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Induction of Systemic Resistance to Colletotrichum
lindemuthianum in Bean by a Benzothiadiazole Derivative
and Rhizobacteria

J.BigirimanaandM. Hofte*!

Plantshave developed mechaisms to resistsecondry infection upon inoculationwith a
necrotizingpathogen, chemicaltreatmentas well as treatmentwith somenon-pahogenic
microolganismssuchasrhizospherdacteria. Thisphenonenonhasbeenvariouslydescribed
asinducal systemicresistancgISR) or systemicacquiredresistance.In the presentstudy
the chemicalbenzo(12,3)thiadiazole-7-carboibic acid-S-methylester(BTH, acibenzdtar-
S-methyl), and the rhizobacteriaPseudomoas aerugnosa KMPCH and P. fluorescens
WCS417weretestedfor their ability to induceresistancéo Colletotrichumlindemuthiamm
in susceptibleand moderatelyresistantbeanplants(Phaseolusulgaris L.). BTH induced
local and systemicresistancavhen beanleaves were immersedin 102 to 10°7 M BTH
3 daysbeforethe challengeinoculation At a high conaentration(10~2 M), BTH inducel
resistanceof the sameorder as resistanceinducedby the pathogenC. lindemuthianum,
althoughatthis high concentratiorBTH appeaedto be phytotoxic. Soil andseedtreatment
with 1 mgkg~" BTH protectecbears agains@anthracnos. BTH-mediatednducedresistance
waseffective in susceptiblendmoderatelyresistanplants.P. aeruginsaKMPCH induced
resistancein beanagainstC. lindemuthianm only in a moderatelyresistantinteraction.
KMPCH-567,asalig/lic acid mutantof KMPCH, failedto induceresistanceindicatingthat
saligylic acidis importantfor KMPCH to induceresistanceén the bean-€. lindemuthiarum
system.P. fluoresensWCS417couldinduceresistancéo C. lindemuthianunin asusceptible
andin modeatelyresistaninteractions.

KEY WORDS:BeananthracnoseBTH; acibenztar-S-methyl; fluorescenpseudmonads;
Pseudomoas aeruginosa Pseudomnas fluorescens;inducedresistance;Phaseolusvul-
garis.

INTRODUCTION

After pathogninfection plantscandevelop resistanceagainstiaterattacksjocally on
previously infectedpartsandevensystemicallyon partsdistantfrom theprimaryinfection
It hasbeendemorstratedthat this pheromenm, namedinduced (acauired) resistanceis
effective notonly agairsttheinducing path@ens put alsoagairstawiderang of unrelatel
path@ens(10,18). In somecasesinducedor acquiredresistancés charactdeedin plants
by anaccumulatia of saligylic acid (SA) (19), andthe expressionof a specificsubsebf
pathaenesis-relate(PR) genesthe so-calledsystemicacquiredresistanc€ SAR) genes
(31). SA is an essentiamoleculefor inducedresistancesince plantstransfomed with
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theNahGgene which areunableto accumiate SA, areincapableof developing systemic
resistancén responséo necrdizing pathogns(8).

Systemic resistancecan be induced also by chemicals(22) and nonpathaenic
microaganisms (2329). Resistancesan, for instance,be induced by exogenows appli-
cation of SA and functional analogsof SA suchas 2,6-dchloro-isonicotinic acid and
benzdl,23)thiadianle-7-cabothidc acid-S-nethyl ester (BTH) (7,13). Induction of
systemicresistancdy plantgrowth-pronmoting rhizobacteriahasbeenstudiedextensvely
(1116,1730,2). Although inducedresistancemediatedby Pseudmonasfluorescens
WCS417in Arabidopsiswasshavn to beindepementof SA accumulatio andPR gene
expression24),but wascharactazedby a pathwaywherejasmotic acidandethyleneplay
acrucialrole (25,29), otherrhizobacteriasuchasPseudomoasaerugirosa7NSK2anda
geneticallymodifiedSA-ovemproducingP. fluoresces P3strain,induce systemiaesistance
via a SA-dendentpathway (21). It was shovn that SA production by P. aeruginsa
7NSK2is essentiafor inducedresistanceo Botrytis cinereain beanandtomatoandto
tobaccomosaicvirus in tobacco(1,4,6). In addition P. aerugirosa7NSK2wasunale to
induee resistancén NahGtomatoandtobaco plants(1,4). In the presenstudy induced
resistancén Phaseols vulgais agairst Colletotrichumlindemuhianum, the causalagent
of beananthracose,wasinvestigated.We emplo/eddifferentconcetrationsof BTH and
Pseudmonasstrainghatinduceresistanceia SA-depedentor SA-indegendem pathways
andusedsusceptibleandmodeatelyresistantultivars.

MATERIALS AND METHODS

Microorganisms. Characteristics and culture conditions Physiologicalraces385and
485 of C. lindemuhianumoriginaing from Burund (2) wereusedin this study Isolates
were grovn to spordate at 25°C on Mathur medium (20) compeed of glucese (2.8 g

I=1), MgSQy.7H,0 (1.23g 1Y), agar(20g I~1), Neopeptae (2 g | 1), KHyPOL(2.729
I=1) andH,O (1 1). After sporuation (10-chy-old cultures),plateswerefloodedwith 10

ml of deminealizedwaterandsporeswerescrapedrom platesusinga brush. The spore
suspensionvasfiltered throudh four layersof 0.2 x 0.2 mm nylon mesh,the nurber of

sporeswas estimatedvith a haemagtometerandthe inoculumconentrationadjustedo

10° sporesml~! befae inocuation. Differert bacterialspeciesand strainswere tested
for their ability to induceresistancean bean P. aerugirosaKMPCH, a pyoverdin-and
pyochelin-negative, SA-prodicing mutantof the PGPRP. aerugirosa 7NSK2 (12); P.

aerugirosaKMPCH-567 a SA-negaive mutart of KMPCH obtainedoy genereplacemet

(5); andP. fluorescensNCS417(15). Bacteriawere culturedon iron limited King's B

medium(14) for 12-15h at37°C for KMPCH andKMPCH-567 andat28°C for WCS417.
Plateswith bacterialcolorieswerefloodedwith 10 ml of physiologicalsolutioncontainirg

8.5 g NaCl perliter of deminealizedwater Colonies were scrapedrom platesandthe
concetrationwasestimatedptically.

Bean cultivars, growing conditions and induction treatments Two beancultivars of
P. vulgariswereused,cvs. ‘Prelude’and‘Boterkoning. Previous studies(3) have shavn
thatBoterkoning is sensitve to races385and485,whereasghereaction of Preludedepeils
onthebeandevelopmeral stage:8-day-old plantsweresusceptibleo race385 wherea a
resistantreactionwasobsened on 12-or 14-dgy-old plants.An intermedide reactionwas
obsered on 10- and11-day-dd plants. Before sawving beanseedsthe soil (Klassmann
Deilman, Geeste,Germary) was mixed with differert chemicalsor microolgarisms to
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be testedfor induced resistance:Pseudmonasstrainswere suspendd in H,O befae
use. BTH (Bion 50 WG), formulated as a waterdispersiblegranue contairing 50%
active ingredents (coce numbe CGA 245704, Ciba-Geigy, was dissohed in H,0O for
use. The samequantity of waterwas added to the control soil to maintainan identical
relative humidity in all the treatmets. Concentations were adjustedto 108 cfu g—*!
soil for Pseudompasspp.; BTH wastestedat a concetration of 1 mg kg ' in the soil.
Prior to sowing, seedsweresoaled for 5 min in the bacteria suspensiorf10® cfu mi—1)
for the Pseudomoas spp. treatmentsor in 1 mg | —! BTH for BTH treatmentsandin
deminealizedwaterfor thecontrd. Beanplantsweregrownin thegreetmouseat28+3°C,
unde al16:8h, L:D photgeriod.

Leaftreatmento induceresistancevasperfamed3 days beforechalleng inocuation.
Primarybeanleaveswereimmersedn oneof thefollowing solutiors: C. lindemutlianum
race485, 5.10* sporesml—!, or BTH at different concetrationsvarying from 10~3 to
10~7 M. Control leaves were immersedin deminealized water Plantstreatedwith C.
lindemuhianumwereplacedin a humid chamier (>92%r.h.) at19-21°C.

Challenge inoculation, experimental design, disease evaluation and data analysis
Elevenday-old bean plants were challeng-inocuated with races385 and 485 of C.
lindemuhianum,10° sporesml—!. Cv. Preludewasalsoinoculatedat its mostsusceptible
stageB8-dayold plants(3). Theinocuation wasperfomedusingthedetachd leaf metha
(3). Threeor four beanleaves per treatmeh were placedin eachtray (accoding to the
numter of treatmets) and four trays were usedper expeliment. Eachexpeaiment was
repeatedit leastona. On C. lindemuhianum-inocuatedleaves,anthracnoseseverity was
evaluatel 7 days afterinocuationusingascaleof 1to 9, wherel = novisible symptansand
9 = severediseaseScoreratingsweredistributedinto threeclassedor visual presentation
asfollows: classl, ratings 1 to 3; class2, ratings4 to 6; class3, ratings7 to 9. Score
ratings were analyzel statistically using the KruskalWallis multiple comparison tests
competed by the MannWhitney comparisontest. For all techniqiesa = 0.05wasused
with Bonferrani correction for nonparametridests.

Plant colonization by Pseudomonas spp. and effect of BTH and SA on C. linde-
muthianum growth in vitro At theinoculationstageof beanplants,the colonizdion by
Pseudmonasspp. wasinvestigated.Onegramof plantmaterialwasmaceratedn sterile
deminealizedwaterandserialdilutionswereplatedon selectve media.For Pseudmonas
spp.,King's B medium was used,addingkananycin 200mg | —* andrifampicin50 mg
I~ for KMPCH strainsand WCS417,respectiely. KMPCH strainswere incubatedat
37°C, WCS417wasincubatedat 28°C. Colonies were countedafter 1 day for KMPCH
andKMPCH-567 andafter2 daysfor WCS417.

BTH andSA wereaddedo sterilizedMathurmedium to investigateanevertual direct
antagaistic effect on the developmentof C. lindemuthanumin vitro. DifferentBTH or
SA concetrationsin the mediumweretested from 10~7 to 10~* M. C. lindemutlianum
race385wasgrown andthe diameterof colonieswasrecadedfor 10 days.
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RESULTS

Local induced resistance to C. lindemuthianum on bean Primaryleaves of the bean
cultivar Boterkoning were immersedin differert BTH concetrations, from 102 to
10-"M. Treatedbeanleaveswere inocuated 3 dayslater with C. lindemutlianum race
485, to which Boterkoning nomally shavs a susceptiblaeaction Resultsare presentd
in Figurel. Leavestreatedwith 10~2 M BTH wereresistan{90% of leaveswerescored
1 to 3), wherrasthe control displayeda susceptibleeaction(85% of Boterkoning leaves
werein class3, scores7 to 9). Evenaconcettrationof 10~7 M gave significart protection
(78% of leavesin class2) compaed with the contrd (85% of leavesin class3). The
bestresultswere obtanedwith the highestBTH concatrationstested(10~2 to 1075 M).
Growth abnornalitieswereobsevedon plantstestedwith high BTH concetrations.Bean
leavesimmersedin 10~ and10~* M BTH becane dark greenand oneweeklater were
muchsmallerthancontrd leaves. For 103 M BTH, similar abnomalitieswereobseved
ontrifoliate leavesof treatedplants.Suchplantshadshorterinterrodesthanplantstreated
with BTH concettrations<10° M.

Fig. 1. Influenceof leaftreatmentvith BTH onthevirulenceof Colletotrichumlindemuthianmrace
485. Primaryleavesof beancv. Boterloningwereimmersedn variousBTH-concentrationg10~2
to 10~7 M) andinoculated3 dayslaterwith 10 sporesml™'. Sevendaysafterinoculation,disease
symptomswereevaluaed andscoresveregroupedinto threeclassesclassl, ratingsl to 3; class2,
ratings4 to 6; andclass3, ratings7 to 9. Barswith acommonletterdo not differ significantlyusing
the Mann-Whitng comparisortestat =0.05,n=32.

Systemic induced resistanceto C. lindemuthianum on bean

Induction by beanleaf treatment:Oneof the two primary beanleaveswasimmersed
in 10~3 M BTH or in a C. lindemuhianum suspensionf 5.10* sporesml—!. Threedays
later, the opposite primary leaveswerechalleng-inocuatedwith 10° C. lindemuthianum
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Fig. 2. Influenceof leaf treatmentwith BTH or Colletotrichumlindemuthianunrace485 on bean
anthracnee severity. One primary leaf of beancv. Boterloning wastreatedand the oppdsite leaf
wasinoculated3 dayslaterwith 10 sporesml~!. Sevendaysafterinoculation,diseasesymptoms
wereevaluatedandscoresveregroupel into threeclassesclassl, ratingsl to 3; class2, ratings4 to
6; andclass3, ratings7 to 9. Barswith acommonletter do not differ significantlyusingthe Mann-
Whitney comparisa testat = 0.05,n = 24. 2A: Beanleavestreatedwith H O (control), BTH

10~% M or C. lindemuthianunrace485,5.10 sporesml~!. 2B: Beanleavestreatedwith various
BTH-concentrationsrom 10~ to 10~ M.

sporesml~—!. Theinduction and challeng-inocuations were perfamed using the same
pathaenic race 485 of C. lindemutlianum Symptons were scored?7 days later and
resultsarepresentedn Figure2A. Resistancevasobsered on BTH-treatedbeanplants,
comparedwith the susceptibleontiol plants(cv. Boterkoning). The resistancebseved
on plantstreatedwith 10~ M BTH was of the sameorder as the systemicresistance
induced by inoaulation with a moderateconcantration of C. lindemuhianum Different
concetrationsof BTH weretestedfurther andresultsarepresentedh Figure2B. Thebest
protedion wasobseredwith the highestBTH concetrationtested(10~# M). Thelowest
concetrationusedin this expeiment(10~7 M) alsoinduced resistancea 50% reduction
of thenumter of susceptibldeaves,compaedwith the contol.

Induction by soil and seedtreatment: BTH, P. aerugnosa KMPCH (SA ), P.
aerugirosaKMPCH-567 (SA~) andP. fluorescendVCS417weretestedfor their ability
to induce resistanceto C. lindemuhianum race 385 Testedon a susceptiblecultivar
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Fig. 3. Influenceof soil andseedreatmenwith BTH 1 mgkg', PseudompasaerugnosaKMPCH,

P. aerugineaKMPCH-567,andP. fluoresensWCS417on beananthracnsesererity. Symptomson

primary beanleaveswereevaluated? daysafterinoculationwith 10 sporesml~! of Colletotrichum

lindemuthianun race 385; scoreswere grouped into threeclasses:classl, ratingsl to 3; class2,

ratings4 to 6; andclass3, ratings7 to 9. Barswith acommonletterdo not differ significantlyusing

the MannWhitney comparisontestat = 0.05,n = 24. 3A: Cv. Boterkoning, inoculationon 11-

day-oldplants:susceptiblénteraction.3B: Cv. Preludejnoculationon 8-day-oldplants:susceptible
interaction.3C: Cv. Preludejnoculationon 11-dayold plants:moderatelyresistaninteraction.

(Boterkoning), KMPCH and its SA-nggative mutat KMPCH-567 did not shav ary
significantdifferencefrom the contiol (Fig. 3A). On the contary, WCS417and BTH
significantlyredwcedthe numker of susceptibleBoterkoning leaves. Reductionof class3
leaveswasof the order of 30% and47%for WCS417andBTH, respectrely. Therewas
no significantdiffererce betweertWCS417andBTH. Similar resultswereobtaired when
cv. Preludewastestedat its susceptibledevelopmerntal stage,8-dayold plants: inducel
resistancevasobsenred in WCS417-or BTH-treatedplants,whereaglantstreatedwith
KMPCH andKMPCH-567wereassensitve asthecontrd (Fig. 3B). Differentresultswere
obseredwhencv. Preludewasinocuatedon 11-day-old plants. At this developmental
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stage,Preludedisplaysan intermedate reactionto race 385 of C. lindemuhianum10°®
sporeanl—! (3). Inoculatedatthis stage KMPCH-treatedPreludeplantsweresignificantly
more resistantthan contol plants(Fig. 3C). KMPCH treatmentincreasedhe numker
of resistantbeanleaves by 20% and redu@d the numter of susceptibleonesby 10%.
No increae of resistancavas obsened on KMPCH-56%treatedplants(Fig. 3C). This
SA-negative mutantof KMPCH did notimprove resistancén susceptibleor intermedate
interactiors betweerC. lindemutlianumandP. vulgaris.

Bean colonization by Pseudomonas spp., effect of BTH and SA on C. lindemuthianum
growth in vitro All the bacteial strainstestedcolorized beanroots. Their superi@
colorization limit wasarownd 2 x 10 cfu g~! roots. Their concetration on beanroots
was2.27x 10 ,1.72x 10 and2.2 x 10 cfug~! roasfor KMPCH, KMPCH-567and
WCS417,respectidy. BTH and SA did not have ary influerce on C. lindemutfianum
growth. For the highestcone@ntrationtested(10~* M), the diametersrecoraed (mean
of five petri plates)were 28.5, 260 and 281 mm for the contrd, BTH and SA plates,
respectrely. BTH andSA did notaffect C. lindemuthiaaumspordation.

DISCUSSION

Induced resistance to C. lindemuthianum on bean by BTH C. lindemutlianum
virulence wasreducedvhenbeanleaveswereinocuated 3 daysafterimmersionin BTH
solutions. Stronglocal protection wasobsered whenBoterkoning, a susceptiblesultivar,
wasinfectedwith race4850f C. lindemuhianum (Fig. 1). Thebeanprotectiormediatedy
BTH is systemicallyeffective (Fig. 2) andwasdetectedilsowhenBTH wasappliedin the
plantingsubstratdeforesoving beanseedqFig. 3). It is known thatthe BTH compaind
moves systemicallyin the plant and the ability of BTH to improve plant resistanceo
diseasehasbeendemorstratedin othe plant pathogn interactions(27). In the bean
C. lindemutlianuminteractio, it hasbeenshovn beforethatBTH caninduceresistance
(26). In the presentwork, hawever, we shav that increasedesistancas obsened even
at very low concentations(10~7 M) (Figs. 1, 2B). The level of resistanceappeagd to
be dosedepenént, but conentrationsof 10~2 and10~* M led to phytotoxicity: treated
beanleavesbecamesmalleranddarkergreen Suchabnomalitieswereobseredfor plants
treatedwith 10~3 M BTH. Undesirablesffectsof BTH have beenreportedon someother
plants:in burley typetobacco for examge, yellowing andstuntingcansometimesesult
from repeded BTH treatmentsjn green bell pepyers, yields canbe severely redu@d by
BTH applicatioys(27). BTH did nothave ary antifungal activity. Themycédial grownth and
the fructification of C. lindemutlianumwere not affeced by the presene of BTH in the
culturemedium. Againstbeananthracose,inducedresistancéy BTH waseffectivein a
susceptibldean-C. lindemuhianuminteractionaswell asin anintermedate case.

Induced resistance to C. lindemuthianum on bean by Pseudomonas spp. In the
presentvork, somerhizabacterisstrainsweretestedor their ability to stimulateresistance
mechaisms in beanplantsagainstC. lindemuttianum the beananthr&noseagen. P.
aerugirosaKMPCH, P. aerugnosakKMPCH-567andP. fluorescendVCS417weretested
on different bean-C. lindemuhianuminteractiors includng: (i) race385 on susceptible
cv. Boterloning; (ii) race385o0n cv. Preludeat a susceptibledevelopmentalstage;and
(i) race385o0n Preludeat a devdlopmenal stagetransitionbetweena susceptibleanda
resistantstage. On the susceptibleBoterkoning cultivar and on Preluc at a susceptible
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stage KMPCH andKMPCH-567couldnotinduce resistancéo C. lindemutlianum Only
induced resistancdy WCS417andBTH wasobsened. On cv. Preludeat the transition
phase however, only KMPCH-567 failed to induce resistance. KMPCH, WCS417and
BTH showved a significant increasein the beanresistanceto race 385. Theseresults
shav thatthe SA-mutahn KMPCH-567 doesnot induce resistanceén eithersusceptibleor
modeately resistantinteractios, whereasnducedresistances obseved for KMPCH in
thelattercasgFig. 3C). Sincetheonly differencebetweerthetwo strainss SA production
we conclugdthat SA is importart. This couldsuggesthatKMPCH inducesresistanceo
beananthacnosethrowgh a SA-depedentpathway, asis the casefor inducedresistance
to Botrytiscinereain beanandtomato(1,56) andto tobaccamosaicvirusin tobacco(4).
However, for WCS417it wasshavn that,atleastin Arabidgosis,resistancés inducel via
a SA-independen, but jasmonge- and ethylere-depedent, signal transdation pathvay
(29).

The results of this study indicate clearly that different PGPR strains can induce
systemicresistanceyia differert pathways. For that reasonthe use of the term SAR
for pathogn-indiced systemicresistanceand the term ISR for rhizobacteria-nediated
systemicresistancesswas suggestedh the earlierliterature(19,29), may be questioned,
sincethesetypesof resistancalo not necessarilydiffer mechaistically from eachother
Hammeschmidtet al. (9) proposedto usethe termsISR and SAR synorymously Our
resultsalsosuggesthat KMPCH induces resistancén a moderaely resistantinteraction
whereasBTH and WCS417increae the resistancdevel of susceptibleand moderaely
resistantcultivars. Theseresultsindicate that at leastin the bean-€. lindemuttianum
interaction a minimum level of plantresistancenay be neecekd for inducel resistancéy
KMPCH. However, BTH andKMPCH appaently induce the samedeferse respose, so
it seemaunlikely thatonerequilesa basallevel of plantresistanceandthe otherdoesnot.
KMPCH is prabablylesseffective thanBTH andmaybeableto induce resistancenly in
theeventof low diseasgressureAn initial resistancéevel wasrepatedto benecessarfor
induedresistanc®n carnatiom: WCS417couldreducetheinciderce of Fusariunwilt in a
modeately resistanicarndion cultivar, but the samestrainwasinefficientin a susceptible
cultivar (29). Moreover, on Arabidopsisthaliana WCS417Avasunalle to induceresistance
on highly susceptiblecultivars without ary basalresistance¢o Pseudmonassyringaepv.
tomatoDC3000(28). Against C. lindemuhianum,however, WCS417wasableto induce
resistancen susceptibleand on modeately resistantoeancultivars. It appearsthusthat
this criterion differs from oneplant-pathogn systento another
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