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Spore Cell Wall Componentsof Aspergillusniger Elicit
Downy Mildew DiseaseResistancein Pearl Millet
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Elicitors derived from thecell wall of fungi areshown to beactive in eliciting resistancein
plantsagainstawiderangeof pathogens.In thepresentstudycarbohydratecomponentsfrom
the autoclaved sporecell wall of Aspergillus niger werepreparedasaqueoussuspensions
andtestedfor defenseresponsein pearlmillet (Pennisetumglaucum(L.) R.Br.) againstthe
oomycetousdowny mildew pathogenSclerospora graminicola(Sacc.)Schroet.Theaqueous
suspensionderivedfrom thesporecell wall of A. niger wasusedasa seedsoaktreatmentat
concentrationsof 0.25,0.5,1.0,1.5 and2.0 mg ml� 1 for time intervalsof 3, 6, 9 and12 h.
Theconcentrationof 0.5mgml� 1 for a6 h soakingperiodoffered94%seedgerminationand
seedlingvigor index increasedto 1526. The seedgerminationandthe seedlingvigor were
signi�cantly higherthanthe untreatedcheck. Sporecell wall suspensionasseedtreatment
at a concentrationof 0.5mg ml� 1 requireda 3-daytime interval to provide 67%protection
againstdowny mildew. Histologicalandbiochemicalstudieswereconductedto elucidate
the mechanismof defenseresponsein treatedseedlingsupon S. graminicola infection.
Resistancehost responsewas detectedin the form of lignin and callosedepositionin the
epidermalcell wall of pearlmillet seedlings,which is thesiteof S.graminicolainfection. A
time coursestudyshowed rapid andlocalizeddepositionof lignin andcallosein epidermal
cell wall of carbohydratecomponents-treatedpearl millet seedlingcoleoptiles. Increased
levels of the defense-relatedenzymeperoxidasewere detectedin the treatedseedlings.
Peroxidaseactivity in elicitor-treatedsamplesreacheda peakat 8 h post-infection,which
was45%morethanin their respective uninoculatedcontrol. Characterizationof peroxidase
isoformsby isoelectricfocusingrevealed16 differentisoforms,of which pI 6.8,7.2and8.7
increasedin elicitor-treatedsamplesuponS.graminicolainfection.
KEY WORDS:Aspergillus niger; downy mildew; inducedresistance;pearlmillet; sporecell
wall.

INTRODUCTION

Downy mildew diseaseof pearl millet (Pennisetumglaucum(L.) R.Br.), causedby
the oomycete,biotrophic pathogenSclerospora graminicola (Sacc.) Schroet.,is one of
themajordiseasesof pearlmillet. The lossdueto this diseasein pearlmillet production
worldwidereaches40%,whichaccountsfor a lossof US$270million annually. Owing to
theimportanceof thiscerealcropin thetropicsandsemi-aridtropics,whereit is thestaple
foodandfodder, effectivecontrolstrategiesfor thediseaseareobviouslyneeded.Although
managementstrategies like resistancebreedingandchemicalcontrol arepracticed,they
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have their own limitations. Therefore,approacheslike inducingsystemicresistanceare
being explored. The conceptof systemicacquiredresistance(SAR), initially restricted
to enhancedprotectionagainstplant pathogensby prior inoculationwith a necrotizing
agent(18), hasexpandedto includeresistanceinducedby an arrayof biotic andabiotic
agentsor their products,referredto aselicitors or defenseactivators(28,30). The term
elicitor hasbeenusedfor moleculescapableof inducingthe productionof phytoalexins,
but it is now commonlyusedfor compoundsstimulatingany type of plant defense.The
broaderde�nition of elicitors includesboth substancesof pathogenorigin (exogenous
elicitors)andcompoundsreleasedfrom plantsby theactionof thepathogen(endogenous
elicitors). Most elicitors fall into two broadcategories: race-speci�celicitors or general
elicitors. Many of themareconstitutively presentin the fungal or bacterialor pathogen
cell wall as structuralcomponents,e.g. glucanand chitin fragments,bacterial�agellin
andpolysaccharides(2,24), lipopolysaccharides(LPS), glycoproteins(9) andfatty acids
(6). Besidesproteinaceouselicitors, chemicalslike salicylic acid, acetyl-salicylic acid,
isonicotinicacid (3) and� -amino-butyric acid (BABA) (23) have beenshown to induce
resistance.

Benhamouet al. (4) used oligandrin, the elicitin-like protein producedby the
mycoparasitePythiumoligandrum,to inducesystemicresistanceto Fusariumcrown and
root rot in tomato.Edreva et al. (11) isolated� -cryptogein,a proteinaceouselicitor from
thephytopathogenicfungusPhytophthoracryptogea, anon-pathogenontobacco(32). This
elicitor inducedsystemicresistanceagainsta wide rangeof tobaccopathogens(Botrytis
cinerea,Sclerotinia sclerotiorum,RhizoctoniasolaniandErysiphecichoracearum).

Earlier studiesfrom our laboratorydemonstratedSAR in susceptiblepearl millet
againstdowny mildew by usingbothbiotic andabiotic inducers(21,23). Biotic inducers
includeuseof sublethalconcentrationsof thedowny mildew pathogenS.graminicola(63%
protection)andplant growth-promotingrhizobacteria(72%protection).Abiotic inducers
includeBABA, offering75%protectionagainstinfectionby S.graminicola(23).

Preliminarystudieswith cell wall componentsextractedfrom a wide varietyof sapro-
phyticfungi indicatedthatthosefrom A.niger signi�cantly enhancedseedgerminationand
vigor index in pearlmillet seeds.

The presentstudywasundertaken to determinethe ef�cacy of cell wall components
of A. niger as inducersof resistanceagainstdowny mildew diseasein a susceptible
hybrid cultivar (85–95%diseaseincidence)of pearl millet. Increasedresistancehas
beencorrelatedwith defensereactionmarkerswhich include both biochemicalmarkers
like involvement/ inductionof peroxidaseactivity andtheir isozymesandhistochemical
markers,suchasthedepositionof lignin andcallose.

MATERIALS AND METHODS

Seedsof pearlmillet cv. HB3,highly susceptibleto S.graminicola,wereobtainedfrom
the ICAR-All India Co-ordinatedPearlMillet ImprovementProject,Mandor, Rajasthan,
India. A virulent pathotypeof downy mildew pathogenS.graminicolaisolatedfrom and
maintainedon thesamecultivar undergreenhouseconditionswasusedfor all inoculation
experiments.

Inducer Aspergillus niger, an ascomycetous,�lamentousfunguswasisolatedfrom dry
coconutkernels(Cocosnucifera). It wasculturedandmaintainedon potatodextroseagar
asstockculture.Theasexual fungalsporesobtainedfrom 8-day-oldcultureswereusedfor
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isolationof cell wall carbohydratecomponents(CWCC)following themethodof Sharpet
al. (24).

ThefungusA. niger wasgrown onpotatodextrosebrothin a �ask onanorbital shaker
at 125 rpm at 25� C in light for 8 days. The sporeswere collectedon Whatmanno. 1
�lter papersupportedin a Buchnerfunnel andwashedthoroughlywith distilled waterat
4� C andthenautoclaved,afterwhich thesporeswerehomogenizedin 5 volumesof 0.5M
NaCl usinga blender. Thecollectedsporeswerefurtherhomogenizedin 5 volumesof 20
mM Tris buffer, pH 7.5, containing50 mM EDTA andsporecell wall wascollectedand
�ltered usingWhatmanno. 1 �lter paper. Thiswasrepeateduntil microscopicexamination
showed ghostcells with no cellular contents. Next the cell wall was stirred for 3 h at
4� C in Tris EDTA buffer at pH 7.5, washedwith 15 volumesof this buffer and then
with 10 volumesof sterile double-distilledwater followed by washingwith 5 volumes
of chloroform: methanol(3:1) to remove contaminatingproteinsand lipids. The spore
cell wall obtainedwasdialyzed(10 kDa cut-off) extensively against80 volumesof 0.5M
aceticacid,andthenlyophilized. Onegramlyophilizedcell wall from sporesof A. niger
wassuspendedin 100 ml of 2N tri�uoroacetic acid (TFA), placedat 85� C for 2.5 h and
thenleft in an ice bathovernight. ResidualTFA wasremovedby retroevaporationat 35–
40� C underreducedpressureand the resultantCWCC wasusedto induceresistancein
pearlmillet againstdowny mildew.

Induction of resistance Pearl millet seedswere soaked in various concentrationsof
aqueoussuspensionsof CWCC (0.25,0.5, 1.0, 1.5 and2.0 mg ml� 1) preparedfrom the
sporesfor inductionof resistance.The time intervals usedwere3, 6, 9 and12 h. Seeds
treatedwith distilledwaterservedascontrols.

Determination of seedling vigor analysis The CWCC obtainedfrom A. niger was
appliedto seedsto studyits effectongerminationandseedlingvigor, usingthepapertowel
method(15). After treatmentswith differentconcentrationsof cell wall components,the
seedswereplacedon moist germinationpaperandmaintainedat 27� 2� C. Seedstreated
with sterile distilled water for the sametime interval served as controls. After 7 days,
germinationpercentageandvigor index werecalculated(1). Onehundredseedlingswere
usedfor all treatmentsandtheexperimentswererepeatedfour times.

Inoculation of seedlingswith S.graminicola Two-day-oldpearlmillet seedlingsraised
fromCWCC-treatedseedsalongwith theseedlingsraisedfromdistilledwater-treatedseeds
wereinoculatedwith 4� 104 zoosporesml� 1 of S.graminicolaby whorl inoculation(26).

Diseaseassessmentunder greenhouseconditions Inoculatedpearl millet seedlings
weretransplantedto earthenpotscontainingsoil, sandandmanure(1:1:1)andmaintained
undergreenhouseconditions. Plantswereobserved daily andthe progressionof downy
mildew diseasewas recorded. Plantswere ratedas diseasedwhen they had any of the
typical symptomsof downy mildew, viz.,chlorosis,stuntedgrowth andsporulation.At the
endof 30 daysdiseaseincidencewasrecordedasthepercentof plantsshowing symptoms
of downy mildew disease.Percentageprotectionofferedby A. niger treatmentagainstS.
graminicolainfection wascalculatedfor seedlingsraisedfrom CWCC-treatedseedsand
comparedwith thecontrol(seedlingsraisedfrom water-treatedseeds).

Optimization of time required for induction of resistance In this experiment,seeds
treatedwith 0.5mgml� 1 A. niger elicitor for 6 h weresown in pots�lled with autoclaved
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soil, sandandmanure(1:1:1). Theemerging seedlingswereinoculatedwith thezoospore
suspensionof S. graminicola (4� 104 zoosporesml� 1) following the whorl inoculation
procedurewith a time gapof 1, 2, 3, 4, and5 daysof emergencein four setsof 100plants
per treatment.Theplantsfrom theabove experimentsweremaintainedundergreenhouse
conditionsanddowny mildew diseaseincidencewasrecordedasdescribedearlier.

Histopathological andBiochemicalStudies

Harvesting of samples Seedlingsraisedfrom seedstreatedwith elicitor and distilled
waterwereinoculated2 daysafter treatmentandharvestedat 0, 2, 4, 6, 8, 12 and24 h
post-inoculation(hpi). For histologicalstudies,thepeelingswereprocessedto studylignin
andcallosedeposition.Inoculatedanduninoculatedseedlingsof theelicitor-treatmentand
thedistilledwater-treatmentwereharvestedat thesametime intervalsandstoredat–35� C
until subsequentusefor biochemicalstudies.

Staining for lignin Peelingswereplacedin 2% phloroglucinolin 95% ethanolfor 2 h
(25). Thesampleswerethenplacedin adropof 35%HCl onaslideandheatedovera low
�ame until theveinsturnedreddish-purple.Theligni�ed cellswereobservedwith a Wild
Leitz Diaplan513594microscope(Leitz, Wetzlar, Germany) andmonitoredfor intensity
of coloration.

Staining for callosedeposition Epidermalpeelingswereplacedin 0.005%water-soluble
anilinebluein 0.15M di-potassiumhydrogenphosphate(pH 8.2) for 1 h andmountedin
glycerol (16). Microscopicstudieswere carriedout with a Wild Leitz epi�uorescence
microscope(513594)with a photoautomatattachment,andusinga UV �lter block (350–
410nm) for �uorescence.

Micr oscopy For eachof the experiments,peelingsfrom ten seedlingswere observed
over20microscopic�elds, eachof 12.5mm2, atamagni�cationof 500� and1250� . The
experimentwasrepeated� ve timeswith two replicatesof tenseedlingsper treatment.A
four-pointscalewasusedfor objectiveassessmentof ligni�cation andcallosedepositionby
categorizingthemasfollows: 0, nodeposition;+, low deposition;++, mediumdeposition;
and+++, highdepositionbasedon theintensityof color and�uorescence,respectively.

Changesin the peroxidaseenzymeactivity were estimatedin CWCC-treatedand
control pearl millet seedlingsuninoculatedor inoculatedwith downy mildew pathogen
usingspectrophotometric,nativePAGEandisoelectrofocusingtechniques.

Proteinextraction InoculatedanduninoculatedCWCC-treatedandcheck(steriledouble
distilled water-treated)seedlingswere collectedafter intervals of 0, 2, 4, 6, 8 and 10
h. Seedlingswerehomogenizedat 4� C in 2 ml of 0.2 M Tris HCl buffer, pH 8.0. The
homogenatewas�ltered throughcheesecloth andthe �ltrate wascentrifugedat 12,000g
for 15min. Thesupernatantwasdialyzedagainstdistilledwaterfor 48h at4� C,lyophilized
andstored. Proteincontentwasestimatedby the dye binding method(7) usingstandard
bovineserumalbumin (Sigma).

Spectrophotometric analysis Peroxidaseenzymeassaywascarriedout asdescribedby
HammerschmidtandNuckles(14). Thereactionmixture (3 ml) consistedof 0.25%(v/v)
guaiacolin 10 mM potassiumphosphatebuffer (pH 6.9) containing10 mM hydrogen
peroxide. Addition of 5 � l of crudeenzymeextract initiated the reaction,which was

Phytoparasitica34:1,2006 75



measuredspectrophotometricallyat 470 nm (Hitachi U 2000, Tokyo, Japan). One unit
of peroxidaseenzymeactivity is de�ned astheincreasein absorbancerecordedat oneOD
valueof A470 min� 1. Peroxidaseactivity is expressedin termsof thechangein A470 min� 1

mg� 1 protein.

Isoform analysis of peroxidaseusing isoelectric focusing (IEF) IEF was performed
on a 1.5mm, 7.5%polyacrylamidegel containing2% ampholyte(pH 3-10,Sigma)using
a Multiphor II (LKB) systemaccordingto the manufacturer's protocol. The pI markers
(Sigma) ranging from pI 3.6 to 9.3 were co-electrophoresedto estimatethe pI of the
proteins. Forty � g of proteinwas loadedat the centerof the horizontalgel maintained
at2� C. IEF wasperformedat2� C for 3 h by astepwiseincreasein voltage:200,400,600,
and800V for 30 min eachand1000V for 1 h. After electrophoresis,thegel wasstained
for peroxidaseactivity following theprocedureof Schrauwen(22). Theperoxidaseactivity
in gel wasstainedusingbenzidine.Benzidine(100mg) wasdissolved in 500 � l ethanol.
This solutionwasmadeup to 10ml with 0.05Msodiumacetatebuffer, pH 5. Thesolution
was�ltered throughcottonto remove any undissolvedresidueof benzidine.To this, 500
� l of H2O2 (30%,Merck Co., Darmstadt,Germany) wasadded.The peroxidaseactivity
in the gelswasstainedwith this solution. The cleardark bandsindicative of peroxidase
isoformsappearedin thegels.TheresultsweredocumentedusingImageAnalysisSystem
(Vilber Lourmat,France).ThepI of theperoxidaseisoformswascalculatedusingthesame
system.

Statistical analysis In the histologicalstudies,all experimentsfor statisticalanalyses
were repeated� ve times, maintaining two replicatesof ten seedlingsper treatment.
Regressionanalysiswasusedto calculatethe time requiredfor depositionof calloseand
lignin in 50% of the cells of the test seedlings. Meansof the percentageof cells with
calloseandlignin depositionswerecalculatedandsigni�cant differenceswerecompared
by calculatingstandarderrors. The chi-squaretestwasappliedfor quantitative analysis.
Data from independentexperimentswere analyzedfor greenhouseanalysis. The data
from eachexperimentweresubjectedto arcsinetransformationandanalysisof variance.
The signi�canceof effect of treatmentswasdeterminedby the magnitudeof the F value
(P=0.05).Treatmentmeanswereseparatedby Tukey'sHSD test.

RESULTS

Seedgermination and seedling vigor analysis Seedswere treatedwith an aqueous
suspensionof A. niger CWCC at increasingconcentrationsof 0.25,0.5, 1.0, 1.5 and2.0
mg ml� 1 for a periodof 3, 6, 9 and12 h andanalyzedfor seedgerminationpercentage
andseedlingvigor index after 7 days. Seedstreatedwith steriledistilled waterservedas
control. Treatmentwith 0.5 mg ml� 1 of CWCC for a durationof 6 h did not affect the
seedgerminationpercentageandseedlingvigor relative to the control: it even improved
germinationto 94% (Fig. 1a)andvigor index to 1526(Fig. 1b), in comparisonwith the
control– with 70%germinationanda vigor index of 1373at this time interval. However,
a lower concentrationof CWCC did not enhanceseedgerminationor seedlingvigor and
higherconcentrationsof CWCC signi�cantly reducedgerminationpercentageandvigor
index comparedwith the control; hence,a concentrationof 0.5 mg ml� 1 was usedfor
protectionstudies.
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Fig. 1. Effect of seedtreatmentwith differentconcentrationsof CWCC from sporesof Aspergillus
niger on germinationpercentage(a) andvigor index (b) of pearlmillet cv. HB3 at different time
intervals (3, 6, 9, 12 h). Data were recorded7 daysafter treatment;resultsare basedon four
experimentswith 100seedlingspertreatmentperexperiment.For eachconcentration,meanswith a
commonletterdo notdiffer signi�cantly accordingto Tukey's HSDtest(P=0.005).

Diseaseassessmentunder greenhouseconditions The elicitor treatmentfor a period
of 6 h did not affectgerminationpercentor seedlingvigor, andhencethis time periodwas
usedfor diseaseassessmentstudies.Differentconcentrationsof A.niger CWCCasaqueous
suspensionat0.25,0.5,1.0,1.5and2.0mgml� 1 wereappliedto seedsfor aperiodof 6 h,
andseedlingswereinoculatedwith S.graminicolaafter2 daysof seedtreatment.Various
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Fig. 2. Effect of seedtreatmentof pearl millet cv. HB 3 for 6 h with different concentrations
of CWCC from sporesof Aspergillus niger on downy mildew diseaseincidence(DMDI) due to
inoculationwith Sclerospora graminicola, andpercentprotection(P), comparedwith unprotected
control. Inoculationswereperformed1, 2, 3, 4 and5 daysafter treatment.Datawererecorded30
daysafterinoculationwith 4� 104 zoosporesof S.graminicola;resultsarebasedonfour experiments
with 100plantsper treatmentperexperiment.For eachconcentration,meanswith a commonletter
donot differ signi�cantly accordingto Tukey's HSDtest(P=0.005).

levelsof protectionover thecontrolwereobtained.CWCCat concentrationsof 0.25and
0.5 mg ml� 1 offered44.7%and67.7%protection,respectively (Fig. 2). Thepercentage
of protectiondecreasedwith increaseof concentrationof CWCC,viz.,1 mgml� 1 afforded
54.1%protection,1.5 mg ml� 1 afforded51%protection,and2 mg ml� 1 afforded46.8%
protection.Controlplantssuffered96%downy mildew diseaseincidence(DMDI). Since
maximumprotectionwasobservedat0.5mgml� 1 of A.niger CWCC,furtherexperiments
werecarriedoutusingthis concentrationonly.

Optimum time required for induction of resistance TheA. niger CWCCwhengiven
asseedtreatmentoffereddifferentdegreesof protectionagainstdowny mildew, ranging
from 54%to 67%,dependingon thetimeelapsingbetweentheinducingtreatmentandthe
inoculation(Fig. 3). A time gapof 1 dayafterCWCCtreatmentprovided54%protection,
which increasedto 60%in thecaseof 2 days.Maximumprotectionof 67%wasobserved
for a time gap of 3 days,and did not increasefurther for 4- and 5-day time intervals.
Thereforea 3-daytime gapwasrequiredfor building up elicitor-inducedresistancein the
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Fig. 3. Effect of time gap betweenCWCC treatmentfrom sporesof Aspergillus niger (0.5 mg
ml� 1) andwhorl inoculationwith Sclerospora graminicolaon downy mildew diseaseincidencein
pearlmillet. Barsindicate� S.E.Columnsmarkedwith a commonletterdo not differ signi�cantly
accordingto Tukey's HSDtest(P=0.005).

hostsystemto combatS.graminicolainfectioneffectively. Studiesof lignin, calloseand
peroxidasewere carriedout with the samplesharvestedat the 3-day time gap between
elicitor treatmentandS.graminicola inoculation,asthis time interval offeredmaximum
protection.

Histological studies

Ligni�cation and callosedeposition wereexaminedin epidermalpeelingsof coleoptile
from pearlmillet seedlingstreatedwith A. niger CWCCat 0.5mg ml� 1 or distilled water
for 6 h andinoculated2 daysafter the treatment.Thesetwo responseswereassessedby
differential stainingand regressionanalysis. At the early stagesof infection (0.5 hpi),
ligni�cation and depositionof callosewere insigni�cant both in the test samplesand
control,but theresponsesincreasedwith time.

In thecaseof CWCC-treatedinoculatedseedlings,whereverS.graminicolaattempted
infection, the plant cells showed lignin andcallosedeposition. In treatedseedlings50%
of the cells showed lignin and callosedepositionby 4 h. Maximum ligni�cation (Fig.
4B) anddepositionof callose(Fig. 4D) occurredat 8 hpi andpersisteduntil the endof
the experimentat 24 hpi. A delayedand weaker responseof defensewas observed in
uninoculatedseedlingswith respectto lignin (Fig. 4A) andcallose(Fig. 4C).Only 20%of
thecellsshowedligni�cation (Fig. 5A) andcallosedeposition(Fig. 5B) by 24hpi.
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Fig. 4. Epidermalpeelingsof CWCC-treatedpearlmillet samplesuninoculated(A) andinoculated
(B) with Sclerospora graminicola stainedwith phloroglucinal-HCl, indicating lignin deposition.
Callosedepositionis revealedwith anilinebluein CWCC-treatedpearlmillet uninoculatedsamples
(C) andthoseinoculatedwith S.graminicola(D). Bar = 1 � m; arrows indicatelignin in thecell wall
andcallosedepositionin thecell wall andpapillarregion.

Peroxidaseactivity analysisand electrophoresis Peroxidaseactivity wasestimatedin
inoculatedand uninoculatedtreatedand control seedlings. The peroxidasepro�le at 0,
2, 4, 6, 8, 12 and24 hpi is depictedin Figure6. In the seedlingsraisedfrom A. niger
elicitor-treatedseeds,a higher level of peroxidaseactivity (27 units) was seenat the
time of inoculationcomparedwith its distilled water-treatedcontrol (11 units) at 8 hpi.
Thus,protectedseedlingsshoweda 45%increasein enzymeactivity at 8 h afterchallenge
inoculationover thecontrol. The increasedenzymeactivity wasmaintaineduntil 24 hpi.
In distilled water-treatedseedlings,peroxidaseactivity did not increasesigni�cantly upon
inoculation(Fig. 6).

Isoelectric focusing The sampleswere subjectedto IEF and the peroxidaseisoforms
weredetectedby activity staining. Of the 16 isoformsvisualized,few of thosewith pI
valuesof 8.8,8.7,8.2,7.2,6.8,5.9,5.1and4.6wereconstitutivelypresent.However, seven
differentisoformswith pI valuesof 9.8,9.6,8.7,7.5,7.0,4.2and3.3wereobservedin the
seedlingsraisedfrom A. niger CWCC-treatedseeds.Of these,theisoformscorresponding
to pI 8.7,7.5and7.0wereprominentin theseseedlings(Fig. 7).
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Fig. 5. Degreeof depositionof lignin (A) andcallose(B) in the coleoptiletissuesof CWCC- and
distilled water-treatedpearlmillet samplesinoculatedwith Sclerospora graminicola. Vertical bars
indicate� S.E.
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Fig. 6. Peroxidasespeci�c activity in CWCC-treatedpearl millet seedlingsas a responseto
inoculation with Sclerospora graminicola. Data are meansof three independentexperiments.
The samplesareCWCC-treateduninoculated(TreatedUI), CWCC-treatedinoculated(TreatedI),
distilled water-treateduninoculated(Control UI) anddistilled water-treatedinoculated(Control I)
pearlmillet seedlings.Barsindicate� SE.

DISCUSSION

Thediscovery thatseveralnon-pathogenicmycoparasiticfungi anduseof microorgan-
ismssuchasbacteria(5) couldsensitizehostplantsto respondmorerapidlyandef�ciently
to pathogensopenednewer researchavenuesin the �eld of microbial-mediatedinduced
resistance.The commondecreasein susceptibilityto the pathogenhasbeeninterpreted
asinductionof resistanceto S.graminicolain the presentstudyby the applicationof A.
niger CWCC.Activedefenseresponsestaketheform of ahypersensitivereactioninvolving
localizedhostcell deathatthesiteof infectionaccompaniedby inductionof defense-related
markers leadingto completeresistance.In many instancestheselocal eventscan bring
aboutSAR againstlater infectionby a varietyof pathogensto which theplantsnormally
wouldbesusceptible.

The currentstudy hasdemonstratedthat bio-elicitors suchas CWCC from A. niger
effectively inducedresistancein pearlmillet againstdowny mildew diseaseundergreen-
houseconditions.Pre-treatmentof seedswith 0.5mgml� 1 of CWCCsigni�cantly reduced
downy mildew diseasein pearlmillet by providing67%protection.A numberof chemicals
(e.g. BABA), biotic compounds(PGPR)andmicroorganisms(sublethalconcentrationof
S.graminicola) havebeenreportedfrom this laboratoryto induceresistanceagainstdowny
mildew diseasein pearl millet (21,23). However, therehasbeenno report of induced
resistanceagainstdowny mildew by usinga sporecell wall elicitor from fungus.Reports
ontheuseof elicitorsfrom fungi includeaproteinaceouselicitor, oligandrin,from Pythium
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Fig. 7. Isoelectricfocusingof extractsof pearl millet seedlingsfollowed by direct detectionof
peroxidaseisoformson the gel. 25 � g of samplewas loaded. Lane1, 0 h; lane 2, 2 hpi (hours
post-inoculation);lane3, 6 hpi; lane4, 8 hpi; lane5, 10hpi; lane6, 24hpi.

oligandrum(4); PaNie (a novel proteinelicitor) from Pythiumaphanidermatuminducing
multiple defenseresponsesin carrot, arabidopsisand tobacco(32); � -cryptogeinfrom
Phytophthora cryptogea(11); andcell wall proteinfractionsfrom P. oligandruminducing
defenseresponsesin sugarbeetandwheat(29).

It was observed that A. niger CWCC as an inducer activated defenseresponseto
S. graminicola in pearl millet undercontrolledenvironmentalconditionsin the studies
of control of downy mildew diseaseincidence. The systemicnatureof resistancewas
demonstratedby applicationof the inducer to the seedsand assessmentof resistance
throughoutthe pearlmillet plantsuponwhorl inoculation. Resistancedevelopmentwas
correlatedwith an increasein theaccumulationof peroxidaseisoforms,anddepositionof
lignin andcallose.

Peroxidase,a pathogenesis-relatedprotein,is alsoinducedasa responseto pathogen
attack in the host plant; it is groupedunder family 9 of pathogenesis-relatedproteins.
Peroxidaseisoforms are reportedto participatein defenseresponsereactionsand to
offer resistanceagainstviruses,bacteriaand fungi in host plants. In the presentstudy
a signi�cant increasein peroxidaseactivity was observed in elicitor samplesupon S.
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graminicola infection. Dong et al. (10) reportedan increasedlevel of peroxidaseand
lignin whenkilled Penicilliumwasusedto elicit defensein cotton.

Peroxidasesareinvolvedin oxidationof phenoliccompoundsinto toxic quinonesand
they are reportedto have an important function in secondarycell wall biosynthesisby
polymerizinghydroxyandmethoxycinnamicalcoholinto lignin, formingrigid cross-links
betweencellulose,pectin, hydroxyproline-richglycoproteinsand lignin (13). At 8 hpi,
maximumlevel of ligni�cation occurredin A. niger CWCC-treatedsamples,indicating
that lignin hasa role in imparting resistanceto downy mildew diseasein pearl millet.
Stadnik and Buchenauer(27) hypothesizedthat the presenceof phenolic compounds
during the processof ligni�cation resultsin cell strengthening.Furthermore,lignin is
known to bepotentiallytoxic to thepathogen,andadverselypreventsthepathogenentry.
Callose,a � -1,3-glucanpolysaccharide,is a productof a highly localizeddefensereaction
which is depositedin woundplugsandpapillae. It providesa mechanicalbarrierat the
sites of pathogenentry to restrict growth and spreadof the pathogenand is therefore
involved in host defense. In the presentstudy, callosedepositionwas observed more
prominentlyin thecell wall andpapillaein elicitor-treatedsamples,asa defenseresponse
to S. graminicola infection. It was reportedthat depositionof callosein the soybean–
Phytophthora sojaesystemhelpedto prevent the formation of haustoria(12). The role
of cell wall ligni�cation andcallosedepositionenrichedin proteinsandauto�uorescing
phenoliccompoundshasbeenreportedin FrenchbeanagainstXanthomonascampestris(8)
andin barley againstBlumeriagraminis(17). Becausethecoleoptilesserveasanessential
path for S. graminicola to spreadsystemicallyto upper tissues,a rapid and localized
increaseof lignin andcallosein this region is supposedto contributeto resistance.

IEF characterizationof total peroxidaseactivity revealedthepresenceof 16 isoforms,
amongthemisoformsof pI 6.8,7.2 and8.7,which werespeci�cally observedin elicitor-
treatedsamplesuponS.graminicolainfection. A similar increasein peroxidaseactivity
andin theappearanceof two to � ve isoformswasobservedin cottonbolls inoculatedwith
Rhizoctoniasolani(19).

Even thoughthe presentstudy indicatesthat the CWCC of A. niger act as elicitors
for induction of resistancein pearl millet againstdowny mildew, the exact mechanism
is not clear. However, the elicitors are known to act directly as a ligand or to release
plant compoundswhich interactwith receptorsand/ or form membraneporesor bilayer
discontinuitiesthatelicit defenseresponses(20). Therefore,in thepresentstudyduringthe
6-h soakingtreatmenttheseedcoatof pearlmillet mayrupture,providing anopportunity
for theCWCCto comein contactwith thecell walls of internaltissuesof thegerminating
embryos,therebyinducinga defenseresponse.Currently, the detailsof the peroxidase
isoforms inducedupon pathogenattackfacilitating host defenseresponseremain to be
de�ned. This informationonperoxidaseisoformsandthemechanismby whichtheCWCC
act as an elicitor for induction of resistancewill greatly facilitate our understandingof
how plantsperceive and transduceforeign signalsassociatedwith defenseresponsesto
microbialpathogens.

Furtherstudiesarebeingdirectedtoward the puri�cation andcharacterizationof the
activecomponentsfrom thecrudeCWCCelicitor.

ACKNOWLEDGMENTS

This work has been carried out within the project on `SystemicAcquired Resistance'funded by the
DanishInternationalDevelopmentAgency undertheEnhancementof ResearchCapacityProgramme(DANIDA

84 C.K. Hindumathyetal.



ENRECA).Wearegratefulto Dr. Eigil deNeergaard,thePrincipalResponsiblePartyof theDANIDA ENRECA
project for his cooperationduring the study. The facilities provided by the Indian Council of Agricultural
Research(ICAR), Governmentof India,throughtheAll IndiaCoordinatedPearlMillet ImprovementProgramme
(AICPMIP), is alsogratefullyacknowledged.SSacknowledgesthe�nancial assistancereceivedfrom theCouncil
of Scienti�c andIndustrialResearch.

REFERENCES

1. Abdul Baki, A.A. andAnderson,J.D. (1973)Vigour determinationin soybeanseedby multiple criteria.
CropSci.13:630-633.

2. Benhamou,N. (1992) Ultrastructuraldetectionof � -1,3-glucansin tobaccoroot tissuesinfected by
Phytophthora parasitica var. nicotianaeusing gold-complexed tobacco� -1,3-glucanase.Physiol. Mol.
PlantPathol.41:351-370.

3. Benhamou,N. (1996)Elicitor-inducedplantdefencepathways.TrendsPlant Sci.1:223-240.
4. Benhamou,N., Belanger, R.R.,Rey, P. andTirilly , Y. (2001)Oligandrin,theelicitin-like proteinproduced

by the mycoparasitePythiumoligandrum, inducessystemicresistanceto Fusariumcrown androot rot in
tomatoplants.PlantPhysiol.Biochem.39:681-696.

5. Benhamou,N., Gagne,S., Le Quere,D. andDehbi, L. (2000)Bacterialmediatedinducedresistancein
cucumber: bene�cial effect of the endophyticbacteriumSerratia plymuthicaon the protectionagainst
infectionby Pythiumultimum.Phytopathology 90:45-56.
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