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HYDROGEN PEROXIDE INDUCED BY THE FUNGICIDE
PROTHIOCONAZOLE TRIGGERS DEOXYNIVALENOL
(DON) PRODUCTION BYFUSARIUM GRAMINEARUM

ABSTRACT

Fusariumhead blight is a very important disease of smiirgcereals withF. graminearurmas one of
the most important causal agents. It not only caueduction in yield and quality but from a hunsrd
animal healthcare point of view, it produces mygats such as deoxynivalenol (DON) which can accumu-
late to toxic levels. Little is known about extdrtrégggers influencing DON production. In the presevork,

a combinedn vivo/in vitro approach was used to test the effect of sub Idtimgicide treatments on DON
production. Using a dilution series of prothiocpole, azoxystrobin and prothioconazole + fluoxdsitrowe
demonstrated that sub lethal doses of prothiocdeamincide with an increase in DON production 48fter
fungicide treatment. In an artificial infectionatiusing wheat plants, thie vitro results of increased DON
levels upon sub lethal prothioconazole applicati@ne confirmed illustrating the significance of $eeesults
from a practical point of view. In addition, fuethin vitro experiments revealed a timely hyperinduction of
H,0, production as fast as 4h after amending culturiéis pvothioconazole. When applying®, directly to
germinating conidia, a similar induction of DONspuction by F. graminearunwas observed. The effect of
sub lethal prothioconazole concentrations on DOd¢lpction completely disappeared when applying aaéal
together with the fungicide. These cumulative ressaliggest that 4@, induced by sub lethal doses of the
triazole fungicide prothioconazole acts as a #iggf DON biosynthesis. In a broader frameworis thork
clearly shows that DON production by the plant pgtn F. graminearunis the result of the interaction of
fungal genomics and external environmental triggers
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INTRODUCTION

Fusarium graminearunis one of the main causal agents of Fusariead
blight (FHB) in small grain cereals Goswami andtkis 2004. Although FHB
symptoms have a classical impact on yield, theomajpncern referred to FHB
is the presence of mycotoxifsusariumspp. are able to produce a plethora of
mycotoxins with diverse chemical and biologicaltéeas Bottalico and Per-
rone, 2002. This toxin fingerprint, inherent to thenetics of each individual
strain, determines the chemotype of each particltasarium isolate.
F. graminearunchemotypes are mainly characterized by type B dtioécenes
among which deoxynivalenol (DON), acetyldeoxynivale(3-ADON and 15-
ADON) and nivalenol (NIV) are the most prevalentsiaedins 2003.

Although the genetic background of type B trichattree production has
been studied elaborately, a coherent view on todyction profile of these
mycotoxins during infection and colonization ofh@st is lacking and identify-
ing or understanding mechanisms that regulate tbdugtion of these secon-
dary metabolites remains a challenge Banl 2002, Desmonet al 2008,
Mudgeet al 2006. To date, the role of the type B trichotimec®ON during
infection and colonization of plants remains a towrersial issue. Using DON
non-producingFusarium strains, the importance of DON production during
spread of the fungus throughout the grain host dexmonstrated Bagt al
2002. In concordance, DON production elicits deferesponses in wheat Des-
mondet al 2008. This role for DON as a virulence factastivaely produced
during the infection process, has been confirmechamy other studies Mudge
et al 2006, Hestbjergt al. 2002, Goswami and Kistler, 2005. Notwithstanding
these compelling lines of evidence, other authersouple DON production
from colonization and aggressiveness ktual 1997, Adams and Hart, 1989,
Walker et al 2001. The aforementioned controversy illustratiegly that be-
sides the genotypical derived DON-chemotype, mamyirenmental triggers
are crucial to unequivocally delineate the DON-picitbn by a strain ofusa-
rium. The involvement of external influences triggerd@N production is fur-
ther corroborated by research illustrating modatatof DON production by
either abiotic factors such ag s&emperature, available carbon and/or nitrogen
source, and biotic factors such as presence of @iihgi Simpsoret al. 2004,
Schmidt-Heydet al 2008, Gardineet al 2009a, Gardinest al 2009b, Magan
et al 2002.

The importance of these external triggers in DObdpction is consolidated
by the observation that the production level of otggins in axenidn vitro
culturesis often orders of magnitude lower than observethdunfection and
colonization of a host, suggesting that specifistlsignals are involved in elic-
iting mycotoxins production. The secondary plagnailing compound hydro-
gen peroxide (kD,), which is involved in plant-fungi interactionss high-
lighted as an possible trigger interfering witheyP trichothecene production.
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In previous work with F. graminearumit was demonstrated that exogenously
applied HO, at time of spore germination resulted in higher Déid A-DON
levels 30 days later Pongg al 2006. In addition, this DON accumulation was
accompanied by an up-regulation of ttie gene machinery, responsible for
DON biosynthesis Ochiat al 2007, Pont®t al 2007. Moreover, liquid cul-
tures of F. graminearumsupplied with HO, started to produce J, them-
selves and the kinetics of this paralleled with D@dtumulation Pontst al
2007] indicating a link between DON production amxidative stress. Notwith-
standing this clear observation, underlying mecérasi remain elusive. Re-
cently, evidence is brought forward that the respgoof Fusariumto H,O, is
chemotype dependent. Pometsal (2009) observed a reduced NIV production
in these chemotypes upon exogenou®thpplication while the opposite was
observed in DON chemotypes. Furthermore thesestmgest that NIV isolates
combine this adaptation to oxidative stress witpraliferated virulence Ponts
et al. 2009.

The application of fungicides as possible extetrigbers for thrichothecene
biosynthesis remains a controversial issue. Seaethors have described that
sublethal concentrations of fungicides trigger dhothecene biosynthesis
Mullenbornet al 2008, Ochiaet al 2007, D'Melloet al. 1998. Others report
opposite results Covare#t al. 2004, Matthies and Buchenauer, 2000.

The objective of the present work, was to inveséighe influence of three
fungicides i.e. prothioconazole (a triazole fung®), azoxystrobin (a strobilurin
fungicide) and prothioconazole + fluoxastrobin, lsggbat sub lethal concentra-
tions on DON production byF. graminearum Triazoles are known inhibitors
of the ergosterol biosynthesis in fungi while sthatin fungicides inhibit mito-
chondrial electron transport by binding the Qo siteytochrome bcl complex.
Where the effectiveness of triazole fungicides magjdtusariumspp. is a cer-
tainty, the activity of strobilurins againstusariumspp. is doubtable.

The hypothesis of a fungicide-induced oxidativest response as a trigger
for DON biosynthesis was evaluated by a combingut@ach of HO, meas-
urements and application of the®} scavenger enzyme catalase. Finally, the
work was validated on a laboratory scale inmawvivo assay using wheat plants.
The present work clearly demonstrates the riskedidiced fungicide doses with
respect to DON accumulation.

MATERIAL AND METHODS

Fungal Material, induction of conidia, conidia suspension and conidia counting

A GFP transformant dfusarium graminearurstrain 8/1 Janseet al. 2005]
was grown on potato dextrose agar (PDA) for 7 dety®0°C and kept at 4°C
upon use in the germination assays. Conidid-oframinearumwere obtained
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by incubating a mycelium plug on a PDA plate7atays under a light regime
of UV/darkness (12 h 365 nm 10 W/12 h). Macrocamidiere harvested by
adding distilled water amended with 0.01% of Twenhto the fully grown
PDA plates and by rubbing the conidia-bearing myeoelwith a spatula. Co-
nidia were counted and diluted to a final concaian of 10e6 conidia/ml. In
the germination assays, fungal conidia were visadliusing a 0.02% cotton
blue solution prepared in lactic acid.

In vitro growth and germination assay, exogenous application of fungicides and H,0,

In the present study, 3 fungicides were used i.duoxf
astrobin+prothioconazole, azoxystrobin and protwmazole. Field doses of
each fungicide were the point of departure foritheitro assay. The field dose
of each fungicide differed according to the mantufears instructions and
mounted to 0.5 g/l + 0.5 g/l, 0.83 g and 0.67 g fespectively fluox-
astrobin+prothioconazole, azoxystrobin and prothinazole.

In experiments aiming to measure fungal biomasscamidia germination,
a ten-fold dilution series of these three fungisidvas prepared to obtain
a final concentration of 1/1000, 1/100, 1/10 aiettifdose of each fungicide in
the 24-well plates in which the assay was executedhese wells, 250 pl of
conidial suspension was added and amended withuR66the fungicide dilu-
tion. These wells were incubated at 20°C. Eachtrtreat consisted out of 2
repetitions and the experiment was repeated tlimesstindependently in time.
Control treatments consisted of 250 ul of sporg@ension and 250 pl of dis-
tilled water.

H,O, was applied once at the beginning of the gernunatiials in a final
concentration ranging from 0.01 mM, 0.1 mM, 1 mMtoplO0 mM. 250 pl of
H,0, solution was added to 250 ul of spore suspen&anh treatment con-
sisted out of 2 repetitions and the experiment rgpeated three times. Control
treatments consisted of 250 pl of spore suspersidr250 pl of distilled water.

Infection of wheat plants and application of fundésin vivo

F. graminearummacroconidia were obtained and harvested as prayiou
described. a conidia suspension of 10e6 conidia/ad prepared. a dilution
series of fluoxastrobin and azoxystrobin + protbimazole was prepared start-
ing from the field dose as mentioned in thevitro assays. Ten ears of wheat
plants at flowering stage (Zadok's stage 60) wefecited with 2 droplets of 20
ul of conidia suspension. Subsequently, the infeatkeat plants were sprayed
with fungicide dilutions till run off and placed ia growth chamber at 22°C
under a relative humidity of 100% for 2 days t@ntee the conidial germi-
nation and penetration. After 2 days, the plantsewiecubated for 12 days in
a growth chamber at 22°C under a light regimé@if light/8h dark. Fourteen
days after inoculation, the infection was assebsasgd on the surface of the ear
covered withFusariumsymptoms:1 = healthy; 2 = up to 25%; 3 = 25 to 58%
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= 50 to 75%; 5 = 75 to 100% of the ear covered witmptoms. The experi-
ment was repeated twice in time.

DNA extraction and fungal quantification using a Q-PCR approach

To quantify the amount dfusariumbiomass in then vitro assays, fungal
biomass retrieved from each individual well wastdérmged and supernatant
was eliminated. The pellet freeze-dried for 6 h-40°C and 4h at -50°C
(Christ Alpha 1-2 LD Plus, Osterode, DeutschlarsBmples were stored at
—20°C upon extraction.

DNA extraction was performed as previously desdrine Audenaeret al (2009)
Audenaeret al 2009] based on the method established by Shagbdilahroofet
al. (1989) Saghaimaroedt al 1984. For PCR, amplification of the EFgene, the
forward primer FgramB379 (5-CCATTCCCTGGGCGCT-3'mdathe reverse
primer FgramB411 (5-CCTATTGACAGGTGGTTAGTGACTGG-3ivere used
Nicolaisenet al 2009. The real-time PCR mix consisted of 12.2 1ISYBR
Green PCR Master Mix (Stratagene), 250 nM of eaohgr, 0.5 ug/ul bovine
serum albumin (BSA) and 2 ul of template DNA. PCRswperformed on
a 7000 series Detection System (Applied Biosys}jaemssg the following PCR
protocol: 2 min at 50°C, 10 min at 95°C, 40 cyaé&95°C for 15s and 62°C for
1 min followed by a dissociation analysis at 556®@5°C.

A standard curve was established in threefold uaingvofold dilution series
of pure fungal DNA from 100 ng up to 3.125 ng. Tdraount of fungal DNA
was calculated from the cycle threshold (Ct) arelamount of fungal material
in control samples.

Measurement of H,O,and DON, application of catalase

H,0, formation in the fungicide experiments was measdie 24 h and 48 h
post inoculation using a TMB (trimethylbenzidirgsay . This assay is based
on the conversion of TMB to a blue stain upon tieacwith H,O, in the pres-
ence of peroxidases. 250 ul of the conidia suspansas removed from a well
and amended with an excess of 100 ul horse radisixidase (500 U/ml) and
150 pl of TMB (1 mg/ml). TMB was dissolved in 1008thanol and the stock
solution of 1mg/ml was prepared in 50mM of Tris{ade buffer (pH 5.0). kO,
formation was determined by measuring the absosbhan620 nm in duplicate
in each time point and in two independent experimelm each experiment,
a standard curve of pure®; was added in a concentration range of 0.01 mM
up to 100 mM. The kD, formed in then vitro assay was calculated based on
this standard curve.

DON concentration was measured by ELISA using teeatbx DON 5/5 kit
(Biognost, Neogen, Leest, Belgium). The lower lifitdetection was 0.1 ppm.
a standard curve was established using 0, 0.25,10and 2 ppm DON. The
ELISA kit provides 100% specificity for DON. 200 pi the conidia suspension
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was removed from each well. Two repetitions peattreent were pooled and
subsequently centrifuged to eliminate the fungdlepelO0 ul of this super-
natant was used for further analysis in the ELIS8ag. Experiments in which
DON content was measured were repeated twice im With two repetions per
experiment and treatment. In thmevivo experiments, 1 g of grains was ground
and extracted in 10 ml of distilled water. Subsedlyethe extract was analyzed
by ELISA as described above. The DON content waasored in five fold.

In the in vitro experiments using catalase, 125 pl of Catalase frovime liver
(Sigma, Bornem, Belgium) was added to the wells tfinal concentration of 1000
U/ml. In the experiments where catalase was appB&0@ pl of conidia were
amended with 125 pl of fungicides. Care was takatthe final concentration of the
fungicides was the same as aforementioned in ltiee studies.

Data analysis

Differences in DON levels, 4D, content, disease assessment, germination and
fungal diameter were detected using a non-parent@tuskall-Wallis and Mann-
Whitney test with a sequential Bonferroni cor@ttior multiple comparisons. Dif-
ferences between DON levels and disease severigyagasidered at P = 0.05/(n-1)
with n the number of cases in the study. All datésenanalyzed using SPSS-software
(Originally: Statistical Package for Social Scies)ogersion 15.0 for WindowsXP.

RESULTS

Effectiveness of fungicides to inhibit conidial germination and to reduce fungal biomass

Strobilurins and triazoles are among the most fetjy used fungicides to
respectively controM. nivaleand F. graminearum Nevertheless, application
of these chemicals is often suboptimal due to Hwets/ulnerable period of the
pathogen in the field (during anthesis of the haastid environmental factors
such as rain and wind. To determine if suboptinnaigfcide treatments influ-
ence germination ofF. graminearuntonidia and DON production, an vitro
assay was set up using a dilution series of azmbjis, prothioconazole and
fluoxastrobin + prothioconazole. Azoxystrobin didotn influence the
F. graminearunconidial germination at any of the given time psiint a con-
centration—dependent way (Fig. 1C). In contrasttipoconazole effectively
inhibited conidial germination at field dose andditutions 1/10 and 1/100 but
did not have a significant effect at lower dosesnae point 48 h (Fig. 1B). At
time intervals 4 h and 24 h, intermediate concéntia caused a temporary
delay in germination. Finally the combination ofoftioconazole and fluox-
astrobin exhibited fungicidal activity at field czemtration and inhibited germi-
nation in dilutions 1/100 and 1/1@@d displayed no or very little effect in dilu-
tion 1/1000 (Fig. 1A). Similar results were obsehat the level of mycelial
radial outgrowth (data not shown).
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Fig. 1. Effect of prothioconazole + fluoxastroba),(prothioconazole (b) and azoxystrobin (c) onidiah
germination of. graminearumConidia at a concentration of 106 conidia/ml exgitallenged with a tenfold dilution
series of fluoxastrobin + prothioconazole, azoxystrand prothioconazole starting from 0.5 g/I5-@l, 0.83 g/l and
0.67 g /I. For each treatment and repetition S@l@were scored for their germination and percgntd conidial ger-

mination was calculated at 4h (solid line), 24ds(d line) and 48 h (point dashed line) aftemistivith 0.02%
of cotton blue in lactic acid. Experiment consigiétivo repetitions for each treatment and the ixeat was
repeated three times. Graphs represent the avéraltthree experiments. Different letters at edeta point
indicate differences from the control treatmendlat(**), 24 h (*) and 48 h after analysis with aukkall-
Wallis and Mann-Whitney test with a sequential Barii correction for multiple comparisons

The effect of the different fungicides on conidgdrmination was also re-
flected in the amount of fungal biomass as measimed)-PCR analysis
(Tablel). These Q-PCR data clearly highlighted an eftdgprothioconazole
and protioconazole + fluoxastrobin Basariumgrowth.
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Effect of atenfold dilution series of prothioconazole, prothioconazole + fluoxastrobin Tevled
and azoxystrobin on fungal biomass measured by Q-PCR analysis
Prothioconazole Prothioconazole + Fluxastrobin Azoxystrobin
piuton Without Catalase* Without Catalase* Without Catalase*
catalase catalase catalase
Control 235.68 194.60 255.68 245.89 251.57 232.48
1/1000 9.42 63.0% 76.2% 48.17 267.16 230.12
1/100 2.35 31.1% 16.58 44.96 250.0F 234.93
1/10 251 50.02° LD LD 254,22 216.00
Field LD 33.47 LD LD 236.54 170.72

F. graminearunbiomass expressed as ng/pl. In each run, amplite control was included. The amount
of fungal material was measured based on a stasears of-. graminearunDNA ranging from 100 ng/pl
down to 3.125 ng/ul which was carried out in tdptie. Different letters indicate significant dieces after
analysis with a Kruskall-Wallis Mann-Whitney anatysiith P=0.05

* - Effect of catalase (1000U/ml) added at the start of the experiment on the F. graminearum
biomass. LD - Lower than detection limit. Effect of fungicides on DON production

To check whether the effect of the strobilurin fimides and the triazole
fungicide prothioconazole on fungal biomass andngeation was paral-
leled by a reduced production of the type B tritteeene DON, levels of
this mycotoxin were measured using a competititéSB-approach (Fig.
2A, B, C). As expected, application of azoxystroHid not influence DON
production by F. graminearunstrain 8/1. Remarkably, the combined appli-
cation of prothioconazole and fluoxastrobin trigegtla huge production of
DON at the sub lethal doses of dilution 1/409d 1/100, as early at time
point 48 h but not at earlier time points (4h addh data not shown). For
the sole application of prothioconazole no majdeets on DON produc-
tion were observed since none of the tested conaigonis were sub lethal.
In an additional experiment using an extra interiagx concentration of
1/50 of the field concentration of prothioconazade reduced spore germi-
nation of about 50 % was observed (data not sho@ajcomitant with this
observation, this sub lethal dilution resulted miacreased DON produc-
tion (32 ug/ug of fungal DNA). Hence, applicatiohswub lethal concentra-
tions of respectively prothioconazole + fluoxasiroland prothioconazole
seems to result in the activation of the tricho#rex biosynthesis machin-
ery leading to an accumulation of DON as fast af48ter the start of the
experiment.
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Fig. 2. Effect of prothioconazole + fluoxastrola), prothioconazole (b) and azoxystrobin (c) atarie combination
with catalase (d,e,f) on production of deoxynivalédBON) byF. graminearumConidia at a concentration of 106
conidia/ml were challenged with a tenfold dilutgsies of fluoxastrobin + prothioconazole, azoxypitr and prothio-
conazole starting from 0.5 g/l + 0.5 g/l, 0.83aml 0.67 g /l in absence (a,b,c) or presence) @100 U/ml catalase.
DON content in the medium was determined usingrgetitive ELISA approach 48 h after start of theeginents.
Each bar is the result of two pooled samples tacesdariance. The experiment was repeated twitaérof which one
representative experiment is shown in the figuiféefent letters above bars indicate significaffedénces after analysis
with a Kruskall- Wallis and Mann-Whitney test wéttsequential Bonferroni correction for multiple gamisons.

Timely production of H,0, precedes DON accumulation in combined strobilurin
and triazole fungicide application

As several lines of evidence in literature corrabman important role for reactive
oxygen species (ROS) and more specificapHn stress responses of fungi, the
accumulation of kKD, upon fungicide application was monitored in thelgighedn
vitro germination assay. In these experiments, we unecplly demonstrated that
sole application of respectively azoxystrobin anathpoconazole at the given con-
centrations did not result in elevateddsconcentrations at any of the time points
(Fig. 3). In addition, prothioconazole at field dagsulted in lower ¥, concentra-
tions than those observed in control samples ppseitecting the reduction in mi-
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crobial metabolic activity due to the applicatidrttee fungicide. Sub lethal dilutions
of the combined application of fluoxastrobin + piotonazole (i.e. 1/10 and 1/100)
resulted in an increased®} content in the medium compared to the control bhad t
other treatments as fast as 4 h after the stdineajermination assay. Although the
increase at concentration 1/100 was less prolifdéhatn the increase at concentration
1/10 of the field dose of fluoxastrobin + prothineaole, it was consistent in all per-
formed experiments. Moreover, this peak pktlisappeared or was less proliferated
at later time points 24 h and 48 h. These findstgsgly suggest that timely produc-
tion of HO, triggers the trichothecene biosynthesis machiteeggroduce DON in
sub lethal fungicide treatments.
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Fig. 3. Effect of prothioconazole + fluoxastrok, fprothioconazole (b) and azoxystrobin (c) oreegtlular HO,

concentrations. Conidia at a concentration of é@@idia/ml were challenged with a tenfold dilutiries of fluox-
astrobin + prothioconazole, azoxystrobin and prothiazole starting from 0.5 g/l + 0.5 g/l, 0.83gdl 0.67 g /l. KO,

was measured at 4 h (solid line), 24 h (dashepdim 48 h (point dashed line) using TMB (trimetieyizidine) as a
substrate in the presence of an overdose of pasexidhe kD, concentrations were calculated based on a standard
curve included in each experiment. Each data jsdiné result of three repetitions and the experisnsere repeated

twice in time. Different letters at each data piidicate differences from the control treatmedtat**), 24 h (*)

and 48 h after analysis with a Kruskall-Wallis &fahn-Whitney test with a sequential Bonferroni
correction for multiple comparisons.
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To further examine the role of,6, in fungicide-induced stress, exogenous cata-
lase was added together with the fungicidal treatrdd 4h after application, catalase
resulted in a reduced germination rate (Fig 4 Acdnpared to all non-catalase treat-
ments. In addition, at later time points, the agagiibn of catalase partially abolished
the fungicidal effect of prothioconazole + fluoxabin (Fig. 4C) and of prothiocona-
zole (Fig. 4D) at both the level of conidial geration and fungal biomass (Table 1).
No effect was observed in the treatment with azoslym (data not shown). In addi-
tion, this partial loss of fungicidal effect duethe application of catalase was accom-
panied by the disappearance of th®4Hpeak previously observed in the prothio-
conazole + fluoxastrobin treated samples at 4 afiplication of prothioconazole
(Fig. 5A). No peak was observed in the treatmetit sole application of prothio-
conazole (Fig. 5B). At later time points, ngd4 accumulation was observed in none
of the treatments (data not shown). Finally, coteplen line with these observa-
tions, the disappearance of thgsltrigger at 4h due to the application of catalase
resulted in DON production comparable to contestiments (Fig. 2 D, E, F).
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Fig. 4. Effect of prothioconazole + fluoxastrobé ¢) and prothioconazole (b, d) in absence (dakhe)dor
presence (solid line) of exogenous catalase ogehmination ofF. graminearunconidia after 4h (a, b) and
48 h (c,d). Conidia at a concentration of 10e6 veiialenged with a tenfold dilution series of flaskrobin +
prothioconazole, azoxystrobin and prothioconaztagiag from 0.5 g/l + 0.5 g/l, 0.83 g and 0.67.¢M the
beginning of the experiment, catalase (1000 U/nal$ wdded to the germinating conidia. For eachniresatt
and repetition 50 conidia were scored for theingeation after staining with 0.02% of cotton bludactic

acid and percentage of conidial germination wasutaled. This experiment was repeated twice in.time
Different letters at each data point indicate défeces from the control treatment after analysth wi
Kruskall-Wallis and Mann-Whitney test with a sedisdBonferroni correction for multiple comparisons
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Fig. 5. Effect of a combined application of catalasd respectively prothioconazole + fluoxastrgbjrand
prothioconazole (b) on extracellulag® concentrations at 4h after fungicide applicati@onidia at a con-
centration of 106 conidia/ml were challenged veittenfold dilution series of fluoxastrobin + pratbona-
zole, azoxystrobin and prothioconazole startingif5 g/l + 0.5 g/l, 0.83 g and 0.67 g /I in thegence of
1000 U/ml catalase. ), was measured at 4h using TMB (trimethylbenzidirsed substrate in the presence of an

overdose of peroxidase. The®4 concentrations were calculated based on a staodasel included in each experi-
ment. Each data point is the result of three rémeadiand the experiments were repeated twicena.tDifferent
letters at each data point indicate differencesftioe control treatment after analysis with a Kalskvallis

and Mann-Whitney test with a sequential Bonferorrection for multiple comparisons.

Stress-induced H,O, accumulation upon fungicide application is necessary
and sufficient asa trigger to induce DON

To further decipher a direct link betweegChlat one hand and the production of
the mycotoxin DON at the other hand, the accunmatif DON was monitored
upon exogenously single pulse application gbfHtanging from 0.01 mM up to 100
mM. H,O; influenced germination off. graminearunconidia in a concentration-
dependent manner (Fig. 6). As early as 4h aftestn of the assay, exogenously
application of HO, at concentrations from 1 mM up to 100 mM retardestapped
conidial germination. The sub lethal concentratibri0 mM HO, induced DON
production as fast as 4h after application g®Hn one of the experiments. In the
other experiment, 4h was probably just too earlgttserve the increased DON pro-
duction and in this experiment, the increment ilD@as observed at 24 h. The abil-
ity of 10 mM HO; to initiate DON production is in concordance witsO, concen-
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trations induced by sub lethal prothioconazole entrations (Fig. 3A). At later time
points, DON did not further accumulate and conediotn remained the same for the
subsequent 24 and 48 h time points. This effddt©f on DON production was con-
firmed by an experiment in which,&, was eliminated from the well plates by exo-
genously applied catalase. This resulted in ab#ak of the DON production in the
10 mM HO, treatment to levels comparable to control welggdchot shown). Fi-
nally, surprisingly, low concentrations of®} facilitated conidial germination com-
pared to control samples. Indicating the neceséitpw levels of HO, in optimal
germination of conidia and proliferation of fungalls.
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Fig. 6. Effect of exogenously appliedg® on germination (a, b, ¢) &. graminearunand DON production
(d,e,f) after 4h (a and d), 24 h (b and e) and 484dnd f). Conidia at a concentration of 106 daiiml were
challenged with a tenfold dilution series of®4. For each treatment and repetition 50 conidia weoged for
their germination after staining with 0.02% of cottblue in lactic acid and percentage of conidéirination
was calculated. DON content in the medium wasmiéted using a competitive ELISA approach. Eachrireat
was measured in duplicate and the experiment yweata twice in time (dashed and solid line r
epresent the two experiments).

Sublethal prothioconazole + fluoxastrobin application triggers DON production in vivo

In anin vivo case study with azoxystrobin and prothioconazdleoxastrobin, the
effect of sub lethal fungicide concentrations oowgh and DON production was
verified on wheat plants (variety Cadenza) durintipesis. a point inoculation with
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F. graminearunclearly led to typicaFusariumsymptoms 14 days after inoculation
(Fig 7). In the treatment with azoxystrobin, noutibn of symptoms was observed
(data not shown) which is in concordance with ttexipusly describeth vitro data.
Application of prothioconazole + fluoxastrobin riésd in a complete control of
Fusariumat field dose or dilution 1/10 (Fig 7A). At contertion 1/100 symptoms
were apparent although they were less prolifehate in the inoculated control plants
pointing to a sub lethal concentration. Parallghwhe symptom evaluation, DON
content was determined in the wheat ears. No DONapparent in treatments with
field dose or dilution 1/10. However, a significércrease in DON content was ob-
served in ears originating from the 1/100 treateentpared to the control treatment
(fig 7B) which is in concordance with tirevitro observations.
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Fig. 7. In vivo effect of prothioconazole + fluoxaxbin on symptoms df. graminearum(@) and DON con-
tent (b) after point inoculation of wheat ears dslafter infection. Wheat ears (variety Cadenzgpvinocu-
lated with two droplets of 20 pl of conidia at ancentration of 106 conidia/ml. Infection spots wirdicated

with a marker. Ears were subsequently treated avtdnfold dilution series of fluoxastrobin + pratbona-
zole starting from 0.5 g/l + 0.5 g/I. For each tneent, 10 plants were assesseddasariumsymptoms. This
experiment was repeated twice in time with analegesults. The figure represents one represeniatieri-

ment. Different letters at each data point indichifierences from the control treatment after asialyvith a

Kruskall-Wallis and Mann-Whitney test with a seqti@rBonferroni correction for multiple comparisons

DISCUSSION

In an effort to broaden our understanding of exktnggers influencing the
DON production machinery ofF. graminearumthe effect of strobilurin and
triazole fungicides on DON production was invedigia Our results demon-
strate that prothioconazole, a triazole fungicidas good control capacities
culminating in reduced vegetative radial outgrovethreduced conidial germi-
nation and a reduction of. graminearumbiomass. Triazoles are known in-
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hibitors of the ergosterol biosynthesis in fungildrave been described for their
good control capacities agairsisariumspp Mullenborret al. 2008.

On the contrary, the strobilurin fungicide azoxgbinwas not able to induce
a reduction in radial outgrowth, spore germinatiomd fungal biomass. Stro-
bilurin fungicides inhibit mitochondrial electromahsport by binding the Qo
site of cytochrome bcl complex. Although the effamtess of strobilurins
againstFusarium spp. is doubtable, they have been reported to fective
against F. culmorumCovarelli et al 2004] Apparently, F. graminearumis
very resistant to this type of fungicides. Resistato strobilurin fungicides has
been reported in many species to be associatedawiiingle amino acid re-
placement at position 143 of the cytochrome b déne et al 2003, Fisheet
al. 2004, Fraaijeet al 2002. Although this mechanism was recently dbecki
in Microdochium nivalet has not yet been described k. graminearumWe
assume that the observed resistance is therefembpoa consequence of the
activation of a respiratory chain using an altéugaoxidase (AOX) bypassing
complexes Il and IV in the cytochrome mediatedhpatty. Activity of this
AOX mediates electron transfer directly from ubitplito oxygen. Kaneko and
Ishii (2009) demonstrated thaF. graminearumacts very rapidly upon stro-
bilurin application by the activation of AOX wheeeldl. nivale a fungal spe-
cies susceptible to strobilurins, reacted slowlthvéei retarded moderate activa-
tion of this enzyme Kaneko and Ishii, 2009.

Since the generation of reactive oxygen speciel asd40, is a hallmark
of an oxidative stress response, extracellulg®,Hvas measured upon fungi-
cide application in arn vitro assay. Unexpectedly, application of strobilurin
fungicides did not result in an increased extratall HO, formation, which is
at first sight, contradictory to previous findinigg Kaneko and Ishii (2009) who
found an increased production of®3 upon strobilurin application. However it
is important to notice that in the present work £, released in the medium
was measured whereas Kaneko and Ishii (2009) fdcoseantracellular KO,.
Remarkably, the application of sub lethal doseprothioconazole or the com-
bination of prothioconazole amended with fluoxasimoresulted in a boosted
H,0, production as fast as 4h after application. Th@mpt production disap-
peared at later time points. In addition, a cleauction of DON production
was observed 48 h after application of sub lethakhjoconazole + fluox-
astrobin concentrations. This induction of DON veasfirmed in anin vivo
experiment in which flowering wheat plants were entéd with
F. graminearumand subjected to a sub lethal dose of prothioaueaz fluox-
astrobin. Previous work orr. culmorumdemonstrated no or a negative effect
of several strobilurins and triazoles on DON prdduc Covarelliet al 2004]
so the observed phenomenon of an increased DON ugtiod by
F. graminearuminduced by sub lethal concentrations of triazalaegicides
might be a strain- or species —specific phenomenon
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It is tempting to speculate whether this accumatattf DON is the conse-
guence of the preceding accumulation gbkas such being the first link in
a signalling cascade activated upon sub lethatdte treatment. Although this
key role of HO, is not unambiguously demonstrated in the preseulysthe
amount of evidence is compelling>® precedes accumulation of DON, com-
bined application of catalase (eliminating@d from the medium) inhibited
DON accumulation. In addition, the application teca reduced activity of the
triazole fungicide. Application of ¥, to F. graminearumcultures led to
a reduced germination and prompt induction of DGiNsynthesis 4h after
H,0O, application. This additional experiment proves tHgO, accumulation is
necessary and sufficient to initiate DON productidhe activation of the DON
biosynthesis machinery by,8, is in concordance with previous observations
by the group of Barreau Porgs al 2006, Pontet al 2007, Pontgt al. 2009]
who demonstrated that exogenously applie@4by repeated single or pulse-
feeding resulted in accumulation of DON. Howeveese authors only moni-
tored increases in DON at late time points suchCat 30 days after 4D, ap-
plication whereas we observe a clear prompt atbiveof DON production
within hours. From a physiological point of vieleteffect of HO, during the
initial germination events is logic and in line Wwithe physiology of an in field
F. graminearuninfection: HO, is one of the key regulators in the plant defense
system upon pathogen attack Levieteal 1994. Therefore, this molecule is
encountered frequently and at early time pointshgypathogen in the interac-
tion with its host. Previous work by the group ohd Manners demonstrated
beautifully that DON itself can induce hypersensitcell death and 4D, dur-
ing infection Desmoncaet al 2008] and as such underpinning the interaction
between both molecules.

Astonishingly, very low concentrations o£®, promoted conidia germina-
tion rate where a reduction was expected. We Imgsate that during germina-
tion events, very small amounts o§®3 are beneficial and necessary in the pri-
mordial germination- and hyphal extension evernts known that HO, is nec-
essary inde novosynthesis of cell wall and membrane componentsdiger-
mination and hyphal extension. Indirect evidence tfus was provided by
Seonget al. (2008) who observed high activities of the peroriss at the onset
of spore germination Seorgg al 2008] The need for basak®; is subscribed
by the observation that catalase treatment regulés reduced spore germina-
tion at very early time points in germination. keveral independent studies, it
was demonstrated that reactive oxygen speciesasiefO, are key players and
crucial in the regulation of cell differentiation microbial eukaryotes Aguirre
et al 2005, Hansberg and Aguirre, 1990. In accordanttethis, it was demon-
strated that NADPH oxidases which generate reaciygen are decisive in
fungal cell differentiation and growth in a modsistem usingNeurospora
crassaCano-et al 2008.
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Taken together, these results not only reinforeehypothesis that @, can
induce DON biosynthesis but also suggest that D@MNimulation induced by
sub lethal triazole application is mediated throaghincreased production or
release of KD, into the medium rendering a physiological inteefaof HO,
influencing DON production. It is tempting to spkde on the mechanistics
behind these observations. We hypothesize thataltiee inhibition of ergos-
terol biosynthesis by the application of triazolandicides, an increased cell
permeability results in the increased release s,Hh the medium which in
turns activates the trichothecene biosynthesis maph Indeed, although 40,
is a very reactive molecule which can diffuse ffresecross bio membranes, it
has been shown in &acharomycesodel system that organisms prevepOH
diffusion Brancoet al 2004, Sousa-Lopest al 2004. This hypothesis is sub-
scribed by accumulating indirect evidence in matieofungi. As such ilCan-
dida ergosterol depletion increases vulnerability tagidtytic oxidative dam-
age Shimokawa and Nakayama, 1992 Shcharomyces was demonstrated
using ergosterol knock out mutants that ergostetepletion results in
a changed biophysical property of the plasma manwideading to an in-
creased permeability towards® Folmeret al 2008.

Although beyond the scope of the present papsriiibportant to notice that tria-
zole fungicides on their own can generat®Hn plantaas an intermediate metabo-
lite in plants through activation of antioxidans®ms Wu and von Tiedemann, 2002
generating as such a greening effect which resuttsretardation of the senescence
Wu and von Tiedemann, 2001. The effect of this jplggical induced KO, in
plantaon DON production by an invadingr. graminearuris till now not studied
and certainly needs more attention in the future.
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