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In plant-pathogennteractionsstrongstructuraland biochemicabarriersmayinduce a
cascadef reactionan planta leadng to hostresistanceT hekinetic speedand amplitudes of
thesedefencanechanismsnaydiscriminateresistancérom susceptibilityto necrotrophic
fungi. Theinfeetionprocessesf two Ascochytdentisisolateg(FT13037 and F13082) on the
recentlyidentified ascochyta blighfAB)-resistantensorientalisgenotypd LWL180 and

two cultivatedgenotypes, ILL753TresistantandILL6002 (susceptible)wereassessed.
Using histopathological methods, significalifferencesn early behaviour of thésolatesand
the subsequenlifferentialdefencaesponsesf the hostsvererevealedlIrrespectiveof

virulence, bothsolateshadsignificantlylower germination shortergermtubes andielayed
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appressoriunfiormation on theesistangenotypesI{WL180 and ILL7537)comparedo the
susceptiblegenotype (ILL6002); furth@nore theseweremorepronounced on genotype
ILWL180 than on genotype ILL7537. Subsequently, host perception of pateatgied to
thefasteraccumulation and notably higher amountseaifctiveoxygenspeciesand phenolic
compoundsatthepenetratiorsitesof theresistancgyenotypesLWL180 and ILL7537.In
contrast, genotypk L6002 respondedlowly to the A. lentisinfection andreaffirmed
previousgrossdiseasesymptomology reportashighly susceptiblelnterestingly
guantificationof H,O, wasmarkedly highem ILWL 180particularlyat 12 hpi comparedo
ILL7537, potentiallyindicativeof its superioresistance&apability. Fasterrecognition ofA.
lentisis likely tode amajorcontributionto the superiorresistancebservedn genotype

ILWL180 to'the highlyaggressivésolatesof A. lentisassessed.

KeywordsiAscochyta lentishistopathologyl.ens orientalislentil, phenolic compounds,

reactiveoxygenspecies

Introduction

Ascochyta bligh{AB) of lentil, causedy Ascochytdentis, is themostwidespreadungal
diseasecrosdentil cultivating regions globallyMe etal., 2003. Seedlinginfectioncan
destroyanentirecrop,whilst infectionat poddingmaturity resultsin poorseedquality
(Gossen& Morrall, 1983) and substantigield losseqBrouweretal., 1995. In Australia
alone,theepidemicsof AB havecausedanestimatedA$15.3million of lossedo thelentil
industry(Murray & Brennan, 2012). Although fungicidesemostly effective improving
lentil regstances,vital to managehe diseasenoresustainably.

Significant numbers afesistancesourcesavebeenidentified and deployedh
resistage breeding programes around thevorld (Ali, 1995; Erskinestal., 1996;Nasir &
Bretag 1998; Vandenbergtal., 2000. However continuouselianceonrelativelyfew
resistanceourcesn Australiaand Canadthatalsocontaindesirableagronomicandyield
characteristickas probablyddto erosion ofresistancgenesdn elite cultivars(Laird,
Northfield andNipper) througlselectionof moreaggressivésolatesfAhmed& Morrall,
1996;Nasir& Bretag 1997; Davidsomt al., 2016).Therefore thereis anurgentneedto
identify andintrogressnovel AB resistancgenes/alleleto enhancehe longevity ofdefence

mechanismsvithin elite Australiancultivars.For this, wild speciesof lentil havebeen
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identifiedaspotentialreservoirsof usefulresistancgenas/alleles(Tullu etal., 2010;Daduet
al., 2017)andinterspecificfertile hybridsweresuccessfullyproducedisingconventional
techniques (Gupta &harma2007;Tullu etal., 2013).To aidin this, anunderstanithg of

the key defence responseghin targetresistantild accessiong necessary

Ascochytdentisis a necrotrophic fungus angesanappressoriurbasedoenetration
pegto penetrate thexternalcuticularlayersbeforecoloniang the hostissue Successful
invasiomsand-colonationultimatelyleads to diseasesymptomsof necroticlesionsspeckled
with pseudotheeia containing pycnidiospores (Rouneéhdl., 1995). During th@rocesof
infection, ¢conidia ofA. lentisgerminatewithin 2 h postinoculation(hpi) and develop a bulb-
like appressoriunat thetip of thegermtubein the following 6—-8 h leading to penetratioh
the hostell (Roundhilletal., 1995).This then induces seriesof defencanechanismi
plants thatinelude physiologicddiochemicalandmolecularresponses

Roundhilletal. (1995) suggestedraerecontactof pathogen on thieaf surfaceis
sufficientto.regulatethefirst line of defencesn lentil. Theinitial response of thmfected
cell following,tissuepenetrations anaggregation of cytoplasm and developmergagillag
whichinterruptsfurtherspreadof the pathogert hyphae (Roundhikktal., 1995).Later,
microarrayprofiling of resistan{ILL7537) andsusceptibl€ILL6002) lentil linesrevealed
thefirst transcriptionaresponsesf lentil to A. lentis(Mustafaet al., 2009).Theresults
showed thamostof thedifferential expressiofDE) in resistaniLL7537 took placevithin
6—48 hpiwhereasn susceptibldLL6002 this extendedupto 96 hpi.Theshort period of
transcriptionategulationin ILL7537 comparedo ILL6002 mayindicaterapid recognition of
A. lentisinfectionandearly expressiorof defenceproteins.The DE profile of both genotypes
includedgenegelatedto biochemicalandstructuraldefencesuchasthe expression of
reactiveoxygenspeciegfROS) synthesis of pathogenessated(PR) proteins and
lignification. However thedelayedactivationof defenceresponsegarticularlyafter 72 and
96 hpi,in 6002, may haveled to susceptibility(Mustafaet al., 2009).

Consequently, the ugegulationof thesegeneswithin ILL7537 may havecaused
reductionin percentageonidial germinationgermtube length angercentage appressoria
formation, therebyestricing diseasalevelopmen{Sambasivanet al., 2016).In additionto
the physicateasongor delayedfungalestablishmenin ILL7537, thesehistopathological
studiesalsoreporedtheaccumulatiorof ROS cell wall thickening and cytoplasmic

aggregatioraspart ofbiochemicalandstructuraldefenceresponses in ILL7537S@mbasivam
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etal., 2016. Converselytheabsencef theseeventan ILL6002 may havebeenresponsible
for the observed susceptibilitlso, ROSarewell knownto trigger acascadef defence
responsesuchascell wall strengtheningiranscriptionof defencerelatedgenes and
hypersensitiveell deaththat subsequenthestrictpathogen growtiHlckelhoven & Kogel,
2003;Linetal:;72005).

Themostrecentstudyon thelentil-A. lentisinteraction with a single aggressive
isolate (AL4)-fram Australiapbservediefencerelateddifferential geneexpressiorusing
RNA sequeneingvithin 2 hpi Khorramdelaza@t al., 2018).Severalgeneghatare
representativef keydefencefunctions,suchasfungalelicitor recognition anearly
signalling(2 hpi), structuralresponsé6 hpi), biochemicakrespons€6 hpi), hypersensitive
reactionandcell death(24 hpi), andsystemicacquiredresistancg24 hpi) wererevealed
Severalof theseresponsesalidatedthe previous findings oMustafaetal. (2009)and
provided the.genetic componepistentiallyunderpinninghe defencerelated
histopathalogical observations Bambasivanet al. (2016).In generaltheresistaniLL7537
wasableto'initiate key defencerelatedgenetic responsdasterandat higheramplitudeshan
thesusceptibldLL6002. However efficacy of this timing may belargely dependenon the
host genotype involved. Therefotbereis aneedto fully understand thdiversityin timing
of previouslywell-characterizedefencaesponsegprior to establishingt asareliable

resistaneeource,

Thus, theaim of this studywasto assesshe physiologicahndbiochemicaldefence
responsesmployed by ILWL180a lentil linewith reportedlyhigherresistancéhan
ILL7537,in responseo A. lentisinfection Also, thetimings oftheseresponsewere
characterizeth comparisoro the previoushassesserkesistaniLL7537 and thesuscepble

ILL6002 to determinewhether_ensorientalis ILWL180 resistanceas discriminant.

Materials=and methods
Plant material

LensorientalisILWL180 wasprocuredfrom the AustralianGrainsGenebank, Horsham,
Victoria. Two Lensculinaris genotypes, ILL753Tresistanicontrol) and ILL6002

(susceptiblecontrol),weresupplied by thé&acultyof VeterinaryandAgriculture Sciences
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(FVAS), DookieCampusThe University of Melbourne Threeseed of eachgenotype
replicatedfour times(four pots)weresownin 10 cm diameterpotsfilled with pinebarksoil,
fertilized with Nitrosol, Amsgrow (4.5mL L ™) weely andwateredon alternatedays. Prior
to sowing,seed of ILWL180 weresoakedn waterovernightto enhancegerminationand
werealsosown7 daysearlierthanthe control genotypet ensureall seedlingsvereat the
samestageof maturityatinoculation on 14 and 21 dagfter sowing(DAS) for controlsand
wild genotyperespectivelyAfter sowing potswereplaedin a Conviron growth cabineit
Dookie campusThe University of Melbourneandmaintainecat 18 + 1 °C, 12 h/12 h
day/night photoperiodith 300pmol m? s of light.

Fungal material

Single sporeulturesof one aggressivisolate(FT13037) and one naggressivésolate
(F13082)weresupplied by the SouthustralianResearctandDevelopmentnstitute
(SARDI), SouthAustralia.Aggressivenessf isolateFT13037waspreviouslyidentified by
Daduetal.(2017) andsolateF13082wasidentifiedasnoraggressiven asetof host
differentialsin acontrolledbioassayDavidson SARDI, Adelaide personacommunication).
Spore suspensiongerepreparedrom 14-dayeld fungal culturesasdescribedoreviously
(Daduetal’; 2017).

Experimentaldesignfor evaluatingfungal structures

Sporegermination germtubelengthand appressorium formationisblates(FT13037 and
F13082)wereassessetb evaluateaheinfectionprocessat6, 12, 20 and 30 hjm all three
genotypesusingdetachedandattachedeaf assaysExperimentsvereconductedn a
completelyrandoemizd designwith four replicatessownfor eachtime pointperisolateand
oneleafletfrom.eachreplicatewasusedto assesshe development of thafectionstructures.
A total of 100spores (25 sporgxer cornerof each leaflgtperreplicationwereexaminedo
calculatesporegermination and appressoriyarcentageand100 randongerminatedspores
from eachreplicatewere observedo measureggerm tube lengtHmageprocessingnd
analysiswascarriedoutin IMAGEJ v. 1.50isoftware (Javalp measuregerm tube length.
Criteriafor determiningsporegermination germtubelengthand appressori@rmationwere
asdescribedoy Sambasivanetal. (2019.
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Evaluation of infection processby detachedleaf assay

Fully expanded 21-day-oléafletsfrom ILWL180, and l4day-old leafletsfrom ILL7537
and ILL6002weredetachedeparatelyor eachisolateandtime point.Immediatelyafter
excision, for each time point, ofeafletfrom eachof four replicatesof eachhost/isolate
interactionwassterilized inoculated and incubatesddescribedy Sambasivanet al.
(2016).After 6, 12, 20 or 30 hpelafletswerefixed andclearedto remove chlorophyll by
immersingthemin ethanolglacialaceticacid (1:2 v/v) for 36 h with atleastone changef
clearingsolutionat 24 h Sambasivanetal., 2016. Clearedeafletswerestainedwith
lactgphenalcattorblue (SigmaAldrich) for 5 min and visualiedfor fungalstructuresusinga
BHC light micrascope (Olympus)mageswverecapturedusing a digital sighbS-Fi2 camera
(Nikon).

Evaluation_of.infection processby attached/intactleaf assay

In theattachedeaf assaypots ofall genotypesvereinoculated usingnair-pressurized
hand-held*sprayeat a concentration of 2 x $8poresmL™. To enable unifornspreadof
inoculumedroplets on the abaxial siddexflets potsweretilted slightly ata 45°angleand
thensprayedwith afine mist of inoculum untilrun-off. Soonafterinoculation,plantswere
coveredwith paper cupsoatedwith wax (In Hospitality)andarrangedandomly before
carefully placingthemin the growth cabinet under dark conditi@46-18 °C and 98%
relativehumidity(RH). Oneleafletfrom eachof four replicatesof eachhostx isolate
interactionwasselectecanddetachedarefullyat eachtime point. Subsequently, the
detachedeafletswerefixed, clearedandstainal asdescribedcaboveto visualize fungal

structures.

Experimental designfor biochemicalanalysis ofROS and phenolic compounds

Histochemicalocalization of ROS(O, and HO;) and phenolic compounagereassessed
at12, 24and48 hpiin the detachedeafletsof all threegenotypes. Experimentgere
conductedn acompletelyrandomizd designandoneleafleteach(two leafletseachfor
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guantifying HO,) wasassesseffom the fourreplicationsat eachtime pointto detectthe
responseto isolatesFT13037 and F13082.

Histochemieallocalization of hydrogenperoxide (H,05)

H,O, releasen detachedeafletsof lentil wasexaminedusing a modified 3,3-
diaminobenzidindDAB) stainingmethodasdescribedoy ThordalChristenseretal. (1997).
Detachedeafletsof all threegenotypesvereinoculatedasdescribedabove andncubatedor
12, 24 and48 fafter whichleafletswereimmediatelyimmersedn 1 mgmL* HCl-acidified
DAB (pH 3.8) solutiorandincubatedn thedarkatroom temperaturéor 8 h.As described
above |eafletswerefixed, clearedandstainedbeforedetectingaccumulatiorof H,O, as
reddishbrowneelourationat thesitesof hyphal penetration and neighbourglsusinga

BHC light micrescopeTheimageswerecapturedusing adigital sight DS-Fi2 camera.

Quantification of H,O,

H,0O, producedn responséao A. lentisinfectionwas quantified using a modifigerrous
xylenol orangg{FOX) assay(Bellincampiet al., 2000).Briefly, pointinoculateddetached
leafletsof thethreegenotypes, each weighing a minimum of 50 megreeachhomogenized
in 20mL 10 mm phosphatduffer (pH 7.0) using anortarandpestle.Subsequentlythe
homogenatevasfiltered through &250mm sieveand centrifuge@t 5488g for 13min. The
resultantsupernatan{l.5mL) wasthen addedo an equalvolumeof assayreagen{500 pum
ammoniumferrous sulphate, 50MmH,S0O,, 200 v xylenol orange and 200nmsorbitol).
Subsequently, thessaymixturewasincubatedor 45min and absorbance of ti€X
complexwasmeasuredt 560 nm using a NovaspécspectrophotometeT.o determinehe
amount ofsHOgin the leaflets standardsolutionsof differentconcentrations of kO,
rangingfrom.5.te 80 pv werepreparedn distilled water.An aliquot of 1.5mL of each
concentratiowasaddedwith anequalvolume ofassayreagentandincubatedor 45 min.
The absorbance of tHeOX complexwasmeasureat 560nm and astandarctalibration
curvewasplottedbetweenconcentrations of kD, andabsorbancésgpto estimatethe
amount of HO, from theresultantegressiorequationThe concentratiorof H,O, was

expressea@aspum per g fresh weightHW).
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Histochemicallocalization of superoxideanion (O;")

O, production bylentil in responséo A. lentisinfectionwasdeterminedising anitroblue
tetrazolium(NBT) stainingmethodasdescribedy Geetal. (2013).Leafletsfrom all three
genotypesveredetachedinoculated and incubategdescribecabove. At 12, 24 and 48 hpi,
leafletswerevacuuminfiltrated in 50 nm sodium phosphateuffer (pH 7.5) containing 0.2%
NBT for 1 hatroomtemperatureTheleafletswerethenfixed, clearedandstainedas
describedabove. Subsequently, tleafletswereexaminedor superoxideeleasaisinga

BHC light microscopditted with a digital sighDS-Fi2 cameraDark blue depositsat the

hyphalpenetratiorsites and neighbouringellsindicatedO, release.

Histochemicallocalization of phenolic compounds

To detectphenolic compound depositionpculatedeafletswereclearedat 12, 24 and 48
hpi using ethanagilacialaceticacid(1:2 v/v) asdescribedabove Clearedeafletswere
stainedusing0.05% toluidinebluein 0.1m phosphatduffer (pH 5.5)for 1 h and examined
under aBHCHight microscopdor greenshblue deposits correspondirig phenolic
compound accumulatiaiise et al., 2013).Theimageswerecapturedusing a digital sight

DS-Fi2 camera.

Statistical analysis

Percentageayminationdataweresquareroot-transformed prioto statisticalanalysis and
graphswerepreparedvith original backtransformedgercentagelata.Significantdifferences
for squaraeettransformedercentaggermination germ tube length, percentage
appressoriunfiormation, and HO, quantificationwereidentified via analysisof variance
(ANOVA) testswithin GENSTAT 16th editionsoftware.Localizationof ROSand phenolic

compoundsvereobservedaseitherpresenbor absent.

Results
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Infection processand physiologicaldifferences
Spore germination

In bothassaysandat all time points,significantdifferencesamong theéhreegenotypesvere
observedorpercentagsporegerminationof isolatesFT13B7 and F13082K < 0.01).
Independent of whethéhe leaf wasdetachedr not, bothisolatesgerminatedvithin 6 hpi on
all threegenotypesHowever therateof germinationon all threegenotypedlifferedfor both
isolatesand graduallyncreasedetweert hpiand30 hpi P < 0.01).At 30 hpi, aneanof
75.86% and 69.37% sporesigblatesFT13037 and F13082espectivelyhadgerminatecn
thedetachedeafletsof thethreegenotypegFig. 1).In contrast, only 25.77% of FT13037 and
19.69% ofF13082 spores hgdrminatedvhentheleafletswereattachedo the plantswhen
inoculated."Further, among tleeegenotypesthelowestsporegerminationfor the
aggressivesolateFT13037at 30 hpi was observed for ILWL18Qyith ameanof 70.77% and
15.49% ordetachedndattachedeaflets respectively.

Germtube‘length

Significantly shorter neangerm tube lengtheererecordedor the nomggressivésolate
F13082comparedo the aggressivisolateFT13037 orall threegenotypesn boththe
detachedndatiachedassay4P < 0.01).Interestingly germtubes of bothsolateswere
significantly shorterwheninoculated oreafletsattachedo plantscomparedo detached
leaflets(P < 0.01).However slightly longergermtubeswereobserved omtactleafletsof
ILWL180 forisolateFT13037at 20and 30 hpi. Significantifferences betweertheisolates
weredetectednall threegenotypesrrespectiveof time point (P < 0.01), althoughthe

shortesgermtubesfor bothisolateswereproduced onLWL180 (Fig. 2).
Appressoria

On detached-leafletsyl® hpi, spores of the aggressigelate FT13037 producedppressoria
on genotypes. kL 6002 and ILL7537. &lpercentagef germinating spores that had
produced appressoriacreasd graduallyto reach27.13% and 9.8% on ILL6002 and
ILL7537 respectively by 30 hpi.ln contrast, n@appressoriavereproduced until 12pion
ILWL180, with amaximummeanof 8.79% by 30 hpi. Meanwhile, spores of the
nonaggressivesolateF13082 did not produagppressoriaintil 12 hpi on ILWL180 and
ILL7537, and just 2.69% produced appressondl L6002 at 6 hpi. A significandifference

in thistrait wasobservedor isolateF13082amongall threegenotypesandat 12, 20 and 30

This article is protected by copyright. All rights reserved



hpi. At 30 hpi, themostappressoriavereobservedn ILL6002 (11.686) and thdeaston
ILWL180 (7.57% P < 0.0% Fig. 3a).

On intact leaflets, nlike ondetachedeaflets spores of thaggressivesolate
FT13037 did not, producappressoriaintil 20hpi onILWL180 and ILL7537 and until 12 hpi
on ILL6002(Fig. 3b). $oresof thenoraggressivasolateF13082 did not produce
appressoriaintil. 30 hpi on ILWL180 and ILL7537 andintil 12 hpion ILL6002. Significant
differeneesamongfrequencies of appressof@mationwererecordedor bothisolates
among the three genotypds< 0.01). At 30 hpi, the highest atalvestpercenage of
appressorigormation byisolateFT13037wasobseredon ILL6002 (10.46%) and ILWL180
(3.820), respectivelySimilarly, at 30 hpi with isolate F13082, the highest (%) Aand
lowest(1.4®%) percentage of appressoftamationwas observed on attached leaflets of
ILL6002 and-zWL180, respectively.

Biochemicalanalysisof ROS
Localization of HO,

ThereleasefiH, O, in infectedlentil leafletsof all threegenotypes coincidedith the
formationsofappressoriandwasdetectedunderneathhe appressoriéFigs 4 & 5). However,
visible dfferencesn theintensityof H,O, productionweredetectedetweerthethree
genotypegFigs 4 & 5).Accumulationof H,O, graduallyincreasedn the cells surrounding
theinfectedregion ovettime in thetwo resistangenotypes, ILWL18@&ndILWL 7537(Figs
4a—c & 5a=c). This responsasweakerandrestricteddirectly to theinfectedcellsin the
susceptibl@enotype ILL600ZFigs 4d & 5d).

Quantification ofiHO,

The concentration of D, in the leaflets of all three genotypes was determined using a
standard curve produced from known concentratidrs, O, at Asgo (R = 0.9857; Fig. 6).
The trends of production over time were then determined in all three genotype®irsectp

the aggressive and nonaggressive isoldigs 7 & 8).

The production of HO, in all threelentil genotypesvasdetectedasearlyas12 hpi
(Figs 7 &8) in responséo A. lentisinfection.Although therendof H,O, accumulatiorwas

similar amongthethreegenotypes, concentrations among tiveenesignificantly different
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(P < 0.01)ateachtime point(Figs 7 & 8). ILWL180 responded quicktp theinfectionand
subsequently produced higher concentrations @Hangingfrom 43.92to 73.12 m per g
FW within 24 hpi in contrastpy 24 hpi,theresistantontrol ILL7537 hadlower
concentrations, ranginfigom 5.85to 65.82 v per gFW.. Leafletsof the susceptible
genotypeltz6002 contained negligible concentrations gd+at 12 hpiwith amaximumof
only 57.42'm per gFW H,0O, at 24 hpi.

Localizationsof«@

Similarto thereleaseof H,O,, O, productionalsocoincidedwith theformationof
appressorigor bothisolateson thethreegenotypes andasdetectedunderneath the
appressori@asearlyas12 hpi (Fig. 4e). However the responseasdelayed oL WL180
until 24 hpifor isolateF13082(Fig. 5e),which wasprobablycaused byhedelayed
formation ofappressoriaasreported above. A gradual asdstainedncreasen the
accumulatiorof O, attheinfectionsiteswasobservedn theresistangenotypes ILWL180
and ILL7537(Figs 4e—g & 5e—g), which did not ocaarthesusceptiblegenotype ILL6002
(Figs 4h &5h).

Localization ofsphenolic compounds

Visible differencesvereobserved among thiereegenotypedgor production of phenolic
compounds antheirlocalization(Figs 4i—| & 5i-l). Much like H,O, andO, production,
accumulatierefiphenolic compoundsasdetectedeneatitheappressoriand lining thecell
walls of infectedcells. Visible differencesvereapparent intheintensityandtiming of
accumulationin‘the esistangenotypeslLWL 180 and ILL7537accumulatiorof phenolic
compoundsvasdetectedhsearlyas12 hpi and by 24 hpn responséo isolateFT13037 and
isolateF13082 respectively before graduallyncreasingat 48 hpi(Figs 4i—k & 5i—k).In
contrast, phenolic compoundgrenot detectedn the susceptiblegenotype ILL6002 until 24
hpi for bothisolates Following inoculatiorwith isolateFT13037, the amount of phenolic
compounds surrounding tifectedregionincreasedt 48 hpi (Fig. 4l). Thiswasnot
observedor isolateF13082 (Fig. 5I).

Discussion
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Upon recognitiorof necrotrophic fungal pathogersantsdisplaystrongand complex
defenceresponsethatdeterpathogerentry. In lentil, severalstructural biochemicaland
molecularresponsewerepreviously reportetb underpindefenceo A. lentis (Roundhillet
al., 1995;Mustafaetal., 2009;Sambasivanet al., 2016).In the presenstudy, physiological
and biochemicallefenceresponseto A. lentiswereevaluatedo determinetheearlydefence
mechanismsvithin theL. orientalisresistancesourcelLWL180.

Rreviousshistopathologgssayemployeddetachedeaftissuedor evaluating plant—
pathogerninteractiond ArmstrongChoetal., 2012;Sambasivanet al., 2016) and the
conclusionsveresubsequentlpppliedto whole plantsin contrastattachedeafletswere
assessedlongwith detachedeafletsin thepresentvork and the comparison oésults
showedsignificantdifferenceshetweenthetwo assayskor all threehost genotypesyhen
challengedwithzeachof thetwo fungalisolatesdetachedeafletsdisplayedhigher conidial
germinatiopdengergermtubes and highgyercentages of appressofiarmation than
attachedeaflets Similarly, differencesnveredetecteetweerndetachedndattachedeaf
assaydor length ofprimary hyphae produced b@olletotrichumlentis onlentil (Armstrong
Choetal., 2012).The detachmenprocessnay affectsystemichormonedefencerelated
signallingandprobablyinitiatessenescencia theleaflets contributingto thefasterinvasion
of the pathogefLiu etal., 2007).Ascochytdentisinfected detachedeafletsmuchearlier
thanintactleafletsdueto thecompromisediefenceresponsesgegardles®f resistancetatus
of the genotypes. Theobservedlifferencedn resistanceéo AB betweerdetachedndintact
leafletscould be furthevalidatedeitherthrough the use of defenaapairedmutants or by
gene expressiostudies By doingsa, it would be possibleo detectwhich defenceresponses
are affected,by<detachment of tbaflets Previously, dtachmentvasreporedto
compromisdhesalicylic acid andjasmonate/ethylendependensignallingpathways of
Arabidopsis thalianaleadingto easiempenetration and aggressisglonizationby
Colletotrichumlinicola A1 andColletotrichumhigginsianum(Liu etal., 2007) Furthermore
thesecompromisediefenceresponsemay potentiallybridge the knowledge gap regarding
the geneshatareinvolvedin theearlydefencaesponseandtherebymayassisthe efforts

to identifyzanddevelopAB resistantarietiesthroughmarkerassistegelection(MAS).

As with previousreports pregpenetratioreventsveregenotypespecific(Sambasivam
etal., 2016;Sarietal., 2017),with bothisolatesexhibitingdifferentialgermination
percentage germ tube lengthgswell astiming andpercentagef appressoriéormationon

both theattachedanddetachedeafletsof thethreegenotypesssessed heseresultsprovide
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furtherevidenceof thepresencef differentdefencenechanismamonglentil genotypes. In
the presenvork, andaspreviously reportedSambasivanetal., 2016;Sarietal., 2017),
conidial germination of botlsolateswassignificantly higher on thattachedeafletsof the
susceptiblegenotype ILL6002 than on thmesistanigenotype ILL7537However lowest
percentages-afonidialgerminationwereobservedn theleafletsof ILWL180 for both
isolates This maybe dueo theearlyrecognition of the pathogen through pathogetivated
molecularpatterngPAMPs)andpatternrecognitionreceptorfPRRs)includingreceptotlike
kinaseproteinsandreceptoflike proteins(Dangletal., 2013).In previous reports of the
ILL7537-A.lentisinteraction proteinkinasessuchasleucinerich repeateceptorkinase
(LRR-RK)'and calmodulin domaiproteinkinase(CDPK) werefoundto play keyrolesin
early signalling ofdownstreandefenceresponseskhorramdelazadetal., 2018. In addition,
the densdairy nature of ILWL180eafletsmightalsohaveled to a reduction of germination
by obstructing the deposition of spores onl#a surface assimilarly observedn Masoor-
93, aresistantultivar from Pakistan(Sahiet al., 2000).

Successfullygerminatedcconidiaof A. lentisdevelop germ tubeathelp penetration
into hosttissues by producingnappressoriunat thar tip (Roundhilletal., 1995).In
previousreports longer germ tubes and higlegpressoridrequenciesveredeterminedas
indicatorsof*hestsusceptibilityto A. lentis(Sambasivanet al., 2016;Sarietal., 2017).
Similarlyyin the present work, conidia of ba#olatesproduced longegermtubes and
higherappressorigpercentagesnthe detachedndintactleafletsof the susceptible genotype
ILL6002 comparedo thoseof the resistani.L7537 andILWL180. Furthemore shorter
germ tubessantbwer appressoridrequenciesveredetecten ILWL180 comparedo
ILL7537, asalsereportedon anothetenservoidesaccession-01-827A(Sarietal., 2017).
Thisis probably dudo thetiming of activationof structuralandbiochemicaldefence
responsesStructuraldefenceresponsesclude papilladormationatthe point ofpenetration
to entrapthe penetration peg (Roundtell al, 1995).Sambasivanet al. (2016)demonstrated
the earlierformationof papillaein resistangenotype ILL753¢omparedo genotype
ILL6002. Accordingly differentially elevatedranscriptievelsof laccasaliphenol oxidase
(PPOIl)and exocyst subunit 70Aamily protein(Exo70A1l), linkedo papillaeformation
weredetectedhsearlyas?2 hpiin ILL7537, muchearlierthanin ILL6002 (Khorramdelazaet
al., 2018).

Hostbiochemicaldefencesnclude productiomf antifungal compoundsuchas

proteinaceous inhibitors and pathogenesiatedproteins(PR), to counteract theenetration
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of tissueby the pathogen. Proteinaceanisibitors suchaspectinmethylesterasmhibitor
(PMEI), auxinrepressegrotein(ARP) and polygalacturonase inhibit@?GIP) involvedin
counteringcell wall-degradingenzymegCWDE) releasedy fungi,werefound to be
significantly overexpresseth ILL7537 comparedo ILL6002 (Khorramdelazaet al.,
2018).Similarly;elevatedevelsof PR proteinsPR2 andPR4, knownfor cell lysis and

limiting the growth of fungirespectivelyweremorehighly expressedh ILL7537 and 964A-
46 than ILL6002Mustafaet al, 2009; Vaghefet al, 2013).Based on the different defence
mechanisms of different genotypes shown abthw/L 180 may have different genes with
moreefficient moleculardefencemechanisnto counterA. lentisinfectioncomparedo that

of ILL 7537.

Togethewith thedifferencesobservedn percentage adppressoridgormedamong
thethreegenotypessignificantdifferencesverealsoevidentin time takenfor the conidia of
bothisolateste.developthefirst appressoriumOn ILL6002, the first appressoriwvas
formed at 6 or 12 hpi on thietachedr attachedeaflets respectivelyHowever thiswas
delayeduntil'2"and 20 hpi on th@etachedndattachedeaflets respectivelyon ILWL180.
Similarly, Sambasivanet al. (2016) foundlifferencesn time taken for appressorium

formation on theletachedeafletsof threegenotypesvith knownresistances.

Followingearly recognition of the pathogen and consequent signal transduction,
plantsactivateabatteryof defencanechanismsAmong theman oxidative burstvith rapid
generatiorof ROSsuchasO, and HO; is consideredisoneof theearliestdefence
response (Doke, 1983 the current study llathreegenotypes produced,®, and G in
responseo appressoriunpenetratiorby bothisolatesat 12, 24 and 48 hpHowever
significantdifferencesn magnitude of HO,and @ productionoccurredbetweerthe
genotypes.up to 24 hpi, with concentrations in ILWL180 being greater thbh74637 and
even lowelin ILL6002. Later, quantificationof H,O, revealedadecreasén H,O; at48 hpi
in all threegenotypes with the aggressive isolate FT13037 but only in the resistant genotypes
with the nenaggressive FT130&2verall H,O, productionin ILWL180 wassignificantly
higherat all:time pointsthanin ILL7537 (particularlyat 12 hpi). This providesfurther
evidencehatearly releaseandaccumulatiorof ROSis amajormechanismemployed by
resistantentil to limit the growth ofA. lentisin planta(Sambasivanetal., 2016)

Thisis thefirst histological reporto captureO, involvementn thedefenceresponse

of lentil to A. lentis However thisis anintermediataesponsehecausd, is rapidly
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convertedo H,O, by superoxidelismutas€SOD), aspreviously showno beelevated
duringtheinteraction(Mustafaetal., 2009). This helpso explainwhy theelevatedevelsof
H,0O, weredetectednorein theinfectedand neighbouringellscomparedo O, , whichwas
confinedto the penetratiorsitesonall genotypesApart from directtoxicity to the invading
pathogenthediffusible nature oROS particularlyH,0,, acrosscell membraneteadsto
signalling of downstreardefencemechanism#ncludingcell wall strengtheningLin etal.,
2005) and"synthesis &R proteins Hancocketal., 2007),which togetheleadto the
expressiomf the hypersensitiveeaction(Lam, 2004).In addition elicitation of ROSalso
induces thectivationof phenylpropanoidnetabolismin plants(Jabsetal., 1997)to
synthesize phenolic compoun@alkin etal., 1990). Accordingly, comparativelyigher
ROSproductionin resistangenotypesuchasILWL180 andILL7537 probablyincreases
accumulatiorof'phenolic compounds theinfectedand surroundingells leadingto
depositionof lignin for physical strengtheningndsynthesis of antiicrobial compounds
suchasphytoalexinsattheinfectionsite.

In conclusionpasedonthe physical and biochemical evidengeesentedit is
proposé that thel. . orientalisgenotypd LWL180 is asuperior andootentiallyusefulsource
of resistancéo A. lentis Thisis achievedhrough @layedprepenetration events and
relativelyfasterandstronger accumulatiorof ROSand phenolic compounds limit the
growth an@spreadof A. lentis postpenetrationFuture investigations involvingifferential
molecularstudies of thapecificbiologicalstepswithin the defencemechanisnwill be
helpfulto elucidatethe potential novelty dLWL 180. Additionally,analysisof segregation
populationsrdeveloped among the knawsistangenotypes including-WL 180may

decipher thallelic relationship@amongthem and whetheaheresistancgenesarenovel.
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Figure legends

Figure 1 Percentageporegermination ofAscochyta lentissolatesFT13037 and F13082
6, 12, 20 and 30 h post-inoculation (hpi)tareelentil genotypedsLWL180, ILL6002 and
ILL7537 inx(a) detachedeaflet assaynd (b)intactleaflet assay

Figure 2 Germtube length oAscochyta lentissolatesFT13037 and F13082 6, 12 20 and
30 h post-inoculationhfpi) onthreelentil genotypedsLWL180, ILL6002 and ILL7537n (a)

detachedeafletassayand(b) intactleafletassay

Figure 3 Percentagéormation of gpressom of Ascochyta lentigsolatesFT13037 and
F13082at 65+22:+20 and 30 h post-inoculatidip{) onthreelentil genotypesLWL180,
ILL6002-:and-lkL7537n (a) detachedeafletassayand (b)intactleafletassay

Figure 4 Histochemicalocalization of biochemicaldefenceresponseslicitedwithin the
leafletsof lentil genotypedLWL180, ILL7537 and ILL6002n respons&o Ascochytdentis
isolateFT13037(a—d) Detectionof hydrogen peroxidéH,0,) production by 3,3-
diaminobenzidine (DAB}¥tainingmethod. Arrowheadsdicateaccumulatiorof reddish-
brown depositbeneaththe appressia and surroundingells.(e-h) Accumulationof
superoxide (@) stained using theitroblue tetrazoliunmethod.Dark blue depositdbeneath
the appresoriarepresenD, production(arrowheads)i—) Accumulation of phenolic
compoundsgetectedy stainingwith toluidine blue. Arrowheadsndicategreenishblue
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depositddueto accumulatiorof phenolic compoundsithin theinfectedandsurrounding
cells.Scale bars represent fén (a, b, c, e, f, i & I) and10Am(d, g, h, j & k).

Figure 5 Histochemicalocalization of biochemicaldefenceaesponseslicitedwithin the
leafletsof lentil genotypedLWL180, ILL7537 and ILL6002n responséo Ascochytdentis
isolateF13082(a—d) Detectionof hydrogen peroxidéH,0;) production by 3,3-
diaminobenzidine (DAB}¥tainingmethod. Arrowheadsdicateaccumulatiorof reddish-
brown depesitdeneatithe appresoriaand surroundingells.(e-h) Accumulationof
superoxide(@:)stained using the nitroblue tetrazolitmethod.Dark blue depositdeneath
the appreg®miarepresenO, production(arrowheads)i—) Accumulationof phenolic
compoundgletectedoy stainingwith toluidine blue. Arrowheadsndicategreeniskblue
depositddueto accumulatiorof phenolic compoundsithin theinfectedandsurrounding
cells.Scalesbarsrepresent pén(a, b, c, e, f, g, i, k & I) and 1g0m(d, h & j).

Figure 6 Standarcalibrationcurve of absorbance at 560 nersts concentratiorof
hydrogen peroxide (30;; uMm).

Figure 7 Concentration of hydrogen peroxigté,O,) produced in lentil genotypes
ILWL180, ILL7537 and ILL6002n responséo theaggressivéAscochyta lentissolate
FT13037at12,,24 and 48 h post-inoculatidmpf).

Figure 8 Concentration of hydrogen peroxifté,O,) produced in lentil genotypes
ILWL180, ILL7537 and ILL6002n responseo the nonaggressivAscochyta lentigsolate
F13082at 12,24 and 48 h post-inoculation (hpi
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