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Effects of Azoxystrobin on Mycotoxin Production in a
Carbendazim-Resistant Strain of

Fusarium sporotrichioides

J.P. Felix D’Mello, Ann M.C. MacdonaldandRosalieRinna
�

Carbendazim-resistant(RS) andcontrol (CS) strainsof Fusarium sporotrichioides Sherb.,
previously developedin our laboratory, were exposedto gradedconcentrationsof azoxy-
strobinin brothmediaundershake-cultureconditionsfor 2, 3, 4 and8 days. Azoxystrobin
concentrationswere 0, 1, 10 and 100 mg l �

�
broth and cultureswere incubatedat a

constant25
�
C. Mycelial growth wassignificantlyaffectedby strain(P � 0.01),azoxystrobin

concentration(P � 0.001)and incubationtime (P � 0.001). Combinedresultsfor the four
incubationtimesshowed that CS yieldedhighermycelial massthanRS (P � 0.01) only in
the absenceof azoxystrobin. At fungicide additionsof 1, 10 and 100 mg l �

�
mycelial

growth wasreduced(P � 0.001)with minimalstraindifferences(P � 0.05)atall threedosesof
azoxystrobin.Significant(P � 0.05or better)strain–fungicideinteractionswererecordedin
trichotheceneproductionfollowing exposureto azoxystrobin.At 4 and8 daysof incubation,
the10 mg l �

�
additionof azoxystrobinstimulatedT-2 toxin synthesis(P � 0.05)only in RS

cultures.In contrast,T-2 toxin enhancementin CSculturesoccurredonly on day8 but at a
lower level of azoxystrobin(1 mgl �

�
). Thus,thestimulationof T-2 toxin synthesisdepended

uponstrainandazoxystrobinlevel. Productionof diocetoxyscirpenol(DAS) wasaffectedby
a morecomplex setof interactions.Overall meansshowed that, in comparisonwith initial
values(onday2 or 3),DAS outputmaximizedsignificantly(P � 0.05)onday4 in RScultures
andon day8 in CS.Markedstraineffectswereobservedon exposureto the10 mg l �

�
level

of azoxystrobin.At thislevel,DAS productionwasenhancedin RSonly after4 (P � 0.01)and
8 (P � 0.05)daysof incubation,while in contrast,CSreducedDAS production.As with T-2
toxin, DAS productionin CSwasstimulated(P � 0.05or better)only at low exposurelevels
of azoxystrobin.In the caseof neosolaniol(NEO), however, the main effect of strainwas
significant(P � 0.05),with CSproducingconsistentlymoreof themycotoxinthanRSonday
4 of theexperiment.At this point, theNEO:T-2 toxin ratio wasalsohigherin CS(0.63)than
in RS (0.12), a featurereportedby us previously. In conclusion,the presentinvestigation
hasshown for the first time that the developmentof resistanceto onefungicidecanaffect
trichotheceneproductionin F. sporotrichioides on exposureto a secondfungicide. These
resultshave beenincorporatedinto a new classificationschemefor fungicideefficacy which
is alsopresentedin this paper.
KEY WORDS: Axoxystrobin; carbendazim-resistance;Fusarium sporotrichioides; tri-
chotheceneproduction;fungicideclassification.
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INTRODUCTION

Recentlaboratoryandfield datahave highlightedthevariableefficacy of fungicidesin
controllingmycotoxinresiduesin cerealgrainsharvestedfromcropsinfectedwith fusarium
headblight (FHB) (4). We hypothesizedthat the acquisitionof fungicide resistanceby
Fusarium phytopathogensmight impair fungicide control of mycotoxin contamination.
Limited evidencefor suchan effect hasemerged from our laboratorystudieswith pure
culturesof Fusarium culmorum. Initial work by D’Mello et al. (3,5)showedthatresistance
to difenoconazoleinducedincreasedpersistenceof 3-acetyl deoxynivalenol (3-ADON)
productioncomparedto a controlstrainof thepathogen.Thesestraindifferenceswereap-
parentat eachof threesamplingtimesduringa 22-dayincubationperiod.Moreover, there
was someevidenceof differentpatternsof 3-ADON synthesisbetweenthe two strains.
A subsequentstudy (2) examinedthe effects of carbendazimresistanceon mycotoxin
productionin Fusarium sporotrichioides Sherb. That investigationwasdesignedto test
theuniversalityof conceptsemerging from theearlierwork (3,5). Thus,carbendazimwas
usedinsteadof difenoconazoleaspartof this strategy. In addition,F. sporotrichioides was
selectedasthe test fungussince,in comparisonwith F. culmorum, it producesa diverse
rangeof trichothecenemycotoxins,including T-2 toxin, diacetoxyscirpenol(DAS) and
neosolaniol(NEO). It was concludedthat carbendazimresistancealso inducedgenuine
differencesin mycotoxin productionin F. sporotrichioides. Combinedresultsfor three
incubationperiodsshowed dose-relatedeffects in carbendaziminhibition of T-2 toxin
productionby thecontrolstrain(CS).In contrast,dependinguponfungicidedose,cultures
of the resistantstrain(RS)eitherincreasedT-2 toxin synthesisor showed lower levelsof
inhibition thanCS isolates.In particular, at the 2 � g ml �	� additionof carbendazim,T-2
toxin productionwasmarkedlyenhancedin RSisolates.Furthermore,theratio of NEO to
T-2 toxin productionwasaffectedby an interactioninvolving incubationtime, strainand
carbendazimdose. It wassuggestedthat the focus of the straindifferencemight reside
in the conversionof NEO to T-2 toxin which, in turn, is probablysensitive to fungicide
concentration.However, this implicationwasbasedonlimited datafor thetwo mycotoxins
(2).

It is not known how exposure to other commonly used fungicides might affect
mycotoxin production in carbendazim-resistantstrainsof Fusarium. This knowledge
would be of practicalimportance,sincemixturesof fungicidesarenow regularly applied
to cerealcropsto improve overall efficacy. In the currentpaperwe report the resultsof
suchan investigation.The strobilurinanalog,azoxystrobinis now recommendedfor late
eardiseasesin springandwinter wheatandwould appearto bea suitablefungicideto test
our hypothesis.Thetwo F. sporotrichioides strains(CSandRS)usedpreviously (2) were
individually exposedto gradedconcentrationsof azoxystrobin.T-2 toxin, DAS andNEO
productionweredeterminedin a factorialexperimentdesignedto exploremaineffectsof,
andinteractionsinvolving strain,incubationtime andazoxystrobinconcentrationin liquid
media.An objectiveof this designwasto obtaina completesetof datafor DAS andNEO
productionto assessthevalidity of previousimplicationsthatwerebasedonlimited values
(2). Finally, theresultsobtainedwereconsideredin thecontext of otherpublisheddatato
assessthe overall efficacy of fungicidesfor mycotoxincontrol. In consequence,a novel
systemof fungicideclassificationwasdevisedandis presentedin this paper.
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MATERIALS AND METHODS

Glucose yeast extract medium A glucose–yeastextract–peptone(GYP)brothwasused
in this study. Thebrothcontained1% glucose,0.1%yeastextractand0.1%peptone.The
pH wassetat 6.5.Prior to usethemediumwasautoclavedat 121
 C for 15 min.

Azoxystrobin AzoxystrobinwasaddedasAmistar (Zeneca,Agrochemicals,UK), con-
taining250g a.i. l �	� . Prior to use,andasin thepreviousstudy(2), Amistarwasdiluted
with ethanolto provide the desiredfinal concentrations.The diluted fungicidewasthen
addedto sterilizedGYP mediaandmixedthoroughly.

Fungal isolates The CS and RS strains of F. sporotrichioides were describedand
characterizedelsewhere(2). The two strainsshowedmarkedly diverging growth patterns
following exposureto gradedlevels of carbendazim(2). Stockculturespreparedfor the
previous experimentwere maintainedin their respective GYP mediaprior to usein the
currentexperimentasdescribedbelow.

Experimental design TheGYP culturesof CS andRS wereusedto inoculateseparate
petri dishesof PDA which were then incubatedat 25
 C until growth was established.
The PDA cultureswere usedto preparea sporesuspensionadjustedto 5 � 10� spores
ml �
� GYP mediumfor eachstrain(CS andRS).Eachsuspensionwasusedto inoculate
separateexperimentalflaskscontainingGYP. After incubationfor 1 day at 25
 C on a
shaker, Amistarwasaddedto provideazoxystrobinconcentrationsof 0, 1, 10 and100mg
a.i. l �
� of GYPin factorialcombination.The0 mg l �	� treatmentcontainedanappropriate
volumeof ethanolconsistentwith the level usedfor the fungicidetreatments.Sufficient
flaskswere incubatedat 25
 C on a shaker to provide two replicatesat eachincubation
time for eachstrainandazoxystrobinlevel. Sixty-fourflaskswereinoculatedfor theentire
experiment,allowing samplingat 2, 3, 4 and8 daysof incubation.At eachof thesetimes,
samplesweretakenfor mycelialmassandmycotoxindeterminations.

Growth measurements After 2, 3, 4 and8 daysof incubation,entireculturesfrom two
replicatesin eachtreatmentwerefiltered throughfilter paper(WhatmanNo. 4) and the
myceliawerefreeze-driedandweighed.As in theprecedingstudy(2), theseweightswere
usedto representfungal growth. The filtratesarising from this stagewereanalyzedfor
threetrichothecenemycotoxins.

Determinations of T-2 toxin, diacetoxyscirpenol and neosolaniol T-2 toxin, DAS and
NEOwerequantifiedin filtratesarisingfrom bothreplicatesfor all experimentaltreatments
andincubationtimes.Eachfiltrate waswashedwith chloroform,filteredthroughsilicone-
treatedphaseseparationpaper, reducedin volumeusingathin-film rotaryevaporator, dried
underN � andstoredat -20
 C prior to analysisby thin layer chromatography(TLC). For
thedeterminationof T-2 toxin, DAS andNEO,thedriedextractswerere-suspendedin 100
� l chloroformand5� l wasspottedontoTLC plates(2). The plateswerethendeveloped
to a predeterminedmark (10 cm) in a mixture of chloroformandmethanol(volumetric
proportions:93 and7, respectively). The plateswereair-dried, turnedthroughan angle
of 90
 C anddevelopedin a mixtureof toluene,ethyl acetateandformic acid(volumetric
proportions:50, 40 and10, respectively). With both dimensions,platesweredeveloped
in separateequilibratedchambers.Derivatizationwasaccomplishedby dippingtheplates
in 8% sulphuricacid. Plateswerethenheatedat 110
 C for 20 min prior to examination
underUV light. Thepresenceof thethreemycotoxinswasassessedvisuallyby comparing
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R� valuesandcolordevelopmentwith respectivestandards.Quantificationwasperformed
with a CAMAG CD60densitometer. Theoutputfrom thedensitometeralsoprovidedthe
meansfor positiveidentificationof thethreemycotoxinsby spectralanalysis.Exactdetails
of all protocolsandanalyticalhardwareusedappearin anearlierpaper(2).

Statistical analysis Data were subjectedto analysisof variancefor a factorial design
using Minitab. Significant main effects and interactionswere identified by F tests.
Significantdifferencesbetweenmeanswereestablishedusingt testsaccordingto standard
protocols(9).

RESULTS

Mycelial yield The mycelial massresultsare summarizedin Table 1. The original,
replicateddataweresubjectedto analysisof variancewhichshowedthatthemaineffectsof
azoxystrobinconcentrationandof incubationtimewerehighly significant(P � 0.001).The
main effect of strainwasalsosignificant(P � 0.01). In addition,the interactionbetween
azoxystrobinconcentrationand durationof exposurewas highly significant(P � 0.001).
Examinationof theoverallmeansin Table1 indicatesthatthestraindifferencewasapparent
only on day 3 of incubation(P � 0.01), althoughthe effectsof time weresignificantfor
bothstrains(P � 0.05or better).Similarly, within thebodyof the table,straindifferences
weresignificanton day 3 (P � 0.01) for cultureswithout fungicidetreatmentandon day
8 (P � 0.05) for culturesexposedto azoxystrobinat 100 mg l �
� of medium. In contrast,
both strainsweresensitive to azoxystrobinconcentration,with significantdepressionsin
mycelial yield occurringeven at the 1 mg l �	� additionon day 3 (P � 0.01or better),day
4 (P � 0.01) and day 8 (P � 0.05 or better). The reductionsprecipitatedby this level of
azoxystrobinweregreaterfor the CS strain(P � 0.001)thanfor the RS strain(P � 0.05or
P � 0.01)on days3 and8 of incubation.However, higherlevelsof azoxystrobinin general
inducedsmallerreductionsin mycelialyield thatin many casesfailedto reachsignificance
(P � 0.05). In addition,an anomalousvaluewasrecordedfor the CS sampleexposedto
azoxystrobinat100mg l �
� for 8 days.

TABLE 1. Effectsof incubationtime andazoxystrobinconcentrationson mycelialmassin control
(CS)andcarbendazim-resistant(RS)strainsof Fusarium sporotrichioides

Azoxystrobin
level (mg l �

�
)

Incubationtime (days)

2 3 4 8
CS RS CS RS CS RS CS RS

Mycelial mass(mg)
0 212 135 888 433 464 472 492 381
1 69 30 274 143 209 215 162 160
10 48 26 221 115 237 204 146 137
100 52 98 50 44 91 34 383 175
Overall mean 95 72 358 184 250 231 296 213
LSD (P � 0.05) 177

T-2 toxin production Meanvaluesfor T-2 toxin productionare presentedin Table 2.
Analysisof varianceof theoriginalreplicateddataindicatedsignificantmaineffectsof time
(P � 0.001)andazoxystrobinconcentration(P � 0.01)on T-2 toxin production. The main
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TABLE 2. Effectsof incubationtime andazoxystrobinconcentrationson T-2 toxin productionby
control(CS)andcarbendazim-resistant(RS)strainsof Fusarium sporotrichioides

Azoxystrobin
level (mg l �

�
)

Incubationtime (days)

2 3 4 8
CS RS CS RS CS RS CS RS

T-2 toxin production(mg l �
�
)

0 282 30 49 200 49 331 41 45
1 0 0 174 72 374 109 528 70
10 0 0 0 0 387 686 428 473
100 0 0 0 0 0 84 25 100
Overall mean 70.5 7.5 55.8 68 202.5 302.5 255.5 172.0
LSD (P � 0.05) 339

TABLE 3. Effectsof incubationtime andazoxystrobinconcentrationson diacetoxyscirpenol(DAS)
productionby control(CS)andcarbendazim-resistant(RS)strainsof Fusarium sporotrichioides

Azoxystrobin
level (mg l �

�
)

Incubationtime (days)

2 3 4 8
CS RS CS RS CS RS CS RS

DAS production(mg l �
�
)

0 0 0 6 0 12 14 12 0
1 0 0 0 0 36 5 81 14
10 0 0 0 0 6 96 9 40
100 0 0 0 0 0 0 0 0
Overall mean 0 0 1.5 0 13.5 28.8 25.5 13.5
LSD (P � 0.05) 33

effectsof strainwerenot significant(P � 0.05). However, the interactionsbetweenstrain
andfungicideconcentrationandbetweenincubationtimeandfungicideconcentrationwere
significant(P � 0.05). The main effect of time is shown in a comparisonof the overall
meansin Table2. T-2 toxin productionmaximizedon day8 in CS (P � 0.05)andon day
4 in RS (P � 0.01), althoughthe interactionbetweenstrain and time wasnot significant
(P � 0.05).Significanteffectsof time mayalsobeseenin themainbodyof Table2. Thus,
in comparisonwith initial valueson day2, T-2 toxin productionmaximizedon day 4 for
CS (P � 0.05)andon day8 for RS (P � 0.01)following exposureto azoxystrobinat 1 mg
l �
� GYP broth. The strain–fungicideinteractionis worthy of note in that 8 daysafter

TABLE 4. Effects of incubation time and azoxystrobinconcentrationson neosolaniol(NEO)
productionby control(CS)andcarbendazim-resistant(RS)strainsof Fusarium sporotrichioides

Azoxystrobin
level (mg l �

�
)

Incubationtime (days)

2 3 4 8
CS RS CS RS CS RS CS RS

NEOproduction(mg l �
�
)

0 0 0 85 34 211 67 40 0
1 0 0 16 0 192 44 187 32
10 0 0 0 0 104 30 71 90
100 0 0 0 0 0 0 0 0
Overall mean 0 0 25.3 8.5 126.8 35.3 74.5 30.5
LSD (P � 0.05) 144
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incubation,azoxystrobinstimulatedT-2 toxin production(P � 0.05)in bothstrainsbut only
1 mg l �	� wassufficient for this increasein CS,whereas10 mg l �
� wasrequiredfor RS.
Enhancementof T-2 toxin productionalsooccurredonday4,but significancewasobserved
only with RSexposedto azoxystrobinat10mgl �	� . However, at100mg l �	� thefungicide
significantly(P � 0.05)reducedT-2 toxin outputequallyin bothstrains.

Diacetoxyscirpenol production Analysis of varianceof replicateddataindicatedthat
incubation time induced a highly significant effect (P � 0.001) on DAS production.
Examinationof the overall meansin Table 3 shows that this effect was discerniblefor
bothstrains.Thus,in comparisonwith valuesfor day2 or 3, DAS productionmaximized
(P � 0.01) on day 4 for RS andon day 8 for CS, althoughthe main effect of strainand
the interactionbetweentime andstrainwerenot significant(P � 0.05). In the analysisof
variance,azoxystrobinconcentrationemerged as a significant factor in respectto main
effects(P � 0.01)andto interactionswith strain(P � 0.01)anddurationof exposureto the
fungicide(P � 0.05). In addition,theazoxystrobin–strain–timeinteractionwassignificant
(P � 0.05).Thus,azoxystrobinaddedat10mgl �	� stimulatedDAS productionin RSafter4
days(P � 0.01)and8 days(P � 0.05)of incubation.In contrast,enhancedDAS production
by CS culturesoccurredonly on day 8 (P � 0.01) but at a lower level of azoxystrobin
addition(1 mg l �	� ). The interactionsarefurther exemplifiedby two othercomparisons
of datain Table 3. On day 4, RS producedmore DAS than CS following exposureto
azoxystrobinat 10 mg l �
� (P � 0.01),but on day 8 the differencewasreversed(P � 0.01)
but at a lower level of fungicide(1 mg l �
� ). At the100mg l �	� addition,DAS production
wasreducedto undetectablelevels(P � 0.05or better)in bothstrains.

Neosolaniol production Analysis of varianceindicatedsignificant(P � 0.05) main ef-
fects of incubationtime and of strain on NEO production. All other effects were non-
significant(P � 0.05). Inspectionof the overall meansin Table4 shows that the effect of
timewassignificantonly for CS,whichmaximizedNEOproductiononday4 of incubation.
That overall meanreflectedsignificantly (P � 0.05) higher yields in CS comparedwith
initial valuesandwith RSfollowing incubationwith azoxystrobinat 0 and1 mg l �	� . On
day8, CSexposedto 1 mg l �
� alsoproducedmoreNEO thanRS(P � 0.05). In addition,
this level of azoxystrobinstimulatedNEO synthesisin CS(P � 0.05)but not RS(P � 0.05)
on day8 of incubation,comparedwith respectiveculturesincubatedwithout fungicide.

DISCUSSION

This is the first studywith a Fusarium phytopathogenindicatingthatdevelopmentof
resistanceto onefungicidemight affect trichotheceneproductionon subsequentexposure
to a secondfungicide. In an earlier study (2) we showed that a carbendazim-resistant
strainof F. sporotrichioides enhancedits synthesisof T-2 toxin following furtherexposure
to the samefungicide. This strain of F. sporotrichioides (RS) was usedin the current
investigation. Marked differenceswere recordedin trichotheceneproductionbetween
RS and a control strain (CS) after both were exposedto gradedlevels of azoxystrobin
(Tables2–4). It is worthy of note that for T-2 toxin andDAS the main effectsof strain
werenot significant(P � 0.05). However, significant(P � 0.05or better)strain–fungicide
interactionswereobservedin synthesisof thesetwo mycotoxins.In thecaseof DAS (Table
3), incubationtimeemergedasanadditionalcomponentin this interaction(P � 0.05).
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TABLE 5. Fungicideefficacy: a tentative classificationfor trichothecenecontrol�
Class Descriptor Examplesof fungicides Trichothecene

affected�
Conditions

I Effective None – –
IIA Partially effective [growth-dependent

inhibition; mycotoxinresidues
possible]

Tebuconazole
Thiophanate-methyl
Prochloraz

DON
DON andNIV
3-ADON

Field trial
Field trial
In vitro

IIB Partially effective [direct inhibition of
mycotoxinsynthesis;
disease/infection/fungalgrowth
possible]

Thiabendazole
Dicloran

DON
DAS

Field trial
In vitro

IIIA Ineffective Propiconazole
Morpholines

DON
3-ADON

Field trial
In vitro

IIIB Stimulatoryand/orinducingresistance Iprodione DON Field trial
Tridemorph T-2 toxin In vitro
Difenoconazole 3-ADON In vitro
Carbendazim T-2 toxin In vitro
Azoxystrobin T-2 toxin,

DAS and
NEO

In vitro �

� For datasources,seetext of this paperand reviews by D’Mello et al. (4) andD’Mello andMacdonald(1).
� DON, deoxynivalenol; NIV, nivalenol; 3-ADON, 3-acetyldeoxynivalenol; DAS, diacetoxyscirpenol;NEO,
neosolamol.
� SeeTables1–4of this paper.

Thestrain–fungicideinteractionis clearlyexemplifiedby theT-2 toxin resultsin Table
2. In qualitative terms, it can be seenthat after 4 days of incubation, azoxystrobin
at 100 mg l �	� inhibited T-2 toxin formation in CS while allowing somesynthesisin
RS cultures. In addition, threestatisticallysignificantcomparisonsunderlinethe strain–
fungicideinteraction.At 4 and8 daysof incubation,the10mgl �
� additionof azoxystrobin
stimulatedT-2 toxin synthesis(P � 0.05) only in RS cultures. In contrast,T-2 toxin
enhancementin CS culturesoccurredonly on day 8 but at a lower level of azoxystrobin
(1 mgl �
� ). Thusthestimulationof T-2 toxin synthesisdependeduponstrainandfungicide
level. Thestraindifferencein T-2 toxin productionoccursonly following exposureto low
or moderatelevelsof azoxystrobin.

Productionof DAS wasaffectedby amorecomplex setof interactions,asillustratedby
theresultsin Table3. Overallmeansshowedthat,in comparisonwith initial values(onday
2 or 3), DAS outputmaximizedsignificantly(P � 0.05)on day4 in RSculturesandon day
8 in CS,althoughthestrain-timeinteractionprovedto benot significant(P � 0.05). More
striking straineffectswereobservedon exposureto the 10 mg l �	� level of azoxystrobin.
At this level, DAS productionwasenhancedonly in RS,after4 (P � 0.01)and8 (P � 0.05)
daysof incubation,whereasCS,in contrast,reducedDAS production.As with T-2 toxin,
DAS productionin CS was stimulated(P � 0.05 or better)only at low exposurelevels
of azoxystrobin. In the caseof NEO (Table 4), however, the main effect of strain was
significant(P � 0.05),with CS producingconsistentlymoreof the mycotoxinthanRS on
day 4 of the experiment. At this point, the NEO:T-2 toxin ratio wasalso higher in CS
(0.63) thanin RS (0.12),a featurewhich we reportedpreviously (2). The new evidence
corroboratesfurther the conceptthat carbendazimresistancemay promoteconversionof
NEO to T-2 toxin and that this trait is discernibleeven whenRS is exposedto another
fungicide.
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Anotheruniquefeatureof this studywasthesimultaneousenhancementof T-2 toxin,
DAS andNEO synthesison exposureof F. sporotrichioides to low or moderatelevels of
azoxystrobin. It is possiblethat this effect is associatedwith azoxystrobinin particular,
sinceother fungicideshave beenlinked specificallywith T-2 toxin stimulation(4). The
implicationsfor mycotoxincontrolin cerealproductionremainto beelucidated.

Validationof thepresentresultsunderfield conditionswouldnotbepracticallyfeasible,
sincethe different factorsexaminedandconditionsusedwould be difficult to control in
cerealproduction.However, if theseresultsarereplicatedunderfield conditions,thenthe
significancefor fungicideefficacy andcerealgrainsafetywould beimportant.Thustype,
level andtiming of fungicideapplicationswouldbecritical. At low to moderatelevelsafter
infection hasbeenestablished,trichothecenecontaminationmay be increasedor, more
likely, moredifficult to control. Higher applicationlevels anddifferentcombinationsof
fungicide mixturesmay be required,with attendantconsequencesof increasedcostsof
cerealproductionandof environmentaldamage.

It is fortuitous that in the presentstudy fungal biomassproductionwas depressed
to similar extents in both strains following exposureto equivalent concentrationsof
azoxystrobin(Table1). Consequently, the differencesin mycotoxinproductionat low to
moderatefungicideexposure(Tables2–4) may be attributedto intrinsic straineffectsat
the biosyntheticlevel ratherthanto discrepanciesin growth. Earlier studies(2,3,5)were
somewhatinconclusivein this respect.

An aspectworthy of future investigationwould be to confirm whetherthe effectson
mycotoxin productionwould be replicatedin different carbendazim-resistantstrainsof
Fusarium phytopathogens.Thecurrentandprevious(2) studieshaveexaminedmycotoxin
synthesisin just one strainof F. sporotrichioides. A programto screenother toxigenic
fungalpathogenswould beof practicalinterestgiven the widespreadandrelatively rapid
developmentof fungicideresistanceamongtheseorganisms(4).

Thepresentstudyis thefinal in aseriesof experiments(2,3,5)designedto examinethe
controlof trichotheceneproductionin Fusarium speciesresistantto commonfungicides.It
thereforeappearedappropriateto review themajoroutcomesandto considerthemwithin a
schemeof fungicideefficacy. A summaryis presentedin Table5 representingadistillation
of thisandotherevidence(1,4,6-8,10,11).Individualfungicideswereplacedin threemajor
groupsbasedon the effectivenessof fungicidesto control completelyFHB infection and
mycotoxinproductionin grainor in culture. Fungicidesthatsatisfiedthesecriteriawould
appearin classI, while thoseof intermediateefficacy wouldbeplacedwithin classII. Class
III includedfungicideswith performancecharacteristicswhich wereinconsistentwith the
above criteria andwhich would alsoposeadditionalrisks. Subdivisionswerenecessary
for classII giventhatpartialefficacy might arisethroughgrowth-dependentretardationof
Fusarium phytopathogensor by directinhibition of trichothecenebiosynthesis.With class
IIA fungicides,if fungalgrowth or infectionis not totally inhibitedthenresidualmycotoxin
productionmight be retainedwith the potentialto contaminatecerealgrains. With class
IIB fungicides, trichotheceneproduction in Fusarium specieswould be preventedbut
FHB or infection might not be suppressedfully andcerealyield would be compromised.
ClassIII subdivisionswereproposedon the basisthat inefficacy would be compounded
by the propensityof certainfungicidesto stimulatefungal growth and/or trichothecene
production. With both classII andIII fungicidesthereappearedto be an additionalrisk
that Fusarium phytopathogenscould develop resistanceto thesecompoundsandoverall
efficacy might befurtherprejudiced.
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It will be noted that no fungicide could be identified which could be considered
to be completelyeffective in the terms identified above. It will also be apparentthat
tebuconazole,specifically recommendedfor FHB, hasbeenexcludedfrom classI and
indeeddesignatedasa classIIA fungicide. The evidencepresentedby Suty et al. (11)
indicatedthatfollowing tebuconazoleapplication,residuallevelsof deoxynivalenol(DON)
in grainwouldstill exceedadvisoryguidelinesissuedby theFoodandDrugAdministration
in the United States(1). More recent work (7) has confirmed that tebuconazoleis
only partially effective for DON control in wheat kernels. If the data of Gareisand
Ceynowa (6) aretakeninto accountthentebuconazolewould beaccordeda lessfavorable
rating since, in combinationwith triadimenol, it may enhancenivalenol contamination
of grain. Thosedatahave, however, beenexcludedfrom the presentassessmentsince
corroborationhasnotappearedandmoreoverit is notpossibleto disentangletheeffectsof
theindividual componentsof thefungicidemixture. Propiconazolewasdesignateda class
IIIA fungicidedueto residualtrichothecenecontaminationof grain even in studieswith
beneficialoutcomes(1). Two additionalfield trials showed no control of trichothecene
contaminationof cerealgrainsfollowing applicationof propiconazole(8,10).A numberof
fungicidesareproposedfor classIIIB sincethey all show stimulatoryeffectsor have the
capacityto induceresistancewhich, in turn,mayaffect thepatternandlevelsof mycotoxin
production.Theevidencefor this classincludesdatafrom thecurrentstudy(Tables1–4)
andfrom previouspapers.

In conclusion,thepresentinvestigationhasshown for thefirst timethatthedevelopment
of resistanceto one fungicide canaffect trichotheceneproductionin F. sporotrichioides
following subsequentexposureto a secondfungicide. A new classificationschemefor
fungicideefficacy is alsopresented.It is envisagedthat this classificationwill form the
basisfor improving fungicideefficacy in thefutureandfor developingalternativestrategies
for mycotoxincontrol.However, it is clearthatconsiderablework hasyet to beundertaken
to developaneffective fungicidefor trichothecenecontrol.

ACKNOWLEDGMENTS

Theauthorsacknowledgesupportfrom theScottishExecutive RuralAffairsDepartment(SERAD).

REFERENCES

1. D’Mello, J.P.F. andMacdonald,A.M.C. (1998)Fungaltoxinsasdiseaseelicitors.pp. 255-291.in: Rose,J.
[Ed.] Aspectsof EnvironmentalToxicology. OverseasPublishersAssociation,Amsterdam,theNetherlands.

2. D’Mello, J.P.F., Macdonald,A.M.C. andBriere,L. (2001)Mycotoxinproductionin acarbendazim-resistant
strainof Fusarium sporotrichioides. Mycotoxin Res. 16:101-111.

3. D’Mello, J.P.F., Macdonald,A.M.C. andDijksma, W.P.T. (1998)3-Acetyl deoxynivalenol productionin a
strainof Fusarium culmorum insensitive to thefungicidedifenoconazole.Mycotoxin Res. 14:9-18.

4. D’Mello, J.P.F., Macdonald,A.M.C., Postel,D., Dijksma, W.P.T., Dujardin, A. andPlacinta,C.M. (1998)
Pesticideuseandmycotoxinproductionin Fusarium andAspergillus phytopathogens.Eur. J. Plant Pathol.
104:741-751.

5. D’Mello, J.P.F., Macdonald,A.M.C., Postel,D. andHunter, E.A. (1998)3-Acetyldeoxynivalenolproduction
in astrainof Fusarium culmorum insensitive to thefungicidedifenoconazole.Mycotoxin Res. 13:73-80.

6. Gareis, M. and Ceynowa, J. (1994) Influenceof the fungicide Matador (tebuconazole/triadimenol) on
mycotoxinproductionby Fusarium culmorum. Z. Lebensm-Unters. Forsch. 198:244-248.

7. Jones,R.K. (2000) Assessmentsof fusarium headblight of wheat and barley in responseto fungicide
treatment.Plant Dis. 84: 1021-1030.

8. Martin, R.A. and Johnston,H.W. (1982) Effects andcontrol of fusariumdiseasesof cerealplantsin the
Atlantic Provinces.Can. J. Plant Pathol. 4: 210-216.

Phytoparasitica 29:5,2001 9



9. Mead,R. andCurnow, R.N. (1983)StatisticalMethodsin AgricultureandExperimentalBiology. Chapman
andHall, London,UK.

10. Milus, E.A. andParsons,C.E.(1994)Evaluationof foliar fungicidesfor controllingFusarium headblight of
wheat.Plant Dis. 78: 697-699.

11. Suty, A., Mauler-Machnik, A. andCourbon,R. (1996)New findingson the epidemiologyof fusariumear
blight onwheatandits controlwith tebuconazole.Proc. Brighton Crop Protection Conf. pp.511-516.

10 J.P.F. D’Mello et al.


