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

and Rhizobacteria

J.BigirimanaandM. Höfte
�����

Plantshave developed mechanisms to resistsecondary infection upon inoculation with a
necrotizingpathogen, chemicaltreatmentas well as treatmentwith somenon-pathogenic
microorganismssuchasrhizospherebacteria.Thisphenomenonhasbeenvariouslydescribed
asinduced systemicresistance(ISR) or systemicacquiredresistance.In the presentstudy,
the chemicalbenzo(1,2,3)thiadiazole-7-carbothioic acid-S-methylester(BTH, acibenzolar-
S-methyl), and the rhizobacteriaPseudomonas aeruginosa KMPCH and P. fluorescens
WCS417weretestedfor their ability to induceresistanceto Colletotrichumlindemuthianum
in susceptibleandmoderatelyresistantbeanplants(Phaseolusvulgaris L.). BTH induced
local and systemicresistancewhen beanleaveswere immersedin 10� � to 10� � M BTH
3 daysbeforethe challengeinoculation. At a high concentration(10� � M), BTH induced
resistanceof the sameorder as resistanceinducedby the pathogenC. lindemuthianum,
althoughat this high concentrationBTH appearedto bephytotoxic.Soil andseedtreatment
with 1 mgkg � �

BTH protectedbeansagainstanthracnose. BTH-mediatedinducedresistance
waseffective in susceptibleandmoderatelyresistantplants.P. aeruginosaKMPCH induced
resistancein beanagainstC. lindemuthianum only in a moderatelyresistantinteraction.
KMPCH-567,a salicylic acidmutantof KMPCH, failedto induceresistance,indicatingthat
salicylic acid is importantfor KMPCH to induceresistancein thebean–C. lindemuthianum
system.P. fluorescensWCS417couldinduceresistanceto C.lindemuthianumin asusceptible
andin moderatelyresistantinteractions.
KEY WORDS:Beananthracnose;BTH; acibenzolar-S-methyl; fluorescentpseudomonads;
Pseudomonas aeruginosa; Pseudomonas fluorescens; inducedresistance;Phaseolusvul-
garis.

INTRODUCTION

After pathogeninfection, plantscandevelop resistanceagainstlaterattacks,locally on
previously infectedpartsandevensystemicallyonpartsdistantfrom theprimaryinfection.
It hasbeendemonstratedthat this phenomenon, namedinduced(acquired) resistance,is
effectivenotonlyagainst theinducingpathogens,but alsoagainstawiderangeof unrelated
pathogens(10,18). In somecases,inducedor acquiredresistanceis characterizedin plants
by anaccumulation of salicylic acid (SA) (19), andtheexpressionof a specificsubsetof
pathogenesis-related(PR) genes,the so-calledsystemicacquiredresistance(SAR) genes
(31). SA is an essentialmoleculefor inducedresistance,sinceplantstransformedwith
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theNahGgene,whichareunableto accumulateSA, areincapableof developingsystemic
resistancein responseto necrotizing pathogens(8).

Systemic resistancecan be induced also by chemicals(22) and non-pathogenic
microorganisms(23,29). Resistancecan, for instance,be induced by exogenous appli-
cation of SA and functional analogsof SA such as 2,6-dichloro-isonicotinic acid and
benzo(1,2,3)thiadiazole-7-carbothioic acid-S-methyl ester (BTH) (7,13). Induction of
systemicresistanceby plantgrowth-promoting rhizobacteriahasbeenstudiedextensively
(11,16,17,30,32). Although inducedresistancemediatedby Pseudomonasfluorescens
WCS417in Arabidopsiswasshown to be independentof SA accumulation andPR gene
expression(24),but wascharacterizedbyapathwaywherejasmonic acidandethyleneplay
a crucialrole (25,29),otherrhizobacteriasuchasPseudomonasaeruginosa7NSK2anda
geneticallymodifiedSA-overproducingP. fluorescensP3strain,inducesystemicresistance
via a SA-dependentpathway (21). It was shown that SA production by P. aeruginosa
7NSK2 is essentialfor inducedresistanceto Botrytis cinerea in beanandtomatoandto
tobaccomosaicvirus in tobacco(1,4,6). In addition, P. aeruginosa7NSK2wasunable to
induce resistancein NahGtomatoandtobacco plants(1,4). In thepresentstudy, induced
resistancein Phaseolus vulgaris against Colletotrichumlindemuthianum, thecausalagent
of beananthracnose,wasinvestigated.We employeddifferentconcentrationsof BTH and
PseudomonasstrainsthatinduceresistanceviaSA-dependentorSA-independent pathways
andusedsusceptibleandmoderatelyresistantcultivars.

MATERIALS AND METHODS

Microorganisms: Characteristics and culture conditions Physiologicalraces385and
485of C. lindemuthianumoriginating from Burundi (2) wereusedin this study. Isolates
were grown to sporulate at 25

	
C on Mathur medium(20) composedof glucose (2.8 g

l 
 �
), MgSO� .7H
 O (1.23g l 
 �

), agar(20 g l 
 �
), Neopeptone(2 g l 
 �

), KH 
 PO� (2.72g
l 
 �

) andH 
 O (1 l). After sporulation (10-day-oldcultures),plateswerefloodedwith 10
ml of demineralizedwaterandsporeswerescrapedfrom platesusinga brush.Thespore
suspensionwasfiltered through four layersof 0.2 � 0.2 mm nylon mesh,the number of
sporeswasestimatedwith a haemacytometerandthe inoculumconcentrationadjustedto
10

�
sporesml 
 �

before inoculation. Different bacterialspeciesandstrainswere tested
for their ability to induceresistancein bean: P. aeruginosaKMPCH, a pyoverdin- and
pyochelin-negative, SA-producing mutantof the PGPRP. aeruginosa 7NSK2 (12); P.
aeruginosaKMPCH-567, aSA-negativemutant of KMPCH obtainedby genereplacement
(5); andP. fluorescensWCS417(15). Bacteriawereculturedon iron limited King’s B
medium(14) for 12–15hat37

	
C for KMPCH andKMPCH-567, andat28

	
Cfor WCS417.

Plateswith bacterialcolonieswerefloodedwith 10ml of physiologicalsolutioncontaining
8.5 g NaCl per liter of demineralizedwater. Colonies werescrapedfrom platesandthe
concentrationwasestimatedoptically.

Bean cultivars, growing conditions and induction treatments Two beancultivarsof
P. vulgariswereused,cvs. ‘Prelude’and‘Boterkoning’. Previous studies(3) have shown
thatBoterkoning is sensitiveto races385and485,whereasthereaction of Preludedepends
onthebeandevelopmental stage:8-day-old plantsweresusceptibleto race385, whereas a
resistantreactionwasobserved on 12-or 14-day-old plants.An intermediate reactionwas
observed on 10- and11-day-old plants. Beforesowing beanseeds,the soil (Klassmann-
Deilman, Geeste,Germany) was mixed with different chemicalsor microorganisms to
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be testedfor induced resistance:Pseudomonasstrainswere suspended in H 
 O before
use. BTH (Bion 50 WG), formulated as a water-dispersiblegranule containing 50%
active ingredients (code number CGA 245704, Ciba-Geigy), was dissolved in H 
 O for
use. The samequantity of waterwas added to the control soil to maintainan identical
relative humidity in all the treatments. Concentrations were adjustedto 10

�
cfu g 
 �

soil for Pseudomonasspp.;BTH wastestedat a concentration of 1 mg kg 
 �
in the soil.

Prior to sowing, seedsweresoaked for 5 min in the bacterial suspension(10
�

cfu ml 
 �
)

for the Pseudomonasspp. treatmentsor in 1 mg l 
 �
BTH for BTH treatments,and in

demineralizedwaterfor thecontrol. Beanplantsweregrown in thegreenhouseat28� 3
	
C,

under a16:8h, L:D photoperiod.
Leaftreatmentto induceresistancewasperformed3 daysbeforechallenge inoculation.

Primarybeanleaveswereimmersedin oneof thefollowing solutions: C. lindemuthianum
race485, 5.10 � sporesml 
 �

, or BTH at different concentrationsvarying from 10 
 �
to

10
 �
M. Control leaveswere immersedin demineralized water. Plantstreatedwith C.

lindemuthianumwereplacedin a humid chamber ( � 92%r.h.) at 19–21
	
C.

Challenge inoculation, experimental design, disease evaluation and data analysis
Eleven-day-old beanplants were challenge-inoculated with races385 and 485 of C.
lindemuthianum,10

�
sporesml 
 �

. Cv. Preludewasalsoinoculatedat its mostsusceptible
stage,8-day-old plants(3). Theinoculationwasperformedusingthedetached leafmethod
(3). Threeor four beanleavesper treatment wereplacedin eachtray (according to the
number of treatments) and four trays were usedper experiment. Eachexperiment was
repeatedat leastonce. On C. lindemuthianum-inoculatedleaves,anthracnoseseverity was
evaluated7daysafterinoculationusingascaleof 1 to9,where1= novisiblesymptomsand
9 = severedisease.Scoreratingsweredistributedinto threeclassesfor visualpresentation,
as follows: class1, ratings 1 to 3; class2, ratings4 to 6; class3, ratings7 to 9. Score
ratings were analyzed statistically, using the Kruskal-Wallis multiple comparison tests
completedby the Mann-Whitney comparisontest. For all techniques � = 0.05wasused
with Bonferroni correction for non-parametrictests.

Plant colonization by Pseudomonas spp. and effect of BTH and SA on C. linde-
muthianum growth in vitro At theinoculationstageof beanplants,thecolonization by
Pseudomonasspp. wasinvestigated.Onegramof plantmaterialwasmaceratedin sterile
demineralizedwaterandserialdilutionswereplatedonselectivemedia.For Pseudomonas
spp.,King’s B medium wasused,addingkanamycin 200 mg l 
 �

andrifampicin50 mg
l 
 �

for KMPCH strainsandWCS417,respectively. KMPCH strainswere incubatedat
37

	
C, WCS417wasincubatedat 28

	
C. Colonies werecountedafter 1 day for KMPCH

andKMPCH-567, andafter2 daysfor WCS417.
BTH andSA wereaddedto sterilizedMathurmedium to investigateaneventual direct

antagonistic effect on the developmentof C. lindemuthianumin vitro. Different BTH or
SA concentrationsin themediumweretested,from 10 
 �

to 10
 � M. C. lindemuthianum
race385wasgrown andthediameterof colonieswasrecordedfor 10days.

Phytoparasitica30:2,2002 3



RESULTS

Local induced resistance to C. lindemuthianum on bean Primaryleavesof the bean
cultivar Boterkoning were immersedin different BTH concentrations, from 10 
 �

to
10
 �

M. Treatedbeanleaveswere inoculated 3 dayslater with C. lindemuthianum race
485, to which Boterkoning normally shows a susceptiblereaction. Resultsarepresented
in Figure1. Leavestreatedwith 10 
 �

M BTH wereresistant(90%of leaveswerescored
1 to 3), whereasthecontroldisplayeda susceptiblereaction(85%of Boterkoning leaves
werein class3, scores7 to 9). Evenaconcentrationof 10 
 �

M gavesignificant protection
(78% of leaves in class2) compared with the control (85% of leaves in class3). The
bestresultswereobtainedwith thehighestBTH concentrationstested(10 
 �

to 10
 �
M).

Growth abnormalitieswereobservedonplantstestedwith highBTH concentrations.Bean
leavesimmersedin 10 
 �

and10
 � M BTH became darkgreenandoneweeklater were
muchsmallerthancontrol leaves.For 10 
 �

M BTH, similar abnormalitieswereobserved
on trifoliate leavesof treatedplants.Suchplantshadshorterinternodesthanplantstreated
with BTH concentrations � 10 
 �

M.

Fig.1. Influenceof leaf treatmentwith BTH onthevirulenceof Colletotrichumlindemuthianum race
485. Primaryleavesof beancv. Boterkoning wereimmersedin variousBTH-concentrations(10� �
to 10� �

M) andinoculated3 dayslaterwith 10� sporesml � �
. Sevendaysafter inoculation,disease

symptomswereevaluatedandscoresweregroupedinto threeclasses:class1, ratings1 to 3; class2,
ratings4 to 6; andclass3, ratings7 to 9. Barswith a commonletterdo not differ significantlyusing
theMann-Whitney comparisontestat � = 0.05,n = 32.

Systemic induced resistance to C. lindemuthianum on bean
Inductionby beanleaf treatment:Oneof the two primary beanleaveswasimmersed

in 10
 �
M BTH or in a C. lindemuthianum suspensionof 5.10 � sporesml 
 �

. Threedays
later, theoppositeprimary leaveswerechallenge-inoculatedwith 10

�
C. lindemuthianum
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Fig. 2. Influenceof leaf treatmentwith BTH or Colletotrichumlindemuthianumrace485 on bean
anthracnoseseverity. Oneprimary leaf of beancv. Boterkoning wastreatedandthe opposite leaf
wasinoculated3 dayslaterwith 10� sporesml � �

. Seven daysafter inoculation,diseasesymptoms
wereevaluatedandscoresweregrouped into threeclasses:class1, ratings1 to 3; class2, ratings4 to
6; andclass3, ratings7 to 9. Barswith a commonletterdo not differ significantlyusingtheMann-
Whitney comparison testat � = 0.05, n = 24. 2A: Beanleaves treatedwith H� O (control), BTH
10� � M or C. lindemuthianumrace485,5.10� sporesml � �

. 2B: Beanleavestreatedwith various
BTH-concentrations,from 10� � to 10� � M.

sporesml 
 �
. The induction andchallenge-inoculationswereperformedusingthe same

pathogenic race 485 of C. lindemuthianum. Symptoms were scored7 days later and
resultsarepresentedin Figure2A. Resistancewasobservedon BTH-treatedbeanplants,
comparedwith thesusceptiblecontrol plants(cv. Boterkoning). The resistanceobserved
on plants treatedwith 10 
 �

M BTH was of the sameorder as the systemicresistance
induced by inoculation with a moderateconcentrationof C. lindemuthianum. Different
concentrationsof BTH weretestedfurtherandresultsarepresentedin Figure2B. Thebest
protection wasobservedwith thehighestBTH concentrationtested(10 
 � M). Thelowest
concentrationusedin this experiment(10 
 �

M) alsoinducedresistance:a 50%reduction
of thenumber of susceptibleleaves,comparedwith thecontrol.

Induction by soil and seed treatment: BTH, P. aeruginosa KMPCH (SA � ), P.
aeruginosaKMPCH-567(SA 
 ) andP. fluorescensWCS417weretestedfor their ability
to induce resistanceto C. lindemuthianum race 385. Testedon a susceptiblecultivar
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Fig. 3. Influenceof soil andseedtreatmentwith BTH 1 mgkg
�
, PseudomonasaeruginosaKMPCH,

P. aeruginosaKMPCH-567,andP. fluorescensWCS417onbeananthracnoseseverity. Symptomson
primarybeanleaveswereevaluated7 daysafterinoculationwith 10� sporesml � �

of Colletotrichum
lindemuthianum race385; scoresweregrouped into threeclasses:class1, ratings1 to 3; class2,
ratings4 to 6; andclass3, ratings7 to 9. Barswith a commonletterdo not differ significantlyusing
the Mann-Whitney comparisontestat � = 0.05,n = 24. 3A: Cv. Boterkoning, inoculationon 11-
day-oldplants:susceptibleinteraction.3B: Cv. Prelude,inoculationon8-day-oldplants:susceptible
interaction.3C: Cv. Prelude,inoculationon 11-day-old plants:moderatelyresistantinteraction.

(Boterkoning), KMPCH and its SA-negative mutant KMPCH-567 did not show any
significantdifferencefrom the control (Fig. 3A). On the contrary, WCS417and BTH
significantlyreducedthenumber of susceptibleBoterkoning leaves. Reductionof class3
leaveswasof theorder of 30%and47%for WCS417andBTH, respectively. Therewas
no significantdifferencebetweenWCS417andBTH. Similar resultswereobtainedwhen
cv. Preludewastestedat its susceptibledevelopmental stage,8-day-old plants: induced
resistancewasobserved in WCS417-or BTH-treatedplants,whereasplantstreatedwith
KMPCH andKMPCH-567wereassensitiveasthecontrol (Fig. 3B).Differentresultswere
observed whencv. Preludewas inoculatedon 11-day-old plants. At this developmental
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stage,Preludedisplaysan intermediate reactionto race385 of C. lindemuthianum10
�

sporesml 
 �
(3). Inoculatedatthisstage,KMPCH-treatedPreludeplantsweresignificantly

more resistantthan control plants (Fig. 3C). KMPCH treatmentincreasedthe number
of resistantbeanleaves by 20% and reduced the number of susceptibleonesby 10%.
No increase of resistancewas observed on KMPCH-567-treatedplants(Fig. 3C). This
SA-negative mutantof KMPCH did not improve resistancein susceptibleor intermediate
interactions betweenC. lindemuthianumandP. vulgaris.

Bean colonization by Pseudomonas spp., effect of BTH and SA on C. lindemuthianum
growth in vitro All the bacterial strainstestedcolonized beanroots. Their superior
colonization limit wasaround 2 � 10� cfu g 
 �

roots. Their concentrationon beanroots
was2.27 � 10� , 1.72 � 10� and2.22 � 10� cfu g 
 �

roots for KMPCH, KMPCH-567and
WCS417,respectively. BTH andSA did not have any influence on C. lindemuthianum
growth. For the highestconcentrationtested(10 
 � M), the diametersrecorded (mean
of five petri plates)were28.5, 26.0 and 28.1 mm for the control, BTH andSA plates,
respectively. BTH andSA did notaffectC. lindemuthianumsporulation.

DISCUSSION

Induced resistance to C. lindemuthianum on bean by BTH C. lindemuthianum
virulencewasreducedwhenbeanleaveswereinoculated3 daysafter immersionin BTH
solutions.Stronglocal protection wasobservedwhenBoterkoning, a susceptiblecultivar,
wasinfectedwith race485of C. lindemuthianum(Fig. 1). Thebeanprotectionmediatedby
BTH is systemicallyeffective (Fig. 2) andwasdetectedalsowhenBTH wasappliedin the
plantingsubstratebeforesowing beanseeds(Fig. 3). It is known thattheBTH compound
moves systemicallyin the plant and the ability of BTH to improve plant resistanceto
diseaseshasbeendemonstratedin other plant pathogen interactions(27). In the bean–
C. lindemuthianum interaction, it hasbeenshown beforethat BTH caninduceresistance
(26). In the presentwork, however, we show that increasedresistanceis observed even
at very low concentrations(10 
 �

M) (Figs. 1, 2B). The level of resistanceappeared to
be dose-dependent,but concentrationsof 10 
 �

and10
 � M led to phytotoxicity: treated
beanleavesbecamesmalleranddarkergreen. Suchabnormalitieswereobservedfor plants
treatedwith 10
 �

M BTH. Undesirableeffectsof BTH have beenreportedon someother
plants: in burley type tobacco, for example, yellowing andstuntingcansometimesresult
from repeated BTH treatments;in green bell peppers,yields canbe severely reduced by
BTH applications(27). BTH did nothaveany antifungal activity. Themycelial growth and
the fructificationof C. lindemuthianumwerenot affected by the presence of BTH in the
culturemedium. Againstbeananthracnose,inducedresistanceby BTH waseffective in a
susceptiblebean–C. lindemuthianuminteractionaswell asin anintermediatecase.

Induced resistance to C. lindemuthianum on bean by Pseudomonas spp. In the
presentwork, somerhizobacteriastrainsweretestedfor theirability to stimulateresistance
mechanisms in beanplantsagainstC. lindemuthianum, the beananthracnoseagent. P.
aeruginosaKMPCH, P. aeruginosaKMPCH-567andP. fluorescensWCS417weretested
on different bean–C. lindemuthianuminteractions including: (i) race385 on susceptible
cv. Boterkoning; (ii) race385 on cv. Preludeat a susceptibledevelopmentalstage;and
(iii) race385on Preludeat a developmental stagetransitionbetweena susceptibleanda
resistantstage. On the susceptibleBoterkoning cultivar andon Prelude at a susceptible
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stage,KMPCH andKMPCH-567couldnot induce resistanceto C. lindemuthianum. Only
induced resistanceby WCS417andBTH wasobserved. On cv. Preludeat the transition
phase,however, only KMPCH-567 failed to induce resistance.KMPCH, WCS417and
BTH showed a significant increasein the beanresistanceto race 385. Theseresults
show that theSA-mutant KMPCH-567doesnot induceresistancein eithersusceptibleor
moderately resistantinteractions, whereasinducedresistanceis observed for KMPCH in
thelattercase(Fig. 3C).Sincetheonlydifferencebetweenthetwostrainsis SA production,
we concludedthatSA is important. This couldsuggestthatKMPCH inducesresistanceto
beananthracnosethrough a SA-dependentpathway, as is the casefor inducedresistance
to Botrytiscinerea in beanandtomato(1,5,6) andto tobaccomosaicvirus in tobacco(4).
However, for WCS417it wasshown that,at leastin Arabidopsis,resistanceis induced via
a SA-independent, but jasmonate- andethylene-dependent,signal transduction pathway
(29).

The results of this study indicate clearly that different PGPR strains can induce
systemicresistance,via different pathways. For that reasonthe use of the term SAR
for pathogen-inducedsystemicresistance,and the term ISR for rhizobacteria-mediated
systemicresistanceaswassuggestedin the earlierliterature(19,29), maybe questioned,
sincethesetypesof resistancedo not necessarilydiffer mechanistically from eachother.
Hammerschmidtet al. (9) proposedto usethe termsISR andSAR synonymously. Our
resultsalsosuggestthatKMPCH induces resistancein a moderately resistantinteraction,
whereasBTH and WCS417increase the resistancelevel of susceptibleandmoderately
resistantcultivars. Theseresultsindicate that at least in the bean–C. lindemuthianum
interaction, a minimumlevel of plant resistancemaybeneededfor induced resistanceby
KMPCH. However, BTH andKMPCH apparently induce the samedefenseresponse,so
it seemsunlikely thatonerequiresa basallevel of plantresistanceandtheotherdoesnot.
KMPCH is probablylesseffective thanBTH andmaybeableto induce resistanceonly in
theeventof low diseasepressure.An initial resistancelevelwasreportedtobenecessaryfor
inducedresistanceoncarnation: WCS417couldreducetheincidenceof Fusariumwilt in a
moderatelyresistantcarnation cultivar, but thesamestrainwasinefficient in a susceptible
cultivar(29). Moreover, onArabidopsisthaliana, WCS417wasunable to induceresistance
on highly susceptiblecultivars without any basalresistanceto Pseudomonassyringaepv.
tomatoDC3000(28). Against C. lindemuthianum,however, WCS417wasableto induce
resistanceon susceptibleandon moderately resistantbeancultivars. It appearsthusthat
this criterion differs from oneplant–pathogensystemto another.
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