOOIy,

Although the seasitivity 1o the peplide vanes according to
the fungal species tested, it seemed thal the smaller the
spores, the more likely they were to be affected by the tnsat-
menl. In stoondance with the results of Jacobi et al. (20000,
the amall conidia of ©F wfmf were more dTscted by peptide
action than the bigger comdia of €7 abieting var, abiesing
and N palligena. Similarly, afier exposure o 100 M of
2AZ] peptice, the structure of V. galfigens microconidia
wa ultered while that of macroconidia was generally not
impaired, These results tend to suppest that 3 greater sur-
faccvolume ratio would be more projudicial o the fungad
spores after initial interactions with the peplide molecules.

The small designed D2A2] peptide possesses imeresting
amtifungal mctivities, This festure. coupled with the fact that
it shows Little phytotoxicity (Joacobi of ol, 20000, makes il a
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I-'“Ig.s. 1619, Conidia of Macria gallipens. Fig. 16. Oblique vection of & contm ooamdium showing prooanenl vacooles (V). Scale

bar = | pm, Fig, 17. A micoconidium of & galligens ccposed to 100 pM of peplide that shows mepient siructucal alteragion. The
plasmalemma i hardly distinguishabde, and many vesicles can be seen at the eytoplasm periphery {ourved srow). The awclear cove-
Jope 15 mone or less continoous (amow) and 8 mitechondrion (amrowhead) has & swollen appeamnce. Scade har — 0.3 pm, Fig. 18, This
picioeodiadim i _wc.aﬂ_',.' ahtered after exposure to 100 p M of peptide. Numerows vesicles (armowhends) in the retracted cyloplasm are
shovan and some of them with o doghle membrane might represent prestly affected mitechondrin (ermow). Scale bar = 0.4 pm. Fig. 19
Whils maost of the cells of this macroconidium appransd normal, eoe cell = it extromity. shows signs of allemton. The plasmabemma
was observable caly m pleces (amows) and some mitechondsia wers still discemnible in the cyvtoplasm (arrowhesds), Scale bar = 0.5 pm.

good condidate for genetically engineered mesistance to tree
fungal pathogenic agents. Trees containing gene constructs
1o express this peptide have been recently produced (Séguin
1949 and are currently being tested in response o different
diseases, Efforts have also been undertaken o obtain an an-
tibody raised against this peptide 1o be abie to follow the ex-
peession and the lecalization of this molecule in transformed
trees concomitantly with examination of pathogen develop-
ment,

Acknowledgements

We thank P. Cheers (Laurentian Forcstry Centre} for odit-
ing the manuseript and D, GB. Ouellette (Lowrentian For-
emlry Centnz) s well i two anonymos reviewers for their
critical review of this paper and their many helpiul supges-
TS,

References

Albenis, B., Broy, D., Lewis, 1., Roff, M., Roberts, K., aod Watson,
LD 19E%. Mobecular biology of the cefl. Garfand Pubfishing
Inc., Mew ook,

Anikster, Y. 1993, Binacleste basidiospores: & goneral nule in mst
fung. Trans, Be. Mycol, Soc. Bl 624626,

Bevinz, C.1., and Zosloff, M. 1990, Peptides frony frog skin, Anow,
Rev, Biochem, 5% 395414,

Boman, ILG., and Holtmask, 0. 1987, Cell-fres immuniry in in-
sects. Anmw, Rev, Microbiol, 410 105-126.

Brockasert, WF., Teras, FRUG, Cammoe, BRA, and Cshom, BW,
1445, Plamt defensine: novel antimicrobial pepeides a5 componenis
of the host defense: system, Plond Physiol, 108: 135351358,

Brockaerl, W, Cammue, B.RA., e Balle, M.EC, Thevissen,
K., Do Samblans, GOW, and Osborn, BW, 1997, Antimicrobsal
peptices from plangs, Crit. Rev, Plant Sci. 16: 297-313.

Chen. H-C_ Brown, LH, Morcll, L., md Fuoang, CM, 1988,
Synthetic mugainin analogues with improved antimicrobal ac-
tivity, FEBS Leti, 236 452466,

Cheville, M.E. 14994, Ultrestrectuml pathology — An intredusciion
to inderpretation. lovn State University Press, Ames, lows

Gabay, LE. 1994, Uliquilous natural antibiotics. Science {Wash-
inpton. DU}, 64: 373-374.

Hureen, JH. 1993, Antibiolics symthesized by postiranslational
mendification. Anno, Rev, Microbiol, 47; 5535564

Jacobi. V.. Plourds, A, Charest PJ and Hamelin. R.C. 2000. In
vilro tosicity of natural and desipned peptides 1o ree pathigens
and pollen, Can. I Bot, 78:; 455461,

Frestvanne, ES5. Kim. K5, and Swewart JMe DD 1997, Magainm
2 ellcils on the ullszstrocture of Bve pland pathogens. Myoo-
login, B9 353360,

Lebaron, B, Catala, P, and Parhaisol N. 1998, Effectivencss of
SYTOX Cmeen stain for bacterial viabhility aswesanent. Appl. Fn-
viron. Microhiol. &4: 36972700,

Manion, PO 1991, Tree disesse concepis. Prentioe Hall Ine,
Enphowood Claffs, M0,

Mills, [k, and Hammerschlzg, FA. 193, Effecr of cecropin B on
pench pathogens, protoplasts, and cefls. Phant Sei. 931 143150,

Micobes, P, and Mor, &, 1995, Peplades as weapons againsl micro-
orgamisns in e chemical defense system of vertchrges, Anme,
Rev. Microbiol., 4% 277-304,

Poweldl, WA Catranis, C.0., and Maymand, CA. 1995, Synthetic
anlimicrobial peptide design. Mol. Plant-Microbe Indersct. §:
T2 T

R, .G 1995, Antimicrobsal peptides. Maol, Plant-Microbe Inter-
act. B: 5-13.

Reed, 10D, Fdwards, TRL, and Goenzalsr, CF 1997, Synthetic
peptide combinatosial lbrares: 8 method foe the identification
o betsclive poplides against phytepathogenic fimgi, Mol, Fant-
hlicrobee Interact. Bl 537549,

Roth, B.I., Poot, M., Yue, 57T, and Milland, PJ. 1597, Bacterial
viahility and aofibaolic suseeplibility tedting with SYTOX Gresn
noeleic ackd =aim. Appl, Environ, Microbiod, 63: 2421243

Sépmin, A 1999 Transgenic tress resistan b microbial peste. For
Chron, 75; 303-304_

Terrss, FRUG., Tomedkens, 5. Van Lewven, F, Oshom, BW,
Vamsderleyiden, 1., O . BR.A. and Brockserl, WE 1993, A
rmw family of basic cysteine-rich plant antifungal prodeing from
Brassicaccas species. FERS Lett, 306 233240,

Terras, FERG, Eggermond, KE, Kovaleva, V., Rakbel, NV,
Oshomn, BOW.,. Kester, A, Reex, 5B, Torekens, 5. Van
Lewven, F., Vanderlepden, 1., Cammue, BRA., and Brocksen.
WE 1995, Small cysteine-rich antifungal proteins lrom mdish:
their robe in host defense. Plang Cell, 7: 573-588.

Fastoff, M., Martin, B, and Chen, H.-(. 1988, Antimicrobiod ac-
livity «f synthetic magainin peptides amd several anabogues,
Proc. Ml Acnd, Sgc, U540, 85 910913,

£ 2KHF NRL Canada



