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Top row: Scanning electron microscopy (SEM) images of conidiophores and attached conidia in Botrytis cinerea, top view
(left, Brian Williamson) and side view (right, Yigal Elad); hypothetical cAMP-dependent signalling pathway in B. cinerea
(middle, Bettina Tudzynski).

Second row: Identification of a drug mutation signature on the B. cinerea transcriptome through macroarray analysis - cluster
analysis of expression of genes selected through GeneAnova (left, Muriel Viaud et al., INRA, Versailles, France, reprinted with
permission from ‘Molecular Microbiology 2003, 50:1451-65, Fig. 5 B1, Blackwell Publishers, Ltd’); portion of Fig. 1 chapter
14, life cycle of B. cinerea and disease cycle of grey mould in wine and table grape vineyards (centre, Themis Michailides and
Philip Elmer); confocal microscopy image of a B. cinerea conidium germinated on the outer surface of detached grape berry
skin and immunolabelled with the monoclonal antibody BC-12.CA4 and anti-mouse FITC (right, Frances M. Dewey (Molly),
Chapter 11).

Bottom row: SEM images of B. cinerea conidia germinated on a bean leaf (left, Y. Elad); on raspberry stigma (centre, B.
Williamson) and on a rose petal (right, Y. Elad).

All Rights Reserved

© 2007 Springer

No part of this work may be reproduced, stored in a retrieval system, or transmitted

in any form or by any means, electronic, mechanical, photocopying, microfilming, recording
or otherwise, without written permission from the Publisher, with the exception

of any material supplied specifically for the purpose of being entered

and executed on a computer system, for exclusive use by the purchaser of the work.



Contents

Preface . ...t e XV

CONTEIDULOLS. ......ooiiiiiiiiii ettt sttt XVii

Chapters

1: Botrytis spp. and Diseases They Cause in Agricultural Systems — An Introduction
Yigal Elad, Brian Williamson, Paul Tudzynski and Nafiz Delen............................. 1
L. INEPOAUCLION ..utitiieieee ettt sttt et naen 1
2. Geographical and ecological OCCUITENCE .........cceerveeiieiireierieieeee e ere v eenns 2
3. Variability and adaptability ...........ccceevierierieiieiieiiereee et 3
4. Quiescent, restricted and aggressive Infection...........ecevvereeneeriencieieeseeie e 4
5. Molecular basis of host-parasite INteractions. ...........cceecververreereereereeseenieseeneens 5
6. RETEIEIICES .....eouiiuiiiiiiiiieiceiceicc ettt ettt 6

2: The Ecology of Botrytis on Plant Surfaces

Gustav Holz, Sonja Coertze and Brian Williamson.................cc.cccooeveiavciivennancnnn. 9
L. INErOAUCLION <.ttt ettt ettt s eneas 9
2. SUIVIVAL 1ottt e ettt ettt be ettt ene s 10
2.1 SCLEIOtIA ..ttt 10
2.2. ChIamydOSPOTES ....c..eeueemieieieieieeteeieeeieieieste ettt eseesteeesteseeebesbeeseeneesenaeseeas 11
2.3, COMNIAIA .ottt 11
2.4, MYCEIIUIML.....uviiiiiieieeie e ste st e et eeete et este e b e esbesebesaaesseesseensesssesseeseensenns 13
3. Inoculum production and diSpersal............ccccecuevieriirciiriieniieieeie e 13
3.1. Dispersal and deposSition..........c.cccueeieriierieesiesieiieneesieesie e seeseeesseeae e e 13
3.1.1. Conidial dispersal by wind and 1ain .........ccccocevvenenenenienenienieniennns 14

3.1.2. Conidial dispersal by iNSECtS.........ceevvereerieerireienienieeieeee e seeeee e 16

3.1.3. Dispersal of other propagules ...........cceceevieririenienieiee e 16

4. Growth on plant SUITACES .......cceeeririririeieceee e 16
5. Infection pathways on diverse plant Organs............cccceevveeereerieneenieee e 20
5.1. Penetration through specialised host Structures ...........ccccceveevercieniencenene 20
5.2. Penetration through undamaged host tissue and natural openings.............. 21
5.3. Penetration through Wounds ............cccecuevieiieriiiiiiieceeceee e 22
5.4. The role of insects in wound INfeCtion............cccevereriiineninieeeee 23

6. CONCIUSIONS ..ottt ettt a st ettt be bt ese et enaeneeaeas 24
7. RETEIEIICES ...ttt sttt ettt ettt 24

3: Taxonomy and Genetic Variation of Botrytis and Botryotinia

Ross E. Beever and Pauline L. Weedls ..........cccccouueiieeeeeeiiiiiiiieieceiieeeeieeieeeieeeens 29
| N8 (oY Lot o ) s RO 29
2. TAXOMOMIY ...ttt ettt ettt ettt et et e ettt e bb e e bt e s bt e ebeesbbeebeeenbaeenaneenee 30
3. BOIFYHIS CIETOU ...ttt ettt eees 33
3.1. Nuclear number and ChromoOSOMES...........uevveiiiiiiiiiieieeieeieeieeeee e 33
3.2. The sexual cycle in nature and in the laboratory ............ccooceevieiiiiniencn. 35
3.3. Extrachromosomal €lemeENtS..........cccuveiiiiiiiiiiiee et 36
3.3.1. Mitochondria and mitochondrial plasmids ..........ccccerereienencnennene 37

v



CONTENTS

3.3.2. Transposable lements ..........ccccecveeeeeieneneninineneeeeceeereeesie s 37

3.3.3. MY COVITUSES. c.teeuveeuteeneeetiantienteenteeseesseenteenteenaesneesaeesseeeeeneeeneesseenseenes 38

3.4. Somatic compatibility and heterokaryosis...........ccooeererriiieiienieniecee 39
3.4.1. Somatic compPatibility .......cccccveviiriiirieiieieeee e 39

3.4.2. HeterOKArYOSIS . cuvevieiiieiieeiecieeteeie e steete et eevesiaesteesaeesaeeneeeaeesaeenns 40

3.5, LinKage STUAIES .....eeueeuieieiieiiiic ettt 42
3.6. Population studies using molecular markers............cccoecererieienieienienene 43
3.7. Botrytis cinerea - @ SYNNESIS.........cccveviieriieciieieiieneesieesre e seee e ese s e 45
4. Genetics of other SPECIes OF BOIFYIIS c...ccvevveevieiieieeiiesiiesieeie et es 46
4.1. Botrytis elliptica and Botrytis tUlIDAE ................cceeeeeeeeeeceieeeeiesreniiensens 46
4.2. Botrytis SPecies frOm ONIOMN .........ceevvieieeieriieiieieeeeseesseesseeeeseesseesseenseens 47
4.3, BOIFYLS fADQE..........ooceeeeeeieeeeee ettt st ssaeae s e 47

RO I ST 0111 <SS 47
6. ACKNOWICAZEMENLS ......oouiiiiiiiiiieeee e e 48
7. REICTEICES ...ttt ettt eee e ees 48

: Approaches to Molecular Genetics and Genomics of Botrytis

Paul Tudzynski and Verena SIEWeFS ............cocuecueeeioeioeicieieieeeesese e 53
L. INEPOAUCLION ..ottt sttt 53
2. Generation of transgenic Botrytis StAINS. ........cc.eecveeeereesreesreereneeseesieeseesaeens 54
2.1 Transformation SYStEIMS. ........cverveerrierieeireriereesieeteeeeeseesreesseeseesseessesseessens 54
2.2. Targeted gene-iNACtiVAtiON ..........cc.eecverierreerieerieeeesreseeesseeseeseeeenesseenseensens 55
3. Unbiased gene cloning SYSIEMS ........cccueruierieriieiieieniesteeieesesneseaesseesseessessnenns 57
3.1 Random insertional MULAZENESIS ........eevververreriierieeeeereeeeneeenseereeevessaenseens 57
3.2 Screening systems based on differential gene expression ........c..cccceevvenene 58
3.3 GOIOIMICS ..tentieuteeiteeeeesieesieesteesteeeeenteenteeseeeseesseenseenseenseensesnsesneesneenseenseanseans 59
4. POTSPECLIVES ..cuenvinriiieiieiteitcte sttt ettt ettt sb ettt b et e bbbt nee 59
5. ACKNOWIEAEEMENLS ......cc.eiitiiiiiiiiie e e e 60
6. RETETEICES ...ttt 60

: Morphology and Cellular Organisation in Botrytis Interactions with Plants

KIQUS B. TERDEIGE ..ottt 67
L. INETOAUCLION ..ottt 67
2. Cytology and ultrastructure of BOIFYLS .....cccveevecveeiesieniieieeieeieseesieesie e 68
2.1 COMNIAIA .ottt 68
2.2. Germination and germinated conidia...........cceecverieeririeiieniene e 70
2.2.1. Germ tuUDE SLIUCTUTE ...c..eveieeiienieieienieeie sttt 70

2.2.2. Tip growth and SPitZenKOIPer ........ccevvervvereieiierierieieeee e 71

2.2.3. MUCTIAZE ..ottt 72

3. Imaging Of INFECHION .....eeiieiieiieiiecieee e e 74
3.1. Infection sites and infection STrUCTUIES ..........ccceevierierierienieie e 74
3.2. Appressorium-mediated Penetration.............cceevereererereeeseeieeeeeie e 74
3.2.1. Breaching the host cuticle...........cccoeoinieiiniinieeeece 75

3.2.2. Breaching the outer epidermal cell wall beneath the cuticle............. 79

3.3. Germ tube tip-mediated penetration ...........c..cceeeeereerieecresceeieeseesie e 79

3.4. Tissue invasion and COlONISAtION ...........oooviiiviviiiiieee e 80



CONTENTS vii

4. HOSE TESPOMISE «...eenieeeniiieiieeite ettt ettt ettt ettt et ettt bt e et e sbbeebeesbeeebeesane 80
5. CONCIUSIONS ..ttt ettt ettt ettt et e e e et e e bt e b e e saeenteemeeenee 81
6. ACKNOWIEAZEMENLS ......ooiiiiiiiieiieiee e 81
7. RETETEICES ...ttt et 82

: Signalling in Botrytis cinerea

Bettina Tudzynski and Christian Schulze GroROVer .............ccccooeeveeeeecveseeseiennenns 85
L. INETOAUCLION ..ttt sttt 85
2. Go subunits of heterotrimeric G Proteins .........c.oecveeeereerreecveneeseesreesaesevesnennns 86
3. CAMP signalling pathiway .........ccccveviieeieiieniiet et 88
4. MAP Kinase Pathways ........ccccoeeereeiiniiniinininenceiteeetese ettt e 90
5. Genes of the Ras superfamily ...........cccceoerinenininienieniininceeececeeen 91
6. Calcineurin/cyclophilin A signalling..........ccccoooieiieiiniinieiieeeeee e 92
7. Putative transmembrane receptor Proteins. .........cereeueeeeriereesueeeeseenieeeeeeeenes 92
8. Two-component signal transduction genes in Botrytis cinered......................... 93
9. Further protein kinase encoding genes with unknown function ........................ 93
10. CONCIUSIONS ...nvetiieiietirteeietertetet ettt ettt ettt ettt 94
L1 RETEIENCES ..ot s 94

: Extracellular Enzymes and Metabolites Involved in Pathogenesis of Botrytis

llona Kars and Jan A.L. Van Kan .............cc.ccocceoeoeniiiiioiniiiiiieesese e 99
L. INEPOAUCEION ...ttt 99
2. Penetration of the host SUIface.........ccccevieiiiiiininiiniiccec 100
2.1. The role of lipase in wax layer penetration and surface adhesion ............ 100
2.2. Penetration of the cutin network by cutinase...........ccoeceeveererceerceneeennne 101
2.3. The role of pectinases in penetrating the anticlinal epidermal wall.......... 102

3. Killing 0f hOSt CILS ....uvieuieiieieeie et 102
31 TOXINS ottt sttt st 102
3.2, OXAlIC ACIA ..evveneiiiiiiiiieeeccce e e 103
3.3. Induction of active OXYZeN SPECICS.....cuerureruieiiaieetienieeieeieeieenieeeeeae e 104

4. Conversion of host tissue into fungal biomass ............ccceceevvvevericeenieniierieenenne 105
4.1 PECHINASES -..uveneinveteetietieiieiieteste it sttt sat et e st et eate st et sttt ebe et esee e esenbeseeenes 105
4.1.1. Pectin methylesterase .........ccoccverierireiieiienienieeieere e seeve e 105

4.1.2. Endopolygalacturonase...........c.ecvecveereneenieenieeienreneesseesesnesenenens 106

4.1.3. EXOpolygalacturonase............ccveeverreerieesieneenienieereeseesneseeenseennennns 107

4.1.4. Pectin lyase and pectate lyase.......cc.eoevvevenenineniniencncneeceienns 108

4.1.5. Rhamnogalacturonan hydrolase ...........ccccoeeeevieniiiieicieneeieieeee 108

4.2. Non-pectinolytic cell wall-degrading enzymes ...........cccccceevvevercnenennenn 109
4.2.1. CellUlaSES.....cuveviieriieiieiieieieeetee ettt 109

4.2.2. Xylanase and arabinase...........ccceceerueerierierienieneenie e eee e 109

5. Other enzymes potentially involved in pathogenesis..........c.ccceceeveereeiennennen. 110
5.1, ASPATtIC PIrOtRASES ...cuveeurieuririiertientienteete et et sttestee et et eeteeitesbeenbe e beeaeeaees 110
5.2  LACCASES ..venviviiieiieiienieiente ettt ettt sttt ettt s bttt 110
5.3. Counteracting host defence reSponses ..........coceveeereeieeeieieneneseeene 111

6. CONCIUSIONS ..ttt sttt ettt be et e e naens 112

7. ACKNOWICAZEMENLS ......eoviievieeiieiieeiieieeie ettt b e eebeseaenaeas 113



viil CONTENTS
8. RETETEIICES .oooiiiieeeeee ettt ettt e e e e e st e e e e e s e eanaes

8: Botrytis cinerea Perturbs Redox Processes as an Attack Strategy in Plants
Gary D. Lyon, Bernard A. Goodman and Brian Williamson...............................
L. INEPOAUCLION ...ttt sttt
. Hydrogen peroxide and other AOS ...........cccooveviieiieieeieeeeee e
. Low molecular mass antioxidant molecules............ccocevvenirininnniieniineneee,
. Perturbation of free radical chemistry as a result of Botrytis infection............
. Production of 0Xalic acid........ccceveriririiiiiiicieeee e
. Dynamics of iron redoX ChemiStry ..........ccoeveevieiieienieniieie e
. Regulation of plant €nZymes ..........cccceeerereriririeieieneenesese e
. Botrytis-derived ENZYMES ........ccccverierierieeieeieetenteeie e eae e ae e e
9. Generation of lipid peroxidation products ...........cccceeeueeeereeseerienienieseeeenee.
10. Host signalling and programmed cell death ............ccoocoviiiiniininieiee,
11. Fungus-derived metabolites. .........covieiieiienieiieieeeeeee e
12, CONCIUSIONS ..ttt ettt ettt ettt ese et e e sae st e e beeeeebeeneenaeneens
13. AcKNOWIEAZEMENLS .....c.eeiiiiiiiieiiiesiiee e
L4, RETEICIICES ...uveeniieniieiii ettt ettt ettt sttt et s neees

0N L B~ W

9: Plant Defence Compounds Against Botrytis Infection
Peter van Baarlen, Laurent Legendre and Jan A.L. van Kan..............................
L INEPOAUCEION ..ttt ettt
2. Antimicrobial secondary metabolites ..........cccecveriereriieriieriereee e
2.1. Resveratrol and other Stilbenes...........cocceererireeieniencnencnencceeeene
2.2. 0-Tomatine and SAPONINS........cceerueerurerereieeieeeiereeeieeeeeeeseeesreeseeeneeeeeenes
2.3, CUCUIDITACINS ...evveeeevieeiieeieeeiee et ete et e et e et eebeesveesabeesabeeesseesaveasnseeans
2.4, ProanthoCyanidins ..........cccceeeueeoierienieni e
2.5. NON-hOSt T@SISTANCE. ... .eeueieiiieiiieiietieieee ettt
2.5.1. Phytoanticipins of tulip as mediators
of Botrytis non-host 1esiStance. .........cceevueereeeierieneeieeieseeeeee e
2.5.2. Other monocot secondary metabolites involved
1N NON-NOSE TESISTANCE ....euviviiieiieiieiieie ettt
. Tolerance of Botrytis to antifungal metabolites............cccevvvereerieeriercienienne,
. Structural barriers and cell wall modifications...........cccccevvvereecierceereenieene,
. Pathogenesis-related Proteins ..........ccocvevveeeerieniienieeieeeesieeie e seesieesesnesenes
- CONCIUSIONS ..uenttiiieitctetee ettt sttt
. ACKNOWICAZEMENLS ....o.veeniieiieieeie et
c RELETEIICES ..ot

03N N bW

10: Phytohormones In Botrytis-Plant Interactions
Amir Sharon, Yigal Elad, Radwan Barakat and Paul Tudzynski ......................
1. INErOAUCLION ...ttt ettt
2. Biosynthesis of plant hormones by B. CiHerea ...........cccccooevoevceeceeieeeceen.
2.1 BHRYLENE ..ot
2.2 AUXIIS 1.ttt ettt ettt ettt b e st eb st s ettt ebe e enes
2.3, GIBDEIellic aCid ......eouieuieiieieiiiec e



11:

12:

CONTENTS

2.4, ADSCISIC ACIA ..eevieniieiieiieeiieetie ettt ettt nneas

3. Effect of plant hormones on B. cinerea and on disease development...........
Bl BHRYIONE. ..
3.1.1. Ethylene and fungal development ..............cocceeiieiiniinieienenenns

3.1.2. Ethylene and diS€ase ..........cccoveevveeiiieeiienieere e

3.2 AUXINS eeuienieieieet ettt ettt ettt ettt e ettt b e e bt e st et e e besbeebeeneenee e enean
3.3. GIDBDETEIlIC ACTA ...neeneiiiiiieeeieeeee s
3.4, ADSCISIC ACTA ...ttt
3.5, CYLOKININS ..oeuvvenvieiiieiieeeieetiesieeteeresaeseaesseesseesesssessnesseesseesseessenssesseensenns
4. CONCIUSIONS ...ttt sttt
5. ACKNOWICAEMENL........eeieiiiiieiieie et ees
6. RETETEICES ...ttt

Detection, Quantification and Immunolocalisation of Botrytis species
Frances M. Dewey (Molly) and David Yohalem .................cccoccevvevoianvnnnaan.
L. INErOAUCHION ...ttt ettt
2. Classical plating out method ..........ccooiiiriiiiieeeeee e
3. Immunological MethOdS .........cooiiiiiiieee e
4. Nucleic acid-based methods............ccceveririiiiiieniie e
4.1. Different types of molecular detection assays..........ccocveevveecvereerreenennn.
4.2. Dealing with problems related to molecular detection ..............c.cc........
. Other detection MEthodsS.........ccceviiiiriiriniiieee e
6. CONCIUSIONS ...ttt ettt sttt sttt
6.1. Comparative utility of the different methods............cccccevinininnnnnne.
6.2. Problems and recommendations............cecueevereereeneeriesieseenieeee e
7. REICTEICES ...ttt ettt sne e e e ens

9]

Chemical Control of Botrytis and its Resistance to Chemical Fungicides
PUETYE LOFOUX ...ttt et
L. INErOAUCHION ... ettt e
2. Fungicides affecting respiration ...........cccceevveevvieveeienieenrieieeeeseesveeveeve e
2.1 MUlti-SIte tOXICANLS .....eeueeueeieiiierie ettt ettete ettt eee e e e neenees
2.2. Uncouplers of oxidative phosphorylation............cccceeveviereiencrerrenieenene.
2.3. Inhibitors of mitochondrial complex Il ..........cccccvevvierienincienieiieienen.
2.4. Inhibitors of mitochondrial complex I ...........cccoevvieciivienienieieeieeeene,
. Anti-microtubule fungicides..........coovreiiriierieieeeeee e
4. Fungicides affecting 0Smoregulation ............cccceecueeeeerienienieeiesieseesee e eees
4.1. Lipid peroxidation and oxidative damage ..........c.ccoceverercrereeeecnennenne.
4.2. Fungal 0sSmoregulation ............cccceieeieriierie e
4.3. Acquired resistance in the field ..........coccooeeriiiiiniiiie,
5. Fungicides whose activity is reversed by methionine ............ccoccoeceevverirnene
6. Sterol biosynthesis iNhiDItOrS ..........cc.oviiiiiiiiiiceeeee e
7. Multi-drug resistance in Botrytis cinerea and fungal transporters ................
7.1. Characteristics of transporters from Botrytis cinerea.................c.........
7.2. MDR in field strains of Botrytis Cinereq ............cccoceeveeueeeeeeceencveneennenns
8. CONCIUSIONS ...ttt ettt sttt et e e sbe b eneens

W



13:

14:

CONTENTS
0. RETEIEICES ..ot e et e e e e e st e e e e e e s eenaaaaeeeas

Microbial Control of Botrytis spp.
Yigal Elad and AliSOR SteWart..............cccccovoeeioiiiiiiieieeeeeeseeeee e
L. INErOAUCHION ..ttt e
2. Biocontrol agents and their mechanisms of action ...........cccceevevveneecveenennen.
2.1. Modification of plant surface properties ............coceevveeveerreevreecreneesreennens
2.2. Attachment to pathogen Surfaces...........ccoevveceeeierieniecieeiesieseee e
2.3, COMPELILION ... ueeiieiieeiieiieeiierteeieeteseeeseeseeaeseesteesseesseessesseeseessenssensnens
2.4. Cell wall-degrading enzymes and parasitiSm .............ccceeeververreecvennennenn
2.5. Inhibitory COMPOUNAS.......c.eooveiiiiriniininiineecetetctenee e
2.6. Reducing pathogenicity of the pathogen .........c.ccocevevenencriniiiniccienene.
2.7. Suppression of inoculum production by the pathogen............cccceeueenee.
2.8. Induced reSIStANCE ......veeueeeeieiieieeie et
2.9. Combination of meChaniSms ............cceeveevieiieriiie e
3. Commercial implementation .............cccoocererereeieieeee e
3.1. Commercial PrOAUCES .......ceoieieieieieriese ettt
3.2. Delivery of biocontrol preparations ...............ceeeeereeeeeeeeeeeneeseeseeseenes
3.3. Barriers that limit implementation..............cceeevereereerieeceeseenieereene s
3.4. Combined appliCation..........cceevieriieriieierieieeie e seesreeae e seeesreesseennees
3.4.1. Mixtures of biocontrol agents...........c.ecevevereerierieeieiiieneere e
3.4.2. Mixtures with chemicals..........cccecuevierenininininiciceceeee
3.5, Application tiMING........c.ceevirierieriieieeieeieeeieeee e seeaeeaeseee e enseense e
4. CONCIUSIONS ...ttt ettt sttt nee
S REICTEINCES ...ttt

Epidemiology of Botrytis cinerea in Orchard and Vine Crops
Philip A.G. Elmer and Themis J. Michailides ...............cccccocoevoeioencencinceeenne.
INEEOAUCHION ...
. Sources of primary inoculum for host infections .............cccceeeerienenrenennnn.
. Flower to fruit infection pathways ..........cccoevvevieviieciieiiieeee e,
. The phenomenon of latency in B. cinerea epidemiology ...........ccccceeeeeenennee.
. Factors predisposing host tiSSues to B. Cinered ..........c.cceevevvevevecvenvenvennn
5.1, CULICIE INTEGIILY ©vevvvereieiieiieieeieeteeie et ettt te et eerre e e seesseessessaenseens

5.2. Association with insects, invertebrates and vectors

of B. cinerea MOCUIUM .......cccooiririiiiiiniinienenceteeeese e
6. Effect of plant nutrition on B. cinerea epidemics..........c.cccuevuererenenccenennns
6.1. NItrogen NULLILION .......cceevvieeiirieeieriieieeieeie e seeesseeseeereeeesseeseeesseensens
LI O 1 Uo7 13 1 o LSRR
7. Host management factors and B. cinerea epidemics..........ccceeveereereenrennne
7.1. Rootstocks and rooting depth ...........ccecceeieriiiiiiinii e,
7.2, CUIIVALS ..ottt sttt e naeen
7.3. Canopy MANAZEIMENL ......c..eeruieeieieeiiertieteeieeteetesteesteeaeeaesaeeseeeseeeneeens
7.3.1. Vine training and pruning SYSteIMS .........ccoeeeereerueeneeesueneeneenienns
7.3.2. Leaf 1emoval........cccooiiiiiiiiieeeeeceeee e
7.3.3. Removal of potential substrates for the pathogen.........................

DN W~



15:

16:

CONTENTS X1

7.3.4. Harvest practices to limit B. cinerea 10SSes...........coccevererereennen. 260
8. Effect of rowing SYStemM .......c.coouiiiiiieiiieiieiieeiee e 260
0. CONCIUSIONS ...ttt ettt ettt ettt ettt st e b e bt e bt et e eneesaeeseeeeeens 261
10. DEAICATION ...ttt ettt ettt ettt ettt e b e e eneeas 262
11. ACKNOWIEAZEMENTS .....veouviiiiiiiiieieeie ettt 262
12, RETETENCES ...ttt sttt e 262

Botrytis Species on Bulb Crops
James W.Lorbeer, Alison M. Seyb, Marjan de Boer and J. Ernst van den Ende.273

L. INErOQUCHION ..ottt 273
2. Botrytis species attacKing ONION ..........cceccvereeereeeierienieeeeeseeeeseeesseessessesnnes 274
2.1. BOtrytiS SQUAMOSQ ...ttt 275
2.2, BOIYHIS QLTI ..ottt 278
2.3 BOFYEIS CINEFEA ...ttt 283
3. Botrytis species attacking flower bulbs ..........ccoccevoiiiiiiiiiiiieeeeee 283
3.1 BOIYHS TULIDAE ...ttt e 283
3.2. BOWYLIS @UIPHICA ...ttt 285
3.3. Botrytis @ladiolOrum..............cccocceieeiiieiiisiet et 286
4. CONCIUSIONS ...ttt sttt ettt 289
S RETRTEICES ..ttt sttt 289
Biology and Management of Botrytis spp. in Legume Crops
Jenny A. Davidson, Suresh Pande, Trevor W. Bretag, Kurt D. Lindbeck
and Gali KriShia-KiSROTe .............ccccccceevuivininiiniiniiieteieienesese et 295
L. INtrOAUCLION ..ttt et et sneas 295
2. CHICKPEAS ...ttt sttt ettt ettt sttt 296
2.1, SYMPLOIMS ...eoiiiiiiiiiiiieeeeeete ettt et 296
2.2, EpidemiolOZY ...cveeuiiiieiiieiietiee et 297
2.3. DiS@aSE CONMIOL ....cueiiiiiiiiietieieee ettt 298
TR 1<) 15 1 OSSR PUPR ST 300
3.1 SYMPLOMS ..ecuiiieiiiiiieeiie et eete ettt e e sire e st eestbeestaeeseaeesaseeesseesnseenssens 301
3.2, EPIAemMIOLOZY ....veevvieiiiieiiieie ettt ettt 301
3.3. DiSEasEe CONMIOL ...c..eouiiuiiiiiiiiitieieeiteeee et 302
4. FabDa DEANS ....e.veviiieiieieiee sttt 303
4.1. Symptoms and aZEIESSIVENESS ....cveerverrverrerierrrerieeseeseeseesseesseessesssessns 303
4.2, EPidemiolOZY ...cveevieiieiieeiieeiieieeie ettt 304
4.3. DiSEASE CONLIOL ....ueiiiiiiiriiiiieiteteestertcete ettt s 305
5. Other I6QUME CIOPS ...oevieieiiieiieeiieit ettt ettt ettt ae st e sneeseeeseenseenneas 307
5.1 FIRIA POAS ..ttt ettt 307
5.2, PIZEOM POA ..ttt ettt ettt sttt 308
5.3.CommoOn Bean.........cooiiiiiiiiiiieeeeeeee e 308
54 VEECH oo 309
5.5 PRANUL ...t 309
5.6, SOYDRAIN ...ttt et sttt et 310
6. CONCIUSIONS ..ottt ettt sttt ettt besae b b eneens 310

T RETEIEIICES ...ttt e 311



Xii CONTENTS

17: Epidemiology of Botrytis cinerea Diseases in Greenhouses

Aleid J. Dik and Jos P. WUBDDEN ...............ccccuveeiiasieiieieeeeseeseeeeee e
L. INtrOAUCHION ..ottt
2. Botrytis cinerea-incited diseases in greenhouse Crops .........cccceveerueeneene.

3. Factors that influence B. cinerea-incited epidemics in greenhouse crops

3.1. GreenhousSe CHMALE ........ocoiviiiiiiiiiiieeeeeeeeee e
3.2 LAGNE ettt
3.3. Carbon dioxide enrichment ............ccocueviveiiiiiiiieiieeee e,
I Y. 10V 1 ¥: 15 (o)« DEU TSRO PRR PR
RT3 17 SRR TR
3.6. Plant SPACING ......cecveeevieieiieiiierieeieete e et esteereesaeesneseaesteenseessessnenneas
3.7. Cropping MEthods ........cccoeriririiiiiiiieneereeeeeee e
R IR T 2 41§ ] SRR
3.9. Irrigation regime and method .............ccovvievieniecieeceeeeee,
4. Damage relationShips .......coooeieiirieniieieieeec e
5. CONCIUSIONS ..ttt ettt e e e e e e e e e e s eeaaaeeeeeeseennnnees
6. RETEIEICES ...t e et r e e e e e s enaes

18: Rational Management of Botrytis-Incited Diseases: Integration of Control
Measures and Use of Warning Systems

DANE SAEIERDETG ...ttt saeesae e enes
L. INErOAUCHION «..veieiiteee e
2. Reduction of fungicide use by optimal timing of spraying ......................

2.1. The infection model: A warning system for management

of B. cinerea in VINEYArdS .........c.cccvevveriierieeieeiesieeneenieeeeeeeseeeneeenes
2.2. BoWaS: a warning system for management of B. elliptica in lily.....

2.3. BLIGHT-ALERT: a warning system for management

of B. SqUAmMOSa N ONION ........oceereieiieiieieeieeiieeieeste e

2.4. BOTEM: a warning system for management

of B. cinerea in StraWbETTY .......c.cccvevieiiieiiieieiierieeee e

3. Reduction of fungicide use by integration of chemical

and non-chemical MEASUIES..........ceeeieierieriererie e
3.1. Integration of chemical and cultural measures...............ccceevveveennenne.
3.1.1. Suppression of B. cinerea in sweet basil ..........ccccceeeveviennnennn.
3.1.2. Suppression of B. cinerea in Strawberry ............c.ccoeevervvenennen.
3.2. Integration of chemical and biological measures ............c...cceuvenneee.
3.2.1. Suppression of B. cinerea in apple ..........ccceceevevvereenreenennn.
3.2.2. Suppression of B. cinerea in vineyards ...........ccoceevererenenee.

4. Integration of chemical and non-chemical control measures guided

DY @ Warning SYStCIM .....cuvieevieereeiieriietieieeieseeseesseenseesseeneesseesseenseenseensens

5. Implementation of rational approaches for management

of Botrytis-incited diseases on a large scale .........ccceeceveerieiienenenenne.
B 703 1o] 18153 o S PSR
7. RETEIEICES ...ttt s

N



19:

20:

CONTENTS X1il

Post-Harvest Botrytis Infection: Etiology, Development and Management

Samir Droby and Amnon LiCRIer .............cccccccevoeioiiioiiieiiieseeeeeee e 349
L. INtPOAUCHION ... ettt 349
2. Etiology of post-harvest botrytis T0tS ........ceceeierieiieiieiesieeeeeeeeeeee 350
3. BOtrytis ON MAJOT CTOPS ..uveuveeiarirutenieneenienteseeatesueeseeseeseteseessessesseeneeneensensens 352
3.1, TADIE GIAPES ...eoveeuieuieienieieeteeie ettt ettt ettt ene s 352
3.2, TOMALO .ttt ettt et ettt sttt et 355
3.3 KAWITUIL 1ttt 356
B4 ROSES .ottt sttt e 358
3.5, SEEAWDEITY .eeovvieeiieeieciieieeie ettt sttt ettt be e e esaessaesseesseesseenseens 359
4. Conclusions and fUture ProSPeCtS.........ccevvereeeeieriereerieiieeeeeseesieeee e nenes 361
5. ACKNOWICAZMENL ..ot es 362
6. RETCTEINCES ...ttt 362

Innovative Biological Approaches to Botrytis Suppression

Henrik U. Stotz, Yigal Elad, Ann L.T. Powell and John M. Labavitch.............. 369
L INErOAUCTION ..ttt sttt et 369
2. Potential use of natural genetic resources for Botrytis resistance breeding ...370
3. The promise of manipulating defence gene eXpression.............ceeveeveevennenns 371
3.1. Influencing pathogen intrusion into host plants............ccecceeevervverreenenes. 373
3.1.1. Polygalacturonase-Inhibiting Proteins (PGIPS) ............ccccvveevennenns 373
312, CULINASE ..ttt st 375
3.2. Proteins and metabolites that influence Botrytis cinerea
development or MEtabOliSM.........c.eecvieiieieiieieeie e 376
3.2.1. PRYtOAIEXINS ..cuvevviiiriieiiriieiieietcie sttt 376
3.2.2. GlycoalKaloids .......c.cceereeieieniinieniinienieeeeteee e 376
3.2.3. Peptides and Proteins ..........ccccocevererinirceienienicncnenencsceeeeen 377
4. Exploitation of aspects of induced resistance for control
of Botrytis cinerea infection: The potential for gene discovery .................... 377
4.1. The promise of gene ’diSCOVEIY” .....ceovieririiriierieiieieeieee e 378
5. Improvement of microbial control agents for better disease suppression......381
5.1. Enhanced production of enzymes and antibiotics..........cccccveerererencnen. 381
5.2. Induction of plant defences...........ccoovvervierieniiiciiiieeeeeee e 383
5.3. Compatibility with diverse abiotic conditions .............ccceeververreeviererennenn 383
5.4. Microorganisms as sources of anti-fungal products.............cccccvevvererenen. 384
5.5. The perfect microbial Gent..........cccecvereierierieriieieie e 385
6. ACKNOWICAZEMENL ......cveiiiiieciieciiee ettt nneens 385
7. RETEIEIICES ...ttt sttt ettt sttt 386



Preface

There has been great progress in the science of Botrytis spp. and the diverse and
complex interactions they make with plants, and the application of this science in
agriculture and horticulture throughout the world. Therefore Botrytis spp. are of
keen interest to scientists, crop consultants, farmers and students of agribusiness and
plant protection. It is important to present this knowledge in one comprehensive
volume that is a synthesis of this research endeavour. This book is being published
on the occasion of the 2004 Thirteenth International Botrytis Symposium in Antalya,
Turkey in the series following Botrytis symposia that took place in Invergowrie,
Dundee, Scotland (1966); Siut-Truiden, Belgium (1968); Sweden (1971); Teresin,
Skierniewice, Poland (1973); Gradignan, Bordeaux, France (1976); Amersfoort, The
Netherlands (1979); Aberdeen, Scotland (1982); Alba, Torino, Italy (1985);
Neustadt, Germany (1989); Gouves, Heraklion, Crete, Greece (1992); Wageningen,
The Netherlands (1996); and Reims, France (2000).

The book is the result of intensive work of 43 authors, all of whom are leading
scientists in the Botrytis sciences. Thanks to them the book is a comprehensive up-
date of the subject and to all of them we owe our gratitude. The twenty inter-
connected chapters of the book are grouped according to three major themes: the
fungus and its pathogenicity factors; plant reactions to infection; and epidemiology
and management of important Botrytis-incited diseases. This book adopts a
multidisciplinary approach to integrate the state-of-the-art knowledge in all key
areas of common interest in the fungi and their plant interactions. The book includes
detailed reviews of Botrytis spp. and the diseases they cause in plant systems and
provides a comprehensive description of these fungal necrotrophs, including their
diversity of response to the environment, their speciation and relatedness, sources of
variation for evolution and molecular genetics and genomics. Aspects of Botrytis-
host interactions, pathogenicity factors, the plant's reactions to infection,
morphology and cellular organisation, signalling, key enzymes, reactive oxygen
species and oxidative processes in disease on-set, secondary metabolites as plant
defence substances and the role of phytohormones in such reactions are emphasized
in the book. Several innovative approaches for disease management of this group of
destructive pathogens and methods of detection, epidemiological studies and
chemical and biological control are also discussed.

The number of publications concerning Botrytis spp. in international databases
has increased steadily in the last three decades from c. 170 to more than 350 per
year. Inevitably only a small selection of these publications is cited. During the
compilation of this book the aim was to create a most comprehensive treatise on the
rapidly developing science of Botrytis and to serve as a stimulus to future research
for the benefit of agriculture and horticulture and all those who serve these
industries.
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CHAPTER 1

BOTRYTIS SPP. AND DISEASES THEY CAUSE IN
AGRICULTURAL SYSTEMS — AN INTRODUCTION

Yigal Elad', Brian Williamson?, Paul Tudzynski’ and Nafiz Delen*

'Department of Plant Pathology, ARO, The Volcani Center, Bet Dagan 50250, Israel; *Scottish Crop
Research Institute, Invergowrie, Dundee DD2 5DA, United Kingdom; *Institut fiir Botanik, Schlossgarten
3 D-48149 Miinster, Germany; ‘Department of Plant Protection, Ege University, Faculty of Agriculture,
Bornova, Izmir, Turkey

Abstract. Some leading characteristics and historical notes on Botrytis spp. are described here. Botrytis
spp. infect many host plants in all climate areas of the world, infecting mainly upper plant parts at pre-
and post-harvest stages. Bulbs, seeds and other propagation material also suffer infection. Infection can
occur in high humidity in the presence or absence of water films. Infection may be quiescent, aggressive,
restricted or widely developing. The production of high numbers of conidia poses a long lasting threat to
susceptible hosts. Genotypic and phenotypic variation is most important in the broad spectrum pathogen
B. cinerea. Moreover, changes in populations in response to selection by exposure to xenobiotics,
especially fungicides, are quite common in the genus and fungicide resistance has been recorded in
Botrytis populations throughout the history of the modern fungicide era. Detailed studies on the precise
conditions that promote infection, disease development and survival of inoculum have provided the
essential epidemiological information required for design of control strategies. For example, cultural
methods have been developed that increase aeration and drying of the plant canopy to reduce the risk of
Botrytis epidemics. The increasing requirement for alternative approaches to reduce farmers' dependency
on use of fungicides led to the evaluation and exploitation of potential biocontrol agents capable of
substantial disease suppression in a commercial context, and within integrated crop management systems.

1. Introduction

It is almost a quarter of a century since a major textbook on Bofrytis spp. was
published (Coley-Smith et al., 1980). That erudite text was a milestone in plant
pathology and much of the information it contained is still valid today. However,
there have been many important scientific advances in the understanding of these
interesting and often destructive fungi since that time and it is appropriate that a new
volume is published to describe these findings. This book is a distillation of
knowledge obtained about Botrytis species during the last 25 years. Each chapter
describes a particular aspect of fungal biology and its impact on disease processes
and host response. New technologies have arisen that have been most rewarding
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when applied to long-standing problems or to test new hypotheses and many of
these are covered in this book. Although the chapters cover specific topics and
should stand-alone to some extent, inevitably there is some overlap. The editors
have attempted to provide linkage between chapters where possible so that readers
can follow associated material to better understand the practical implications of the
advances made in fundamental science. In the following introductory text we
provide some historical notes to make a bridge with the new information offered in
later chapters.

Botrytis cinerea and other Botrytis species are important pathogens of nursery
plants, vegetables, ornamental, field and orchard crops and stored and transported
agricultural products (Chapters 14-17 and 19). Considerable effort is invested in
protecting the agricultural produce against Botrytis before and after harvest. The
market size for anti-Botrytis products have been US$ 15-25 million in recent years.
The intensity of anti-Botrytis measures taken by farmers continued unabated
throughout the last 20 years but our understanding of the processes that govern
Botrytis life cycles, pathogenicity and epidemiology have become comprehensive.
MacFarlane (1968, cited in Jarvis, 1977) counted in the Review of Applied
Mycology 235 host species belonging to a variety of families affected by B. cinerea.
Other species of Botrytis are specific to certain hosts; they have restricted host range
and usually affect single or a limited number of hosts. Interestingly, the more
restricted host specificity in Botrytis spp. occurs on monocotyledonous plants.

Over the last 125 years, Botrytis spp. have been investigated by an increasing
number of specialists in diverse fields including chemistry, biochemistry, molecular
and cell biology, genetics, morphology and histology, taxonomy, host-parasite
interaction, ecology and epidemiology (Jarvis, 1977; Coley-Smith et al., 1980;
Verhoeff et al., 1992). They have been the subject of an immense number of
published studies.

2. Geographical and ecological occurrence

In the introduction to the book ‘The Biology of Botrytis’ (1980) Coley-Smith
referred to Botrytis spp. as temperate area pathogens perhaps because of the vast
research that has been carried out in such areas or due to its importance on vineyard
grapes. Nevertheless, species of the genus Botrytis occur wherever their hosts are
grown, ranging from tropical and subtropical to cold areas. For example Anderson
(1924) recorded B. cinerea in Alaska and Yunis and Elad (1989) dealt with this
pathogen in warm and dry areas. A rapid rate of conidial germination, infection,
mycelium growth and conidiation occur in many Botrytis spp. under a wide range of
microclimate conditions and pose severe disease management problems all around
the world.

The potent effect of near-ultraviolet light (320-400 nm) on induction of
conidiation and the characterisation of potential photoreceptors was discussed fully
by Epton and Richmond (1980). However, new research on the importance of light
quality for infection with inoculated conidia is cited in Chapter 2. Botrytis spp. are
regarded as high humidity pathogens (Chapter 2) and their conidia germinate at high
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humidity (Snow, 1949). In many patho systems infection occurs in the presence of a
film of water on the susceptible plant tissue. The role of water drops (Brown, 1916)
and nutrients in germination and infection have been long recognised. However, it is
interesting that the pathogen is also able to infect plants when no film of water exists
on the plant surfaces (Williamson et al., 1995; Elad, 2000; Chapter 2). A change in
spread, importance and range of hosts that are severely affected by Botrytis spp. is
partly associated with the increasing importance of protected cropping in
greenhouses or plastic tunnels (Chapter 17) and partly with change in the
intensification and growth practices of open field crops. Although Botrytis spp. can
be isolated from some soils (Lorbeer and Tichelaar, 1970) and are also present on
seeds, bulbs and corms (Chapters 15 and 16), they are more commonly isolated from
upper plant parts (leaves, flowers, fruits, buds and stems), and in some cases upper
root parts and stem bases. Symptoms range from restricted lesions to dry or
spreading soft rots, with or without the appearance of conspicuous sporulating
colonies. Botrytis spp. are highly active at moderate temperatures, however, the
ability of B. cinerea to be active at temperature as low as 0°C (Brooks and Cooley,
1917) makes it an important pathogen of stored products and a challenge for disease
management during storage and shipment (Chapter 19). Most Botrytis spp. sporulate
profusely and dry conidia are dispersed through the air making this group of
pathogens a constant threat to susceptible crops. The limiting factor for epidemic
outbreaks is usually the occurrence of the appropriate microclimatic conditions,
rather than the amount of inoculum (Shtienberg and Elad, 1997).

3. Variability and adaptability

Botrytis has been recognized as a genus since Micheli erected it in 1729. In early
times it was sometimes confused with Sclerotinia spp. but clarifications were made
(Smith, 1900) and confusion was dispelled (Whetzel, 1945). The connection
between Botrytis spp. and their Botryotinia teleomorphs was finally established
during the 1940s and 1950s (Groves and Loveland, 1953). Four decades later,
improved techniques for culture and spermatization (Faretra et al., 1988) allowed the
mating of Botrytis strains for genetic analysis. Having multinucleate conidia and
hyphal compartments, Botrytis isolates have a tendency to change constantly during
successive generations in vitro and under field conditions. Genotypic and
phenotypic variation is very common in B. cinerea (Chapter 3). Use of DNA
population markers and sexual and vegetative compatibility studies have revealed
limited evidence of clonality in B. cinerea. The roles of sexual reproduction and
heterokaryosis in the determination of variation are still under study.

Changes in populations selected by xenobiotics are quite common in this species
(Chapter 3). Development of resistance to fungicides has been recorded in Botrytis
populations throughout the history of the modern fungicide era (Chapter 11). Reavill
(1954) noted that B. cinerea could tolerate chlorinated nitrobenzene fungicides and
when systemic benzimidazole fungicides were first used Botrytis spp. rapidly
developed resistant isolates (Bollen and Scholten, 1971), later followed by resistance
to the dicarboximides (Katan, 1982). A decade later the molecular basis of these
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mutations was identified (Yarden and Katan, 1993). The management of Botrytis by
chemical fungicides still poses a serious challenge to crop advisers (Chapter 11).
Development of complex strategies to cope with Botrytis-incited diseases has
been necessary since the 1980s (Vincelli and Lorbeer, 1989). Following detailed
studies on the precise conditions that promote infection and disease development,
cultural methods were developed giving farmers a range of tools to assist in
avoiding serious crop damage. Cultural methods that ensure ventilation and drying
of plant canopy after rain, whilst maintaining adequate water supply to the roots, are
the most effective means developed so far for prevention of Botrytis epidemics (Elad
and Shtienberg, 1995). Rational warning systems based on conditions highly
conducive to spore germination and host penetration for disease development have
been developed for some crop systems (Chapter 18). Microorganisms on plant
surfaces interact with Botrytis germination conidia (Newhook, 1951, 1957; Wood,
1951; Bhatt and Vaughan, 1962; Blakeman and Fraser, 1971; Blakeman, 1972) or
conidiation (Ko6hl and Fokkema, 1993). Increasing public awareness of some
potential drawbacks of chemical fungicides was addressed by the development of
alternative control measures making use of microbial antagonists that are capable of
disease suppression (Dubos, 1992); some of these agents were developed
subsequently into commercial products (Elad and Freeman, 2002), but they are still
commercially much less significant than the chemical measures (Chapter 13).

4. Quiescent, restricted and aggressive infection

One intriguing phenomenon associated with Botrytis infection is the ability of this
pathogen to be quiescent in the host tissue for varying periods (Williamson, 1994;
Elad, 1997). Originally this phase of infection was termed ‘non-aggressive’ as
opposed to aggressive when lesions are expanding (Beaumont et al., 1936) and later
the phenomenon was described as latent or quiescent infection and found to be
common in many hosts (Jarvis, 1962; Verhoeff, 1970; Chapter 2). The ultrastructure
of Botrytis-plant interactions is described in Chapter 5.

Plants possess a range of pre-formed and induced defences for combating an
infection. The antifungal activities of the induced phytoalexins, such as wyerone in
Vicia faba, were described fully by Mansfield (1980). Many of these defences
include secondary metabolites: stilbenes including resveratrol, saponins including a-
tomatin, cucurbitacins, proanthocyanidins and tulipalin A, structural barriers, cell
wall modifications, but also the pathogenesis-related (PR) proteins (Chapter 9).
Botrytis species have evolved mechanisms to counteract some of these defence
responses.

As a pathogen of grape berries, B. cinerea is economically extremely important.
Its plant-pathogen interactions and epidemiology were thoroughly studied and
reviewed (Jarvis, 1980; Ribéreau-Gayon et al., 1980). The pathogen may completely
destroy grape berries, inflicting heavy crop losses as grey mould. Alternatively,
under certain conditions, it may cause a slow decay permitting the berries to
desiccate considerably. Such dry berries affected by 'noble rot' are harvested and
processed into valuable sweet wines (e.g. the Sauternes of France, the
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Trockenbeerenauslese of Germany, the Aszu of Hungary and Botrytisized wines in
other places). Grapes affected by the destructive grey mould are of low value for
making wine not only because of the weight loss but also because of interference
with fermentation and changing the flavour and colour of the wine. Among all the
many Botrytis plant hosts, grey mould management in vineyards is therefore the
most important target for agrochemical companies and researchers. The noble rots
are not described in this book because they were covered extensively by Ribéreau-
Guyon et al. (1980)

Scientists were fascinated by Botrytis conidial infection of plant tissues very
early in plant pathology. Ward (1888) described the infection of lilies by germ tubes
of a Botrytis spp. In early times penetration was regarded as a purely mechanical
process (Blackman and Welsford, 1916). McKeen (1974) described enzymatic
dissolution of faba bean cuticles that triggered three decades of research that has
given a vast amount of information on secreted hydrolytic enzymes and their
involvement in penetration and tissue maceration by Botrytis (Chapter 7). Botrytis
spp. have turned out to be an important model for host cell wall enzymatic
degradation, and before the turn of this century valuable molecular biological
research uncovered some of the genes responsible for Botrytis pathogenicity (Ten
Have et al., 2002; Chapters 4 and 7).

Over the last 25 years there have been substantial advances in methodologies for
separation, quantification and identification of fungal and plant metabolites and
other labile chemical species. Recent work provides evidence that B. cinerea
exploits the production of active oxygen species (AOS) in colonising plant tissues
(Chapter 8). Hydrogen peroxide and other AOS are produced by the fungus and
interact with the plant-based antioxidant systems in determining the outcome of the
infection process. Biochemical processes appear to be of importance for lesion
development, and the perturbation of the free radical chemistry (Muckenschnabel et
al., 2003). Transition metal redox processes (particularly those involving iron), the
regulation of enzymes (of both plant and fungal origin), the production of toxic
metabolites in the host, and host signalling and programmed cell death are all
involved in these processes.

5. Molecular basis of host-parasite interactions

The availability of molecular genetic techniques since the late 1980s brought a
revolutionary break-through in the understanding of the pathogenic strategies of
Botrytis. 1t allowed for the first time the unequivocal identification of
pathogenicity/virulence genes and hence an ability to define molecular targets for
developing innovative fungicide and resistant host plants in the future (Chapters 4,
7, 8, 20). Since the first successful molecular transformation of B. squamosa (Huang
et al. 1989), molecular tools and techniques have been rapidly adapted to the special
requirements of Botrytis. Investigations using these tools have increased
exponentially in the last few years, especially making it possible to perform targeted
gene inactivation and functional analysis of all the putative pathogenicity factors
identified in the wealth of biochemical, physiological and genetic data of the last
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decades. As a consequence of these innovations, the science of molecular genetics
underpins many of the chapters in this book. A list of 45 genes has so far been
functionally identified (Chapter 4). However, only very few of the "classical"
candidate genes have survived the rigorous molecular testing, which in some cases
was unexpected. Recent work has also established that cyclic AMP (cAMP) and
conserved MAP kinase signalling pathways play crucial roles during pathogenesis in
B. cinerea (Chapter 6).

Molecular tools today offer many more possibilities for testing long-established
hypotheses: the availability of "genomics" tools allows unbiased approaches which
will give us a complete picture of the factors involved in the complex interaction
processes of this potent and variable pathogen and assist the development of specific
alternative defence strategies, including modified host resistance (Chapter 20). In
combination with high-throughput screens it will be possible to develop new
fungicides based on our detailed knowledge of the refined strategy of Botrytis to
overcome its host's defence. However, due to the high variability of B. cinerea the
fight probably never will be finally settled!
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CHAPTER 2

THE ECOLOGY OF BOTRYTIS ON PLANT SURFACES
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Abstract. The initiation of disease by members of Botrytis species depends on a complex sequence of
biological events involving host and environment sensing, chemical and physical interactions between the
fungal propagules and the host surface and the microbial interactions on the surface of the host. The
pathogen's inoculum is central to the understanding of this interaction. This chapter describes the
inoculum ecology of Botrytis species on plant surfaces and relates this information to an understanding of
disease initiation. Botrytis species deploy several propagules and survival structures. A knowledge of the
precise behaviour of these propagules, especially the hydrophobic conidia, when dispersed and deposited
on the host at high relative humidity in the presence or absence of water droplets is important for disease
initiation and control. The responsiveness of propagules to the environment, and the diversity shown in
attack strategies by these pathogens are discussed with examples of the infection pathways used. Special
comment is made about suitable inoculation procedures to study grey mould in leaves and fruits.

1. Introduction

Botrytis species have a necrotrophic life style occurring as pathogens infecting a
single specific host or closely related host, or as the broad spectrum pathogen B.
cinerea infecting numerous host plants: after infection and death of host tissues all
these fungi can survive and sporulate as saprophytes on the necrotic tissue, or
produce long-term survival structures, such as sclerotia. These survival structures
can be associated with living plants or with plant debris lying on or buried in soil.
For species more specialized in their parasitism (B. aclada, B. byssoidea, B.
squamosa, B. gladiolorum, B. tulipae, B. elliptica, B. fabae), the inoculum source
will inevitably be within the crop, or debris from a previous crop in the vicinity. For
B. cinerea, for which host range is extremely wide, the primary inoculum also is
most likely generated within the crop (Johnson and Powelson, 1983), but the
potential for incoming primary inoculum from a different crop or weed host is
greater than for the host-specific pathogens, and will be affected by the phasing of
crop growth and harvest within a district or region.

The fungus exists in the different habitats as mycelia, micro- and macro-conidia,
chlamydospores, sclerotia, apothecia and ascospores and these are dispersed by
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diverse means (Jarvis, 1980b). Although B. cinerea releases its macroconidia mainly
in dry air currents, it is surprising that the majority of published work describes
infection arising from suspensions of conidia in water droplets. This chapter
summarises the new information available about the behaviour of B. cinerea and
other Botrytis spp. and their responsiveness to different micro-environments,
especially the effects of relative humidity (RH). It is particularly difficult to measure
and maintain the RH of a host when inoculations are made and the host is incubated
for periods to determine the outcome of the interaction. Harrison et al. (1994)
reviewed these technical difficulties and devised specialised equipment that provides
the best regulation of RH known to the authors. Results of work performed with dry-
conidial inoculations, as well as the most recent achievements in inoculation with
water droplets, are discussed.

2. Survival

The disease cycles of Botrytis species and the growth habit and phenologies of their
host plants are often inextricably linked. Dormant or metabolically inactive fungal
structures play a central role in each of these disease cycles. Each part of the fungus
thallus can serve as a survival structure.

2.1. Sclerotia

All species of Botrytis form sclerotia which may, depending on isolate and cultural
conditions, differ in size and shape. Sclerotia are generally considered to be the most
important structures involved in the survival of Botrytis species. Sclerotia can
survive adverse environmental conditions, can produce apothecia after a sexual
process and possess a considerable capacity for producing successive crops of
conidia in many Botrytis species (Coley-Smith, 1980). Under laboratory conditions,
B. cinerea sclerotia continue to sporulate for about 12 weeks after the production of
the first crop of conidia (Nair and Nadtotchei, 1987). Suppression of sporulation
when the conidia were left on sclerotia and resumption of sporulation when the
conidia were removed from the surface could extend the period of conidial
production. Under natural conditions, rainfall would be expected to dislodge conidia
from germinating sclerotia and initiate conidial production by removing the
suppression in sporulation.

The internal structure and histochemistry of sclerotia of B. cinerea and B. fabae
are similar; the rind walls contain melanic pigments, the medullary hyphae are
surrounded by a continuous matrix of B-glucans, and the intracellular nutrient
reserves are protein, glycogen, polyphosphate and lipid (Backhouse and Willets,
1984). The genetic control of the switch from rapid vegetative growth to production
of sclerotia is not known. Recent work with the closely related species Sclerotinia
minor suggests that B-carotene may be important for protection against oxidative
stress when sugars and other nutrients decline in presence of light (Zervoudakis et
al., 2003).



BOTRYTIS ON PLANT SURFACES 11

Formation of sclerotia in the field is generally associated with plant tissue.
However, it also occurs in insects. Louis et al. (1996) demonstrated the ability of the
vinegar fly, Drosophila melanogaster, to serve as vector for B. cinerea. Long-term
D. melanogaster/B. cinerea relationships were found during the life of the insect.
Conidia germinated in the insect foregut, developed into mycelium, and
differentiated into microsclerotia, which can be carried by the flies during their
entire life. Since the fly overwinters as an adult, it was concluded that it could play a
role in winter conservation of B. cinerea inoculum.

2.2. Chlamydospores

Chlamydospores have been found in B. cinerea, B. anthophila and B. fabae (Coley-
Smith, 1980). The chlamydospores of B. cinerea are hyaline cells of extremely
variable form and size (Urbasch, 1983, 1986). They are generally found in ageing
cultures and commonly occur in the stromatic sectors of cultures of the fungus
which are contaminated by other organisms, and in association with sclerotia.
Chlamydospores are formed as terminal or intercalary cells by transformation of
vegetative mycelium parts and are liberated by hyphal disintegration. They were
observed on and in tissue of naturally and artificially infected tomato and Fuchsia
hybrida leaves and their numbers increased in older lesions (Urbasch, 1983, 1986).
Under moist conditions and without added nutrients, the chlamydospores germinated
on the leaves by microconidia which remained dormant. When fresh nutrients were
supplied to the chlamydospores, they germinated with hyphae penetrating the host,
or they produced a new crop of macroconidia. Histological studies of the infection
process by B. elliptica show the formation of corresponding structures after
conidium germination on oriental lily leaves (Hsieh et al., 2001). On tomato fruit,
unsuccessful penetration was often associated with germ tubes which, after
attachment to the host, differentiate into several cells (chlamydospores) at the point
of attachment (Rijkenberg et al.,, 1980). On fruit of nectarine, plum and pear,
germlings produced from dry airborne B. cinerea conidia formed chlamydospores
on short germ tubes when fruits were subjected to intermittent dry periods, or were
kept for 48 h at 5°C (Holz, 1999). Chlamydospores can therefore serve as short term
survival structures which may help the fungus to overcome short unfavourable
periods encountered on plant surfaces (Urbasch, 1983, 1986).

2.3. Conidia

Conidia of Botrytis are generally regarded as short-lived propagules in the field and
their survival will largely be determined by temperature extremes, moisture
availability, microbial activity and sunlight exposure. In the soil, Botrytis species are
not particularly effective competitors and their conidia are subjected to fungistasis
(Coley-Smith, 1980). Conidia of B. cinerea were able to survive on fruit surfaces of
kiwifruit, remaining viable and infectious throughout the growing season (Walter et
al., 1999b). Salinas et al. (1989) reported that conidia stored dry were able to survive
at room temperature for up to 14 months, when some conidia were capable of
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germinating in vitro and on ray florets of gerbera flowers to cause lesions. However,
on the surface of Anjou pears, the viability of B. cinerea conidia after 7 weeks had
declined to 10% germination (Spotts, 1985). In Scotland, conidia of B. fabae placed
out of doors on cobwebs gradually lose their infectivity; only 15% of conidia were
infective after 10 days exposure to ambient weather during summer (Harrison,
1983). When B. cinerea conidia were exposed to direct sunlight at midday in an
Israeli summer, survival was only minutes (Rotem and Aust, 1991). In a New
Zealand vineyard, mean percentages of conidia germinating after exposure to 4 h of
sunlight ranged between 81 and 91% and between 49 and 50% after 8 h of sunlight
exposure. Upon re-exposure on the second day, just 10 min of exposure to sunlight
caused germination to drop between 26 and 27% for all isolates tested (Seyb, 2003).
The UV spectrum of sunlight appeared to be the most important environmental
factor influencing mortality of conidia (Rotem and Aust, 1991; Seyb, 2003).

Microconidia, which occur in all Botrytis species, provide an alternative
microscopic propagule for these fungi when subjected to adverse conditions. In
general they are found in ageing cultures of the fungus or those which are
contaminated by other organisms, and in association with sclerotia. Microconidia
develop from germ tubes produced by macroconidia, more mature hyphae, inside
empty hyphal cells, and from appressoria and sclerotia (Jarvis, 1980a; Lorenz and
Eichhorn, 1983). Germlings of B. cinerea form microconidia and chlamydospores in
a corresponding manner on plant surfaces. On tomato plants, the dedifferentiation of
B. cinerea appressoria proceeded by production of microconidia directly on
appressoria, or by terminally and laterally outgrowing hyphae and their subsequent
formation of microconidia (Urbasch, 1985a). The appressoria lost their function and
the infection process at the site of interaction was interrupted. A similar process was
infrequently observed on fruit surfaces of nectarine and plum that were subjected to
intermittent dry periods, or were kept at 5°C after inoculation with dry, airborne B.
cinerea conidia (Holz, 1999). Although their sole function is believed to be one of
spermatization, they may also help the fungus to survive adverse conditions. The
unicellular structures are generally produced in chains, but Urbasch (1984a) noted
that after prolonged adverse conditions, B. cinerea formed clusters of microconidia
bearing phialides and then embedded aggregates of these conidia in mucilage, which
is then enclosed within a protective covering (hiille). Due to protection by this
covering, the enclosed microconidial aggregates survived on dry agar plates without
degeneration for up to 6 months and formed new mycelia when placed on fresh
media. Urbasch (1984b) described a microcycle induced by nutritional deficiency
that leads to production of microconidia and the oxygen concentration determined
whether macro- or microconidia resulted, the latter being favoured by low O,
concentrations. Shealso provides a good ultrastructural analysis of the differentiation
of microconidia and comments on their rather thick outer wall (0.2 pm) suggestive
of long-term survival (Urbasch, 1985b).

Macroconidia of B. fabae on agar films, buried in moist soil, germinated within a
few days to produce short germ tubes which bore phialides and microconidia
(Harrison and Hargreaves, 1977). After 29 days in moist soil, the macroconidia were
dead and ruptured whereas the microconidia appeared to be quite healthy. Some
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germination was observed amongst microconidia which had been left outside for 25-
27 days during winter, suggesting that exposure to cold may be a factor in breaking
the dormancy of microconidia. The ability of the microconidia to remain dormant
under adverse conditions suggests that they may be important in the survival of B.
fabae from one season to the next.

2.4. Mycelium

The survival of mycelium of Botrytis species under natural conditions has hardly
been investigated and, unless particular care is taken, it is often difficult in practice
to decide whether survival is by mycelium or whether microsclerotia or
chlamydospores are involved. There is some evidence that the mycelium of certain
Botrytis species, and especially those more specialized in their parasitism, can
survive for considerable periods in bulbs, seeds and other vegetative plant parts
(Coley-Smith, 1980). B. cinerea is considered to be a characteristic component of
aerial surfaces of some species of plants whilst being absent or infrequently isolated
from others. The frequency of isolation of the fungus tends to increase as the season
progresses, reflecting an increasing ability to enter plant tissue as a weak parasite or
as a saprophyte during senescence (Blakeman, 1980). Kobayashi (1984) observed
that B. cinerea conidial masses developed throughout the year from mycelium in the
fallen petals of 28 plant species belonging to 19 genera of 14 families.

3. Inoculum production and dispersal

It is generally assumed that for B. cinerea, inoculum is always present in the field
and that production, liberation and dispersal of inoculum is an ongoing process
(Jarvis, 1980b). This is clearly not always the case in all crops (Sosa-Alvarez et al.,
1995; Seyb, 2003). There are various factors essential for high propagule numbers in
the air: a viable, productive inoculum source, conditions favourable for propagule
production, and for their dispersal at the source site. Correlations have been found
between dispersal and conditions favourable for sporulation (usually surface wetness
with moderate temperature) in many Botrytis species (Jarvis, 1980b). The frequency
and duration of wetness events, and temperature, vary greatly during a growing
season. It is anticipated that interrupted wetness periods, and temperature
fluctuations, will affect the number of propagules produced (Rotem et al., 1978). A
complicated relationship thus exists in the field between environmental conditions
and propagule production and dispersal.

3.1. Dispersal and deposition

If it is to infect, the pathogen must conquer space (Zadoks and Schein, 1979), that is
to move from the primary source and land on susceptible tissue. Each part of the
fungus thallus can serve as a dispersal unit. These propagules are dispersed by wind,
rain and insects.
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3.1.1. Conidial dispersal by wind and rain

Conidia, which are dry and predominantly wind-dispersed, are generally considered
to be the most important dispersal propagule of Botrytis species. Wind dispersal of
conidia has three highly interdependent, yet distinct phases; liberation, transport and
deposition (Aylor, 1990). Release of conidia in Botrytis species is caused by a
twisting of the conidiophore which is brought about by changes in the relative
humidity (Fitt et al., 1985) and their ejection by a mechanical shock. This
mechanical shock has been considered to be caused by two forces, wind and splash
(Fitt et al., 1985). Conidia of Botrytis species are typically found in highest
concentration in the atmosphere during the daytime, often reaching a peak
concentration near or shortly after mid-day (Jarvis, 1962a; Fitt et al., 1985) when
wind speed and the level of turbulence near the ground are usually highest. A
threshold wind speed has been demonstrated for their removal, and conidia of a
given species are generally removed over a range of wind speeds. For these, the
cumulative percentages of conidia removed increases rapidly with increasing speed.
These curves tend to level off because a certain percentage of the conidia are
difficult to remove from the source at any reasonable speed (Harrison and Lowe,
1987). Conidia of Botrytis species are released at different patterns from colonies,
which can be ascribed to differences in spore size affecting the drying rate. Conidia
of B. cinerea were consistently released at a faster rate from naturally infected broad
bean leaflets than those of B. fabae (Harrison and Lowe, 1987). Conidia of B.
cinerea, being smaller than those of B. fabae, may dry faster and consequently
become more loosely attached than those of B. fabae.

Although average wind speeds in the lower part of closed crop canopies are
typically a fraction of the speed above the canopy, gusts of wind with speeds several
times faster than the local mean speed occur well inside plant canopies. These occur
frequently enough to be important in the removal of conidia (Harrison and Lowe,
1987; Aylor 1990). After conidia are liberated from the source, some are transported
within the canopy air space and some escape the canopy into the more freely moving
air above. The number of conidia that escape the canopy depends largely on the
balance between two competing forces, deposition and turbulent transport, and the
vertical position of the inoculum source. In general, conidia produced on a source on
the ground and lower in the canopy are exposed to slower wind speeds, less
turbulence and rapid rates of sedimentation. They are thus transported over a short
range (Fitt et al., 1985). In vineyards, 95% of B. cinerea conidia are deposited
within 1 m from the ground source (Seyb, 2003). A similar pattern has been reported
for B. cinerea dispersal in snap bean fields in which few conidia were detected
beyond 2.5 m from the source (Johnson and Powelson, 1983).

The last phase in the dispersal of wind-borne conidia, deposition, is composed of
two main processes, sedimentation and impaction (Aylor, 1978), both of which are
influenced by wind strength. Sedimentation occurs in still air and is the process
during which conidia descend under the influence of gravity with a certain terminal
velocity. Air is rarely ever still; deposition is therefore a continuum of sedimentation
and impaction (McCartney, 1994). Impaction is the process by which a conidium,
because it is heavier than the surrounding air molecules, does not exactly follow the
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fluctuations in the air and strikes an object even when air flows around it
(McCartney, 1994). However, the effect of wind on deposition can be modified by
attributes of the conidia. The rate of deposition, and therefore the steepness of
deposition gradients, has been shown to be affected by whether the conidia are
dispersed singly or in clusters. The greater the number of conidia clumped together,
the faster the settling speed (Ferrandino and Aylor, 1984). Under simulated wind
conditions, conidia of Botrytis species are released from different sources singly,
and in clumps, consisting of c. three and five conidia per clump, for B. cinerea and
B. fabae, respectively (Harrison and Lowe, 1987). Because similar proportions of
conidia fell as clumps from undisturbed inverted cultures as from those blown by a
strong wind and because the mean numbers of conidia per clump were similar, wind
appears to have little effect on clumping (Harrison and Lowe, 1987).

Little is known about the deposition of airborne conidia under field conditions on
different plant surfaces such as leaves, shoots and fruits. Fluorescence microscopy
of leaves, berries and the inner bunch parts of grape (Coertze and Holz, 1999; Holz,
1999) and fruits of nectarine, plum and pear (Holz, 1999) dusted with dry B. cinerea
conidia in settling chambers revealed that conidia were consistently deposited
singly, and not in clumps or clusters. In these studies conidia were released from
cultures or fruit with sporulating lesions in vacuum-operated settling chambers, or
dispersed by air pressure into the top of the settling chamber.

Rain has been associated with large concentrations of airborne Botrytis conidia
in both raspberry (Jarvis, 1962a) and grape (Vercesi and Bisiach, 1982), suggesting
that it may be important in the release of conidia which are subsequently rain-
dispersed. Investigations on the role of wind and rain in dispersal of B. fabae conidia
in field bean plots, however, suggest that the majority of conidia are dispersed dry
by wind, even during rain. Raindrops hitting leaves dislodge dry conidia from
infected leaves, and experiments with simulated raindrops show puffs of dry conidia
when the drops first hit dry leaves with sporulating lesions (Fitt et al., 1985).
Laboratory experiments have shown that simulated raindrops can carry conidia
within, or on the outside of splash droplets (Jarvis, 1962b; Hislop, 1969). Very few
of the B. cinerea conidia dispersed by raindrops become wet enough to enter the
droplets, and the majority are carried on the droplet surface as a dry coating (Jarvis,
1962b). Conidia of B. cinerea attach in two distinct stages to hydrophobic surfaces
(Doss et al., 1993, 1995). The first stage, immediate adhesion, occurs upon
hydration of freshly deposited conidia. Conidia of B. cinerea adhere to tomato fruit
cuticle, grape berry epidermis, and leaves and petals of other hosts immediately
upon hydration. Dry conidia of B. cinerea applied to wet fruit surfaces adhered to
the same degree as conidia from liquid suspensions to the surface of plum and grape.
The conidia adhere more strongly when applied in water suspension or to the wet
surface of grape berries than when dry conidia are applied to a dry surface (Spotts
and Holz, 1996). Raindrops may therefore deposit conidia carried on their surfaces
as single cells on to plant surfaces during run-off. Data on washings made from
grape berries in Californian (Duncan et al., 1995) and South African vineyards (G.
Holz, University of Stellenbosch, South Africa, unpubl.) indicated that the number
of B. cinerea conidia on berry surfaces was very low throughout the season, and B.
cinerea occurred as single colony-forming units. These findings imply that infection
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by solitary conidia, and not by conidial clusters, should play a prominent role in the
epidemiology of Botrytis diseases.

3.1.2. Conidial dispersal by insects

Conidia of Botrytis species are also insect-dispersed. The conidia of B. cinerea are
trapped in the ornamentations of segments, cuticle, body hairs and sculptured areas
of the vinegar fly (D. melanogaster) (Louis et al., 1996), the grape berry moth
(Lobesia botrana) (Fermaud and Le Menn, 1989), the New Zealand flower thrips
(Thrips obscuratus) (Fermaud and Gaunt, 1995) and the Mediterranean fruit fly
(Ceratitis capitata) (Engelbrecht, 2002). Ingested conidia also remain viable inside
faeces of these insects. In the case of the Mediterranean fruit fly, digital photography
and visual observations (Engelbrecht, 2002) of grape berries showed that the flies
initially preferred to feed on the macerated tissue of the lesions that served as
inoculum. However, they tended to feed on the sporulating colonies on the lesions.
This was evident by the distinctive ‘feeding paths’ that appeared in the colonies as a
result of their activities, and the disappearance of B. cinerea conidia from the
colonies. Fluorescence microscopy revealed (Engelbrecht, 2002) that flies deposited
conidia singularly, in feeding packages and in faeces on the surface of unblemished
grape berries. Conidia in feeding packages were ensheathed by saliva and occurred
in clusters of 10 to 50 conidia. An average of 60% of the conidia in feeding
packages germinated under dry conditions (c. 56% RH).

3.1.3. Dispersal of other propagules

In some diseases, particularly those caused by B. cinerea, conidia seem of less
importance than saprophytically-based mycelial inocula in establishing infections. It
may well be that ascospores are more important than generally assumed; apothecia
are easily overlooked in the field. Due to the ability of chlamydospores to germinate,
they also represent dispersal units which can function as structures of infection.
Urbasch (1984a) noted that in moist conditions the protective covering around
microconidia aggregates became sticky and speculated that this may aid
microconidia to adhere to surfaces of plants and insect vectors, which is indicative
of their potential role in the survival and dispersal of the fungus.

B. cinerea can infect pollen grains and petals of strawberry (Bristow et al., 1986)
and such floral organs can then be dispersed by wind, attach to other tissues for
mycelial spread and infection and serve as a site for production of another
generation of conidia. Colonised senescent blossoms of Phaseolus vulgaris lying on
the moist soil surface beneath a bean crop produce large quantities of secondary
inoculum (Johnson and Powelson, 1983).

4. Growth on plant surfaces

Germination and germ tube growth of Botrytis conidia on plant surfaces, host
penetration, and duration of the incubation period are important stages in the process
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of infection that can be used to investigate various aspects of host resistance,
fungicide action and biological control. Current knowledge on the behaviour of
conidia in most of these studies is based primarily on interpreting germling growth
during artificial inoculation. For artificial inoculation, plant parts are sprayed with,
dipped in, or injected with conidial suspensions, or suspension droplets are placed
on to plant parts. Infection studies with conidial suspensions of Botrytis on different
hosts have shown generally that the more conidia in the infection drop the more
likely is aggressive infection. Therefore, to achieve symptom expression during
inoculation, conidial suspensions usually contain a high number of conidia, 1x10° to
1x10° per millilitre of carrier, which is mostly sterile distilled water. In some cases,
conidial suspensions are supplemented with nutrients to increase the possibility of
penetration of tissue otherwise resistant to infection.

Microscopic observation of the sequence of events accompanying germination in
conidia-bearing droplets on susceptible hosts revealed rapid germination with germ
tubes protruding within 1-3 h after inoculation. Various penetration stuctures,
ranging from simple to compound appressoria (see Emmet and Parbery (1975) for
details) are formed prior to penetration of the cuticle. These structures form within 6
h after germination when germ tubes reach lengths of 10-15 um. In B. cinerea,
germtubes commonly form protoappressoria (slightly swollen, hyaline germ tube
apices adhering to the host and giving rise to an infection peg) and simple
appressoria after 6 h (Clark and Lorbeer, 1976; Fourie and Holz, 1994, 1995). When
exogenous nutrients are available, multicellular, lobate appressoria are formed after
12 h (Garcia-Arenal and Sagasta, 1980; Van der Heuvel and Waterreus, 1983).
Continued growth in the presence of exogenous nutrients often leads to the
formation of infection cushions (Backhouse and Willetts, 1987). In inocula with
high conidial concentrations, a high proportion of germ tubes produce
protoappressoria, whereas with lower conidial concentrations germ tubes produced
predominantly multicellular, lobate appressoria and infection cushions (Van der
Heuvel and Waterreus, 1983). Addition of exogenous nutrients to inoculum is a
prerequisite for the formation of multicellular, lobate appressoria and for infection
cushions on cucumber leaves (Akutsu et al., 1981), strawberry leaves and cucumber
cotyledons (Shirane and Watanabe, 1985). However, these structures are all formed
by B. cinerea conidia without the addition of exogenous nutrients on floral tubes,
fragile petals and fruits of nectarine and plum (Fourie and Holz, 1994, 1995) and
leaves and berries of grape (Holz, 1999; Coertze et al., 2001).

Infection studies suggest that conidial density and nutrient supplements may not
only influence the pre-penetration activities in conidia-bearing droplets on plant
surfaces, but also subsequent symptom expression. In water, B. squamosa induced
symptoms on onion leaves. Addition of exogenous nutrients to inoculum increased
the frequency of lesion formation (Clark and Lorbeer, 1976). Leaves of onion (Clark
and Lorbeer, 1976), cucumber (Akutsu et al., 1981), strawberry (Shirane and
Watanabe, 1985), broad bean (Harper et al., 1981), cucumber cotyledons (Shirane
and Watanabe, 1985) and fruits of plum and nectarine (Fourie and Holz, 1998)
remained asymptomatic when B. cinerea was inoculated in water. Addition of
exogenous nutrients to inoculum was requisite for symptom induction by B. cinerea
on these hosts. The pathogen could not induce symptoms on cucumber leaves when
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conidial density in glucose or sucrose suspensions were low, but enhancing the
conidial density caused rapid spreading lesions (Akutsu et al., 1981). Inoculations of
primary leaves of French bean with conidia of B. cinerea suspended in glucose
supplemented with KH,PO, or Na-ATP as infection stimulants, yielded mostly
spreading lesions (Van der Heuvel and Waterreus, 1983). Decreasing concentrations
of conidia caused a delay of 1-4 days in the formation of spreading lesions.
Although in most of these studies conidia suspended in nutrients allowed more
extensive germ tube and hyphal growth and the development of a range of
appressoria, only a small proportion of germlings of such inocula gave rise to
penetrations (Williamson et al., 1995). The number of visible penetrations produced
by inocula containing high conidial concentrations amounted to only c. 5-10% of all
conidial germlings. These percentages were higher (20-80%) with lower conidial
concentrations (Van der Heuvel and Waterreus, 1983). This agrees with Hill et al.
(1981) studying unsupplemented conidial suspensions where from a total of 3500
conidia per 15.9 mm” cuticle surface, only 1-2 conidia were able to penetrate the
cuticle layer of grape berries.

Use of glucose and phosphate supplements in small droplets (5 ul) as to ensure
an adequate oxygen supply to conidia is now a standard method for host inoculation
with B. cinerea in gene knock-out studies (e.g. Klimpel et al., 2002; Schouten et al.,
2002) and for chemical studies on lesions (Muckenschnabel et al., 2002). Another
significant factor affecting the success of inoculations made with conidial
suspensions is the spectrum of light to which the host and pathogen is exposed.
Islam et al. (1998) showed that near-UV and blue light (300-520 nm) induced
negative phototropism in B. cinerea inoculated on to leaves of V. faba, and that red
light (600-700 nm) induced positive phototropism and reduced the number of
successful infections substantially.

Aggressive infection due to the addition of exogenous nutrients to inoculum may
be ascribed to factors other than an increase in surface colonisation and successful
penetration. Stimulation of infection by B. cinerea after addition of certain sugars to
artificial inoculation is probably due to the active forms of oxygen formed (see
Chapters 7 and 8), rather than to a nutritional effect (Edlich et al., 1989). Sugars act
as substrates for the production of hydrogen peroxide and other forms of superoxide
and hydroxyl radicals, which are highly toxic and may be capable of destroying
relatively inert materials, such as cutin (see Chapter 5 for details). The addition of
sugars also enables B. cinerea to overcome the inhibitory action of wyerone acid, an
important phytoalexin produced by Vicia faba (Mansfield and Deverall, 1974). The
mode of action of KH,PO, or ATP in aggressive infection is unknown. Although
phosphates might act by predisposing leaves to infection by B. cinerea (Van den
Heuvel, 1981), they might also influence fungal metabolism, e.g. activity of cell
wall-degrading enzymes, more directly.

The sequence of events accompanying germination of natural inoculum on plant
surfaces, and how conidial density and substances occurring on these surfaces relate
to infection and subsequent symptom expression has rarely been studied. The data
from artificial inoculation studies mostly relate to detached plant parts kept in moist
chambers, a situation that could lead to greater susceptibilty to the pathogen than
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that of parts attached to the host plant. The single-drop inoculation of plant parts
with a high number of conidia in the laboratory also differs from inoculation in the
field, where single, airborne conidia may be deposited intermittently at several sites
on a fruit surface. In the event of rain, the frequent run-off of inoculum-containing
raindrops would promote faster drying of host surfaces and a lower incidence of
infection than might be expected from laboratory-inoculated material. In the latter
instance, drops deposited on host surfaces remain undisturbed for longer periods,
which could create highly localised zones of disease pressure and the collapse of
host resistance (Fourie and Holz, 1995; Coertze and Holz, 1999; Coertze et al.,
2001).

Dispersal by airborne conidia is an important mechanism by which a disease
epidemic is perpetuated; its investigation requires a dry inoculation technique to
simulate the natural dispersion pathway. Uncontrolled clouds of dry B. cinerea
inoculum have been discharged over target hosts (Rijkenberg et al., 1980; Walter et
al., 1999a). Alternatively, amounts of dry B. cinerea conidia have been directly
brushed on to the host (Williamson et al., 1987). Settling chambers have been
constructed to provide more controlled delivery of dry conidia (Salinas et al., 1989;
Reifschneider and Boiteux, 1998). With this method, dry conidia are dusted in a
settling chamber on to plant surfaces. The conidia can be subjected to conditions
commonly encountered by the pathogen on plant surfaces: dry conidia on a dry
surface under dry conditions, dry conidia on a dry surface under high relative
humidity, and dry conidia exposed to a film of water on the host surface. Working
with gerbera flowers, Salinas et al. (1989) observed that germ tubes of dry-
inoculated conidia were mostly short; less than 1% of the germ tubes were longer
than 20 pm. Dry-inoculated conidia of B. cinerea germinated in a similar fashion on
fruits of tomato (Rijkenberg et al., 1980), plum and nectarine (Fourie and Holz,
1994), grape (Coertze et al., 2001), grape leaves (Holz, 1999) and rose petals (Pie
and de Leeuw, 1991) held at high humidity. In fact, some germlings formed a
protoappressorium underneath the conidium (Holz, 1999; Coertze et al., 2001).
Although dry conidia were used in these studies, the plant material was held at high
humidity in conditions where surface moisture may have formed. Williamson et al.
(1995) describes the behaviour of dry and wet conidia of B. cinerea on the surface of
rose petals held at precisely controlled humidities. Although conidia in all cases
germinated with one or more germ tubes, the subsequent growth and behaviour of
developing germ tubes varied considerably according to the mode of inoculation.
Dry conidia germinated in the absence of surface water under humidities ranging
from 94 to 100% RH, but germ tubes mostly remained shorter than the conidia.
No extracellular material was visible on germ tubes arising from these conidia. On
spray inoculated petals, conidia in water droplets germinated to produce long germ
tubes. The morphogenesis of B. cinerea and B. fabae germ tubes was similarly
affected whether conidia were inoculated dry or in the presence of aqueous glucose
on to Vicia faba leaves (Cole et al., 1996). In the latter study, conidia and germ tubes
grown in the presence of glucose were often encased by a sheath of fibrillar-like
matrix material. Transmission electron microscopy revealed that a distinct
amorphous pad of matrix material surrounded the short germ tubes on the bean leaf
surface. The matrix material probably acts as an adhesive pad and thus serves to
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secure the position of the germ tube at the site of penetration (see Chapter 5 for
ultrastructural studies).

Studies with dry and wet Botrytis conidia provide evidence that the mode of
inoculation may not only influence conidial growth on plant surfaces, but also
subsequent symptom expression. On gerbera flowers, only inoculation with dry B.
cinerea conidia led to the development of the typical necrotic lesions, as found in
practice (Salinas et al., 1989). Inoculation with conidial suspensions led to the
appearance of different types of symptoms: smaller and larger necrotic lesions,
partial rotting of ray floret or of the whole flower, or even no symptoms at all.
Working with conidial suspensions of B. cinerea in distilled water on mature berries,
Nair and Allen (1993) showed that a 14-h wetness period is needed to give 63%
symptomatic berries at 23°C. Berries at different phenological stages inoculated
with single airborne conidia remained asymptomatic after extended periods (3-96 h)
of moist, or wet incubation (Coertze and Holz, 1999; Coertze et al., 2001). This
finding suggests that when high humidity (c. 93% RH) prevails in nature, airborne
conidia will have an equal potential to infect dry and wet berry surfaces. This
finding can have a major impact on the validation of disease prediction models.

5. Infection pathways on diverse plant organs

Botrytis pathogens are well known for their ability to form either spreading lesions
in host tissues, or latent infections in young fruit and seeds. The route used by the
pathogen to enter the host usually plays an important role in the establishment of the
two types of infection.

5.1. Penetration through specialised host structures

Different routes have been described for the penetration and establishment of
quiescent or latent infections by B. cinerea in flowers and developing fruit. In
blackcurrant, the pathogen can grow through the style to the carpels (McNicol and
Williamson, 1989). In pear (De Kock and Holz, 1992), as in strawberry (Bristow et
al., 1986), styles might not be an important source of latent infection. On the other
hand, infected stamens are important penetration sites in pear. Unlike the styles,
hyphae in pear filaments grew without restriction and progressed, via vascular
tissue, through sepals into tissues of the upper end of the flower receptacle, or of the
mesocarp adjoining the sepals. B. cinerea has been associated with transmitting
tissue of styles specialised to guide and nourish pollen tubes as they grow rapidly to
the ovules in raspberry (McNicol et al., 1985), strawberry (Bristow et al., 1986) and
blackcurrant (McNicol and Williamson, 1989).

Besides the specialised stigmatic fluids secreted by hosts for pollen germination,
B. cinerea seems to have a remarkable ability to utilise other host fluids secreted for
defence against insects. For example in chickpea (Cicer arietinum), dry-inoculated
conidia of B. cinerea germinated in the malic acid-rich exudate released by stalked
multicellular glands studied by low temperature scanning electron microscopy, and
penetrated the gland cells to grow basipetally into the leaf lamina, as seen by
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fluorescence microscopy; it is not clear if this is a major infection pathway but
further studies are required (G. Senthil, G.H. Duncan and B. Williamson, Scottish
Crop Research Insitute, Dundee UK, pers. comm.)

Inoculation of immature grape berries with B. cinerea showed that the pathogen
can enter styles and then become latent in the necrotic stylar tissue (McClellan and
Hewitt, 1973). However, studies conducted on the occurrence of natural B. cinerea
inoculum at various positions in grape bunches showed that styles might not be an
important source of latent infection on grape. By use of a differential set of paraquat
and freezing treatments on untreated and surface-sterilized berries, it was found that
at all phenological stages the stylar end was virtually free of B. cinerea (Holz et al.,
2003). The isolation studies showed that the pathogen seldom occurred on the
surface or in the skin tissue near the proximal end, 'cheek’ (equator) or stylar end of
the berry. These findings indicate that Botrytis bunch rot was unlikely to be caused
by colonisation of the pistil, and subsequent latency in the stylar end, as was
observed elsewhere. Instead, berry rot consistently developed from the berry-pedicel
attachment zone where micro-fissures in the epidermis may lead to exudation of
nutrients.

5.2. Penetration through undamaged host tissue and natural openings

Direct penetration of the undamaged cuticle and natural openings by germlings in
conidial suspensions has been observed in many Botrytis—host combinations (see
Chapter 5). B. elliptica conidia germinated on both adaxial and abaxial surfaces of
Oriental lily, but germ tubes failed to invade epidermal cells on the adaxial surface.
On abaxial surfaces, germ tubes penetrated through stomatal openings, through the
epidermis near guard cells, or directly through epidermal cells (Hsieh et al., 2001).
B. cinerea penetrated fruits of plum and nectarine directly in the centre of the
epidermal cells at the indentation above the anticlinal wall, at the indentation in the
fruit surface adjacent to guard cells, through the guard cells, and through stomatal
openings (Fourie and Holz, 1995). Sometimes more than one penetration occurred
from the same or different conidia. Nelson (1951) found that B. cinerea penetrated
grape berries directly through the cuticle. Others (Pucheu-Planté and Mercier, 1983)
found the primary sites for penetration to be stomata and micro-fissures in the grape
berry skin. The fungus entered French bean leaves directly and also through
trichomes (Van der Heuvel and Waterreus, 1983). For B. squamosa on onion leaves,
penetration occurred through stomata or the cuticle (Clark and Lorbeer, 1976).
Histological studies with B. cinerea on fruit of plum, nectarine (Fourie and Holz,
1995), pear and grape (Holz, 1999) revealed that conidia suspended in droplets were
inclined to settle in the centre of the droplet which caused an agglomeration of
conidia. This action forced conidia to settle around or on stomata, and to enter these
sites. They germinated and hyphal mats formed on the host surface in most droplets.
It was also noted that micro-fissures, which acted as avenues for penetration by
hyphal mats, developed with time in the cuticle under the droplet. Simulation of
natural infection by dusting surfaces of these hosts with dry conidia in settling
chambers indicated that conidia seldom landed on stomata or lenticels. In such an
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event, the germ tubes formed by conidia on moist surfaces were too short to enter
these structures. On wet surfaces, germ tubes or hyphae usually grew around the
raised stoma or lenticel. Furthermore, attempted penetration was always direct,
irrespective of germ tube length, number, or branching (Holz, 1999; Coertze et al.,
2002).

5.3. Penetration through wounds

Wound infection occurs when conidia enter a wound in the host tissue. In nearly all
experiments with Botrytis species, especially B. cinerea, inoculations of fresh
wounds with varying numbers of conidia in water suspensions result in
establishment of infection. Little is known about the relationship between the
inoculum dosage in air and incidence of wound infection, and how the relationship
is influenced by environmental, wound and host factors. To better understand this
relationship, information is needed on the period over which conidia have
accumulated, the time they are able to survive and remain infectious, time of
wounding in relation to conidium arrival at the infection court and host surface
wetness. Different patterns of conidium and germling dieback were observed by
microscopic observation amongst individuals on fruit and leaf surfaces (Holz, 1999;
Coertze et al., 2001). On moist fruit, some conidia or germlings died, or only the
conidium or short germ tube died on some germlings. A similar pattern of germling
dieback was observed on wet fruit. Sections of long germ tubes, or branched germ
tubes of some germlings, died, whereas on some germlings the conidium remained
viable and the extended germ tube succumbed. Complete dieback was most
pronounced in germlings without appressoria. Dieback of conidia and germlings
occurred at a significantly higher rate on wet than on moist surfaces, and was more
pronounced on immature than on mature fruits.

B. cinerea conidia or germlings adhering to the cuticle are not easily dislodged
from fruit surfaces (Spotts and Holz, 1996). Therefore, to infect a wound in the host
tissue, newly arrived conidia should alight in or near the wound and grow into the
wound under the prevailing conditions. On the other hand, in the event of wounding,
propagules of B. cinerea may occur in various growth stages at the wound site.
Firstly, there may be conidia in a dormant state adhering to the skin. Secondly, there
may be germlings that had penetrated the skin, but were localised by host defence.
In the case of dormant conidia adhering on a dry surface, wounding should be near a
conidium thereby breaking the cuticle and supplying the conidium with necessary
moisture and nutrients to germinate and to infect. In the case of a germling that had
penetrated the skin, but was localised by host defence, wounding should be near the
germling, an action that should overcome the host resistance and supply the
established pathogen with the necessary nutrients to escape the host defence barrier
and cause the tissue to rot.

Coertze and Holz (2002) described infection of wounds on grape berries exposed
to freshly deposited airborne conidia, and of wounds on berries carrying previously
deposited conidia and germlings (latent infections). Fresh (immature and mature),
and cold-stored grapes (mature), which are respectively highly resistant and highly
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susceptible to infection and symptom expression by single airborne conidia of B.
cinerea (Coertze and Holz, 1999; Coertze et al., 2001), were included in their study.
In the case of berries inoculated at bunch closure and harvest stage, wounds were
not infected by conidia deposited on berries 4 days prior to wounding. This finding
indicated that, following adhesion and the first stages of growth, the pathogen did
not survive for extended periods on surfaces of immature and mature grape berries.
Freshly deposited dry conidia were needed to infect the wounds. The freshly
deposited conidia furthermore needed free water, and not high humidity or wound
exudates, to infect the fresh wounds. Proportions of wounds infected were extremely
low. Fluorescence microscopy explained the inability of the conidia to infect the
wounds by the phenomenon that conidia seldom landed at the wound periphery, or
in the wound cavity. Nearly half the number of wounds on berries at bunch closure
did not produce an exudate. When exudates were formed, it was produced on to a
narrow margin of the surrounding skin. Germlings in the vicinity of wounds seldom
had the capacity to reach the wound periphery and to enter the wound cavity.

5.4. The role of insects in wound infection

A synchronisation of a combination of events necessary for successful wound
infection (Coertze and Holz, 2002), fresh wounds, freshly dispersed conidia and free
water on the host surface, may not commonly occur in the field. Insects may play a
very prominent role in this context and can be considered primary role players in
disease outbreaks in the field. They can act both as suppliers of inoculum to wounds,
and as initiators of the disease cycle under conditions generally unfavourable for
disease development (Engelbrecht, 2002). Inocula packages consisting of clusters of
conidia or/and mycelia, which might also be deposited into wounds, should be more
aggressive than single conidia that land near the wound and that should grow into
the wound under the prevailing conditions (Coertze and Holz, 2002; Engelbrecht,
2002). In both kiwifruit (Fermaud and Gaunt, 1995) and grape (Marroni et al.,
2003), latent B. cinerea infection has been ascribed to the activities of the New
Zealand flower thrips (7. obscuratus). The studies (Marroni et al., 2003) with thrips
infested with a wild B. cinerea strain, and a marker strain deficient in nitrate
reductase, showed that asymptomatic latent infections at flowering were always
sited at the receptacle of the berry pedicel, the primary position for B. cinerea
infection in grape bunches (Holz et al., 2003). Engelbrecht (2002) investigated the
transport of B. cinerea by the Mediterranean fruit fly (C. capitata) on grape, and
found a peculiar interaction between the pathogen, the fly and symptom expression
at the berry-pedicel attachment zone. She monitored the activities on grape berries
of flies using digital photography, and observed that visitations to the berry-pedicel
attachment zone increased substantially from véraison to harvest, indicating the
possibility of nutrient leakages at this site. The systematic explorative behaviour of
the vinegar fly (D. melanogaster) on fruits and grapes at various maturity stages
makes the fly a self-guided agent responsible for B. cinerea dispersal in vineyards
and orchards (Louis et al., 1996). Vinegar flies were observed to emerge from
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unblemished, surface disinfested grapes, nectarine and plum fruit incubated in moist
chambers after 1 h freezing at —12°C (Holz, 1999).

6. Conclusions

It is important to recognize the distinction between the growth of Botrytis species
and penetration of host tissue in artificial infection studies under ideal laboratory
conditions and natural infection in the field. In the field, each part of the host plant is
a potential target for deposition, growth and penetration of Botrytis inoculum. The
inoculum consists of macro- and microconidia, ascospores, macro- and
microsclerotia, chlamydospores and mycelia. The deposition site on the host will be
determined by factors such as the position of the primary inoculum source, wind,
rain, insect activity and feeding preferences. Growth on the host surface, and the
pathway used to enter host tissue, will depend on factors such as inoculum type, the
availability of free water and nutrients, cuticle characteristics, host natural exudates
at floral organs or other glands, the abundance of natural openings and the size and
age of wounds. Current knowledge on the options taken by different Botrytis species
to enter a host is based primarily on interpreting germling growth during artificial
inoculation of specific plant parts or organs with large numbers of macroconidia.
There is little information about the behaviour of microconidia, ascospores, macro-
and microsclerotia, chlamydospores and mycelia. It is therefore important to gain
further knowledge on the ecology and behaviour of natural inoculum, and to
simulate its behaviour in infection studies, as well as on host resistance, disease
prediction models, timing of fungicide application and biological control.
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CHAPTER 3

TAXONOMY AND GENETIC VARIATION OF
BOTRYTIS AND BOTRYOTINIA

Ross E. Beever and Pauline L. Weeds

Landcare Research, Private Bag 92170, Auckland, New Zealand

Abstract. The species of the anamorphic genus Botrytis and its associated Botryotinia teleomorphs are
briefly assessed. Recent progress in understanding the genetics of variation in the polyphagous B.
cinerea (teleomorph Bt. fuckeliana) is summarised, with emphasis on chromosome complement and
extrachromosomal elements. Sexual and vegetative compatibility studies are reviewed in relation to the
limited evidence of clonality revealed by DNA population markers. It is concluded that in contrast to the
traditional view of this species, sexual reproduction plays a major role in determining variation whereas
heterokaryosis plays only a limited role. Evidence supporting the existence of a second polyphagous
species within B. cinerea sensu lato is discussed. The limited knowledge of the genetics of the host-
restricted species is briefly described.

1. Introduction

Botrytis, especially the species Botrytis cinerea, has a reputation for unusual
variability, although the underlying mechanisms involved are not well understood.
Jarvis (1977, 1980) and Lorbeer (1980) provide comprehensive reviews of both the
taxonomy and genetics, but these treatments are now over 20 years-old. This review
examines recent advances with emphasis on evidence of variability and the
mechanisms that give rise to it.

The generalised life cycle of Bofrytis comprises various stages: a somatic
(vegetative), mycelial system that produces asexual conidia (strictly macroconidia —
the Botrytis anamorph stage), sclerotia and microconidia (spermatia). Sclerotia
usually germinate to produce mycelium or conidia, but after appropriate pre-
conditioning and fertilization, they may germinate to produce apothecia (the
Botryotinia teleomorph stage), containing ascospores resulting from meiosis. For
convenience, and because not all Botrytis species are known to have teleomorphs,
we use Botrytis in the generic sense to include both Botrytis (abbreviated B.) and
Botryotinia (abbreviated Bt.).
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2. Taxonomy

The genus Botrytis comprises over 20 species, with a proportion linked to sexual
stages (Table 1). Broadly speaking the group forms a coherent grouping, although
Hennebert (1973), for example, segregated B. ricini into the genus Arthrobotrys. As
well as the species listed in Table 1, additional host-specific species undoubtedly
remain to be described, and a number of described species are poorly characterised.
For example, a globose-spored species was described in the USA from Vicia villosa
(not Linaria as listed by Farr et al., 1989) under the name B. viciae Green (an
illegitimate homonym of B. viciae Berk. 1846). This fungus has also been reported
from other Vicia species in Australia (Stovold and Walker, 1980; Backhouse et al.,
1984) but further studies are needed. Furthermore, some species presently in
Sclerotinia, such as S. veratri, may be species of Botryotinia (Kohn, 1979a).

Table 1. Some Species of Botrytis and Botryotinia

. Botryotinia sp. Mating . 1

Botrytis sp. (anamorph) (teleomorph) system Major Hosts Refs

B. aclada Fresen. - - Allium ‘1‘,67, 8

B. allii Munn - - Allium 4,8, 16

B. anthophila Bondartsev 2 - Trifolium 4,8,12

B. byssoidea J.C. Walker ? - Allium ‘1‘,67, 8
Bt. calthae Hennebert & 4,6,7,

B. calthae Hennebert M.E. Elliott - Caltha 8.9

L . Bt. fuckeliana (de Bary) .

B. cinerea Pers.:Fr. Whetzel Heterothallic Polyphagous 4,7,8,9

Ién(;z;zjvallarzae (Kleb.) - - Convallaria 8

B. convoluta Whetzel & Bt. convoluta (Drayton) ,

Drayton Whetzel ) Iris 4.7,8,9

B. croci Cooke & Massee - - Crocus 7,8, 11

B. elliptica (Berk.) Cooke ?Botryotinia sp. Heterothallic Lilium 41"37’13’

. Bt. fabae 1.Y. Lu & -

B. fabae Sardifia TH. Wu - Vicia 7,8,15

B. ficariarum Hennebert Bt. ficariarum - Ficaria 6,7,8,9
Hennebert

5 fgﬁ;’g’;;@“k' & - - Galanthus ~ 4,7,8

. . Bt. draytonii (Buddin & .

B. gladiolorum Timmerm. Wakef.) Seaver - Gladiolus 4,7,8,9

B. globosa A. Raabe Bt. globosa N.F. Homothallic Allium 1,7,8,9
Buchw.

B. hyacinthi Westerd. & ) ) Hyacinthus 4.7.8

J.F.H. Beyma
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. Botryotinia sp. Mating . |
Botrytis sp. (anamorph) (teleomorph) system Major Hosts Refs
B. narcissicola Kleb. ex Bt. narcissicola (P.H. Narcissus 4789
Westerd. & J.F.H. Beyma Greg.) N.F. Buchw. e
. Paeonia,
B. paeoniae Oudem. - - Allium 4,7,8,9
B. pelargonii Reed Bt. pelargonii Reed - Pelargonium  7,8,9
. Bt. polyblastis (P.H. .
B. polyblastis Dowson Greg.) N.F. Buchw. - Narcissus 4,7,8,9
B. porri N.F. Buchw. Bt. porri (J.F.H. Beyma) Homothallic Allium 3,7,8,9
Whetzel
) Bt. ranunculi Hennebert . 4,6,7,
B. ranunculi Hennebert & W H. Groves Heterothallic Ranunculus 8.9
L Bt. ricini (G.H. . . 4,5,7,
B. ricini N.F. Buchw. Godfrey) Whetzel Homothallic Ricinus 8.9
. Bt. fritillarii-pallidiflori
Botrytis sp. Q.T. Chen & J.L. Li - - 10
Sclerotinia spermophila 4,8,9,

Botrytis sp. Homothallic Trifolium

Noble 12
B. sphaerosperma N.F Bt. sphaerosperma
- SPaerosp ah (P.H. Greg.) N.F. ; Allium 7.8.9
Buchw.
Buchw.
B. squamosa 1.C. Walker gt' squamosa Vienn.- Heterothallic ~ Allium 24,7,
ourg. 8,9
Tulipa,
B. tulipae Lind - - Lilium, 4,7,8,9
Allium

'I1=Buchwald, 1953; 2=Bergquist and Lorbeer, 1972; 3=Elliott, 1964; 4=Farr et al., 1989; 5=Godfrey,
1923; 6=Hennebert and Groves, 1963; 7=Hennebert, 1973; 8=Jarvis, 1980; 9=Kohn, 1979a; 10=Li and
Chen, 1987; 11=Moore, 1959; 12=Noble, 1948; 13=Van den Ende and Pennock, 1996; 14=Van den Ende
and Pennock-Vos, 1997; 15=Wu and Lu, 1991; 16=Yohalem et al., 2003.

It has been assumed (e.g. Farr et al., 1989) that Sclerotinia spermophila is the teleomorph of B.
anthophila but Noble (1948), although discussing this possibility, concluded that the linkage needed
confirmation. Although S. spermophila may belong to Botryotinia (Kohn, 1979a), the combination of Bt.
spermophila used by Jarvis (1977) has not been formalised.

31t has been assumed (e.g. Jarvis, 1980) that Bt. allii (Sawada) Yamam. is the teleomorph of B. byssoidea.
However, Kohn (1979b) provided evidence that Yamamoto was in error in concluding Sawada’s species
produces a Botrytis anamorph and she recombined Sclerotinia allii (Sawada) as Ciborina allii (Sawada)
Kohn. Nevertheless, Yamamoto (1959), who worked on Japanese isolates, determined the anamorph as B.
byssoidea, in which case the teleomorph he describes is that of B. byssoidea, albeit as yet unnamed.
However, the relationships of the Japanese fungus needs further study (Hennebert, 1963; Neilsen et al.,
2001).

Botryotinia is closely related to Sclerotinia and indeed findings with the rDNA
internal transcribed spacer (ITS) region challenge the generic delimitation and
provide support for a broad concept for Sclerotinia (Kohn, 1979a; Holst-Jensen et
al., 1998). The association of host-specific taxa with primarily northern hemisphere
temperate hosts indicates Botrytis is a northern hemisphere genus that has probably
been widely distributed by human activity including movement to southern
temperate regions. Knowledge of sexual breeding systems is critical to
understanding variation, but the rarity of apothecia of most species in the field, and
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the patience needed to produce the sexual stage in the laboratory, mean information
is incomplete.

Three species concepts have been emphasised in fungi, albeit with different
shades of interpretation: the morphological based on appearance, the biological
based on interbreeding, and the phylogenetic based on common descent, although
with plant pathogens host specificity is also emphasised (Brasier, 1997; Harrington
and Rizzo, 1999; Taylor et al., 2000). Species of Botrytis have to date been
delimited primarily on the basis of morphological and cultural characteristics
coupled with host specificity (Hennebert, 1973; Jarvis, 1977, 1980). Features such
as sclerotial size and form and conidium size are useful in delimiting some species,
but many species are morphologically similar and growing conditions significantly
influence variation. No key to all recognised species is available and identification
of species based on traditional criteria can be fraught (Nielsen et al., 2001). Use of
the biological species concept based on conducting sexual crosses in vitro is limited
and sexual crosses have been largely confined to elucidation of the sexual system,
although Bergquist and Lorbeer (1972) reported crosses were unsuccessful between
B. squamosa and B. cinerea. Most field isolates of B. cinerea can be readily crossed
in the laboratory producing highly viable ascospores, suggesting the existence of one
inter-breeding population (Sect. 3.2). Nevertheless, recent evidence suggests the
existence of a group of B. cinerea-like isolates unable to cross with B. cinerea tester
strains, at least in parts of Europe (Sect. 3.6).

Another approach to defining biological species involves determining the
distribution of allelic variation to define populations that are inter-breeding. This
approach has been applied to B. cinerea using DNA markers in particular, and
supports the proposal that B. cinerea, as currently recognised, does indeed comprise
two distinct inter-breeding populations (Sect. 3.6). The phylogenetic approach to
systematics has been boosted by the advances in DNA sequencing, but for Botrytis
this approach is in its infancy. The ITS rDNA region has been widely used for
species-level discrimination of fungal species, but variation in the ITS region within
Botrytis is low, limiting its use in this genus (Nielsen et al., 2001). The intergenic
spacer region (IGS) rDNA region may offer better prospects (Giraud et al., 1997),
although its usefulness may be limited by recombination. The value of using
multiple genes to recognise species on the basis of concordance between
independent gene phylogenies has been emphasised by Taylor et al. (2000). A
preliminary phylogenetic analysis for four nuclear genes (Leroux et al., 2002b)
demonstrates the existence of two phylogenetically distinct groups in B. cinerea
sensu lato and also confirms a close relationship between these species and B.
calthae, B. convoluta and B. fabae. Indeed, the analysis suggests B. calthae and B.
convoluta are segregates within the B. cinerea ‘phylogenetic’ species. These latter
species are all in the B. cinerea complex recognised by Hennebert and Groves
(1963), and have been distinguished primarily by host range coupled with subtle
differences in morphology.

An exemplar for the application of modern methods to species recognition in
Botrytis has been provided for the neck-rotting species of onion. Universal-primed
polymerase chain reaction (UP-PCR) fingerprinting, coupled with restriction
analysis of ITS rDNA regions, allowed five groups to be distinguished: B. cinerea,
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B. squamosa, B. byssoidea, and two groups in B. aclada (Al and AIl) (Nielsen et al.,
2001). The two groups of B. aclada could also be distinguished on spore size and
chromosome number (AIl has 32 compared with 16 in the other species), and
comparison of sequence-characterised DNA fragments provided strong evidence
that AII arose as an interspecific hybrid between Al and B. byssoidea (Nielsen and
Yohalem, 2001). Subsequently, Yohalem et al. (2003) proposed that the name B.
aclada be reserved for the small-spored subgroup (Al) and the previously
synonymised B. allii name be applied to the larger-spored group (AIl). The species
concept resulting from this study is essentially the operational species unit (OSU) of
Brasier (1997), defined as population units “sharing a common gene pool and
exhibiting a common set of physiological, ecological and morphological attributes”.

3. Botrytis cinerea

Most genetic studies in Botrytis have been carried out on B. cinerea. The two single
ascospore mating type tester strains SAS56 and SAS405 provide a common focus in
many studies and are referred to where appropriate. A recurrent theme of variation
in B. cinerea, indeed perhaps the main reason for its reputation as an unusually
variable fungus, is the existence of morphologically distinct cultural types. Usually
they are grouped as mycelial, sporulating (conidial) and sclerotial (Jarvis, 1977;
Lorbeer, 1980), but sub-types can be recognised (Faretra et al., 1988; Martinez et al.,
2003). Typically, such morphotypes are essentially stable when subcultured using
mass inoculum, but subcultures from single conidia often differ from the parents and
each other (Sect. 3.4.2). It is obvious that mycelia, sclerotia and conidia have
different abilities for survival and dispersal, and the relative roles of these structures
will vary greatly depending on ecosystem and season. Perhaps their dual occurrence
reflects a major role of disruptive selection with, for example, sclerotial types being
favoured on perennial hosts over winter and conidial types on annual hosts with
abundant susceptible flowers.

3.1. Nuclear number and chromosomes

It has been long established that both hyphal cells and conidia are multinucleate with
numbers for conidia usually in the range 3-6 (Grindle, 1979; Lorenz and Eichorn,
1983; Shirane et al., 1988). Microconidia are, on the other hand, uninucleate, seldom
germinate on laboratory media, and apparently function primarily as male gametes
in sexual crosses. Asci initially contain one diploid nucleus that undergoes meiosis
generating a tetrad of nuclei that divide again producing nuclei around which the
eight ascospores are formed; subsequently, mitotic divisions occur resulting in about
four nuclei in the mature single-celled ascospores (Lorenz and Eichorn, 1983;
Faretra and Antonacci, 1987).

The small size of fungal chromosomes makes their cytological karyotyping
difficult. Nevertheless, Shirane et al. (1988), using an elegant method to release
chromosomes from the tips of germlings, provided clear evidence for the presence in
mitotic metaphase of 16 chromosomes, and 16 chromosomes have also been
reported in developing asci (Faretra and Grindle, 1992).
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The small size of fungal chromosomes is an advantage for pulsed-field gel
electrophoresis, which has revealed that fungi in general exhibit a high degree of
chromosome-length polymorphism with homologous chromosomes differing in
length (Zolan, 1995), and in addition supernumerary chromosomes ("B"
chromosomes) are common (Covert, 1998). Studies with B. cinerea provide
evidence for up to 13 major bands (in the range 1.8-4.6 Mbp), corresponding to one
or more large chromosomes, along with up to three minor bands (in the range
220-580 Kbp), corresponding to small chromosomes and mitochondrial DNA (Van
Kan et al., 1993; Faretra et al., 1996; Vallejo et al., 1996, 2002). Vallejo et al. (2002)
reported seven different profiles amongst 22 field strains with from five to eight
bands per strain, and found individual karyotypes were highly reproducible
following repeated subculturing. Estimates of minimal genome size based on the
assumption of only one chromosome per band, range from 13.19-22.64 Mbp
(Vallejo et al., 2002). Higher estimates of 33.9-39.7 Mbp were calculated by Van
Kan et al. (1993), assuming intense bands correspond to two chromosomes. These
latter estimates equate to a chromosome complement of 12-14 chromosomes that,
given the cytological evidence of 16 chromosomes, indicates some bands may
correspond to more than two chromosomes. The chromosome profiles of ascospore
progeny in some instances match one or other parent, but other siblings may differ
from either parent and show novel profiles (Vallejo et al., 2002). These authors
conclude that generation of new chromosomal bands, and loss of others, is a result
of meiotic crossing-over between homologous chromosomes having heterologous
regions, thus generating homologous chromosomes of different length. Use of an
rDNA probe showed the rDNA gene cluster was located in a single high molecular
weight band, which varied in size depending on the strain. Faretra et al. (1996)
reported some small chromosomes showed anomalous segregation, indicating they
are supernumerary.

The ploidy level of various strains was examined by Biittner et al. (1994) using
fluorescent microscopy to estimate DNA content of individual nuclei relative to the
single ascospore strain SAS56. They treated SAS56 with benomyl under conditions
that induce haploidisation of diploid strains in 'model' fungi, and recovered a series
of strains that showed reduced DNA content, including one with only one-third of
that of the parental strain. They suggested strain SAS56 is polyploid, perhaps
triploid, with the derived strains representing euploid, or more likely aneuploid,
derivatives. Single ascospore strain SAS405 showed a DNA content of 0.69x that of
SASS56, consistent with it perhaps being diploid, and a series of field strains showed
values both lower and higher than strain SAS56. Biittner and Tudzynski (1996), in a
preliminary cytological report, detected differences in chromosome number both
within and between strains. In addition, individual nuclei in a given strain showed a
spectrum of values over a 3-fold range some of which were ‘haploid’ (P. Tudzynski,
Institut fiir Botanik, Miinster, Germany, pers. comm.). Various forms of
heteroploidy have been suggested for a range of fungi (Tolmsoff, 1983), and a
variety of mechanisms including failure of mitosis or fusion of nuclei, coupled with
chromosome loss or even gain may be involved. A small amount of the variation in
DNA content of the benomyl-induced variants may be a result of the elimination of
supernumerary chromosomes during vegetative growth (Covert, 1998). These
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findings must be considered in light of the knowledge that strains SAS405 and
SAS56 in particular, and most strains in general, are able to cross sexually
producing viable progeny (Sect. 3.2). It may be that the sexual crossing process acts
to restrict participation to haploid nuclei, whereas somatic cell function encourages
heteroploidy. If this is so, ascospores may initially be strict haploids, but give rise to
heteroploid colonies as they grow.

3.2. The sexual cycle in nature and in the laboratory

B. cinerea apothecia (Figure 1) are seldom found in nature (Lorbeer, 1980),
although it is salutary to reflect that Anton de Bary described Peziza (Botryotinia)
fuckeliana and B. cinerea from grapevine in Switzerland well over a century ago
(Gregory, 1949). While lack of searching and confusion with apothecia of
Sclerotinia and Monilinia may account in part for their apparent rarity, we suspect
apothecia are genuinely uncommon, at least when compared with these other genera.
Sclerotia have not been found, or are rare in the field in regions with warm dry
summers, including Almeria, Spain (Raposo et al., 2001) and Israel (Yunis and Elad,
1989), and it is thus unlikely apothecia will be found in these regions.

Figure 1. Apothecia of Botryotinia fuckeliana the teleomorph of Botrytis cinerea on a peach
mummy collected in the field in Hawke’s Bay, New Zealand (left and centre) along with a
cluster of apothecia arising from a sclerotium produced in the laboratory (right)

Despite the rarity of apothecia in nature, they can be readily obtained in the
laboratory following protocols refined by Faretra and Antonacci (1987) and Faretra
et al. (1988). Critically, they confirmed that most strains are heterothallic, carrying
one or other allele of the mating type gene, and designated standard single ascospore
tester strains for each mating type; SAS56 for MATI-1 and SAS405 for MATI-2. No
DNA sequence information is available for these genes in B. cinerea, but it is likely
they will comprise alleles of very different sequence (idiomorphs) as has been found
with other filamentous ascomycetes (Coppin et al., 1997). Crossing involves
preconditioning sclerotia of the female (sclerotial) parent in the cold, before
fertilizing them with a suspension of microconidia and vegetative cells derived from
the male (fertilizing or spermatial) parent. Strains are usually able to act as female or
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male parents, although strains incapable of sclerotial production cannot act as female
parents.

In studies involving numerous isolates sourced from around the world most
strains from the field were heterothallic, crossing successfully with one or other
tester strain (Lorenz and Eichorn, 1983; Faretra et al., 1988; Beever and Parkes,
1993; Faretra and Pollastro, 1993; Van der Vlugt-Bergmans et al., 1993; Delcan and
Melgarejo, 2002). The percentage of MATI-1 strains was slightly higher than
MATI-2 strains in most populations. In addition some strains behaved in
homothallic fashion producing fertile apothecia without spermatization and/or with
both tester strains. Faretra et al. (1988) concluded such MATI-1/2 strains (16% in
their study) are heterokaryotic for the mating type genes, that is, they are
pseudohomothallic. Some single ascospore progeny were also homothallic, but as
the ascospore nuclei derive ultimately from one haploid nucleus, such strains cannot
readily be explained by heterokaryosis. Reports of the incidence of homothallic
single ascospore strains vary from 4-6% (Faretra et al., 1988; Faretra and Pollastro,
1991, 1996), although Lorenz and Eichorn (1983) reported five of six strains
behaved in this manner. Faretra and Pollastro (1996) further showed some pairs of
ascospores dissected in order from eight-spored asci behaved in homothallic fashion,
and these ‘homothallic’ ascospores occupied the positions where MATI-2 would
have been expected, suggesting a process of unidirectional mating type switching
similar to that reported for some other ascomycetes including Sclerotinia trifoliorum
(Uhm and Fujii, 1983). The molecular basis of this instability is not yet understood,
but may result from the presence of both mating type idiomorphs in 'switching'
strains and the deletion of one of these during switching (Raju and Perkins, 2000).
The B. cinerea data are consistent with the proposal that in a few asci, one or two of
the four meiotic nuclei are epigenetically modified as a result of which switching
occurs in the following mitotic divisions and a mycelium heterokaryotic for mating
type is produced. The observation that MATI-1 strains typically exceed MATI-2
strains in field samples is consistent with switching during meiosis, although
switching during mitotic growth cannot be excluded.

3.3. Extrachromosomal elements

Fungi in general, and B. cinerea in particular, possess a variety of extrachromosomal
genetic elements including the chromosomes of mitochondria, viruses, plasmids and
transposable elements (Rosewich and Kistler, 2000). While mitochondria are clearly
essential to cell growth, the others are generally considered dispensable and to
behave as ‘'selfish genetic elements', although transposons integrate into
chromosomes and may play an important long-term role in evolution (Kidwell and
Lisch, 2001). Apart from encoding genes involved in their own existence, such
'genomic parasites' may influence their hosts in various ways. One critical question
is the nature of the inheritance and loss of such elements. It is probable such
elements are readily transmitted via conidia, but transmission into ascospore
progeny may in some cases be limited or occurs only via the maternal parent.
Transmission via somatic cell fusion may be restricted to a greater or lesser extent
by vegetative incompatibility (Sect. 3.4.1). In Neurospora crassa it is suggested the
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primary role of various gene 'silencing' processes such as the meiosis-associated
processes of 'repeat-induced point’ mutation (RIP) and 'meiotic silencing by
unpaired DNA' (MSUD), as well as the somatic cell process of quelling, may act to
restrict the spread of 'genomic parasites' (Shiu et al., 2001). It is not known whether
such processes are active in B. cinerea.

3.3.1. Mitochondria and mitochondrial plasmids

Mitochondrial DNA (mtDNA) provides a distinct non-nuclear source of genetic
variation especially suitable for the study of intraspecies variation in fungi (Typas et
al., 1998). The ascomycete mitochondrial genome is typically circular and the full
sequences of N. crassa (Griffiths et al., 1995) and some other species are available,
providing a rich resource for future investigation in B. cinerea. Preliminary studies
indicate that B. cinerea has a circular genome of about 25.8 Kbp (Vallejo et al.,
1996). Holst-Jensen and Schumacher (1994) found no polymorphisms amongst
seven isolates using a Neurospora mitochondrial TtDNA probe, whereas all were
distinguishable by RFLP using a nuclear rtDNA probe. Both linear and circular
mitochondrial plasmids are known in filamentous ascomycetes (Griffiths, 1995), and
linear plasmids of 2-3 Kb have been found in B. cinerea (Hiratsuka et al., 1987).
Such plasmids are generally considered to confer no selective advantage or
disadvantage on their host, merely encoding genes needed for their own replication,
although some may be associated with mitochondrion-induced ‘senescence’
(Griffiths, 1995). Gene transfer via cytoplasmic contact between both compatible
and incompatible strains has been invoked to explain patterns of distribution of
plasmids within other fungal species, and direct horizontal transfer has been
demonstrated (Rosewich and Kistler, 2000).

3.3.2. Transposable elements

Transposable elements in general can be divided into Class I and Class II types
(Daboussi, 1996; Kidwell and Lisch, 2001). Class I elements transpose by reverse
transcription of an RNA intermediate, whereas Class II elements transpose at the
DNA level by excising from one site and reintegrating at another site. Two
transposable elements have been found in some strains of B. cinerea. Boty is a 6-kb
putative Class I retrotransposon, characterised by a long terminal repeat (LTR),
present in multiple copies in different regions of the genome (Diolez et al., 1995;
Giraud et al., 1999). Flipper is a 1842 bp Class II element, present in up to 20 copies
per genome, and is known to be mobile by its insertion into nitrate reductase during
spontaneous mutant selection (Levis et al., 1997). Initially dot blot methods were
used to detect these elements, but more recently PCR methods have been developed
(Mufioz et al., 2002). When first reported, both elements were found in the same
strain (fransposa strains), whereas vacuma strains lack both elements. However,
strains containing only the Boty element have now been detected in Europe (Giraud
et al., 1999; De Miccolis et al., 2004) and Chile (Muifioz et al., 2002), and strains
containing only the Flipper element have been detected in Europe (Albertini et al.,
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2002; De Miccolis et al., 2004). The nine copies of Flipper in strain SAS405 each
segregated in Mendelian fashion in a cross with SAS56, which lacks the element
(Levis et al., 1997). The copies segregated independently, indicating they were
unlinked, and copy number did not change during the cross. This observation
suggests Flipper at least will spread rapidly through a population if sexual crossing
is occurring.

3.3.3. Mycoviruses

Mycoviruses, including those characterised by encapsulated genomes and others that
lack protein capsids, are common in fungi but unlike viruses in other organisms, are
not infectious per se (Buck, 1998; Ghabrial, 1994). They are typically readily
transmitted into asexual progeny, but transmission to sexual progeny is often
inefficient or absent (Coenen et al., 1997; Chun and Lee, 1997). Most mycovirus
genomes are double-stranded RNA (dsRNA) and their presence can be readily
detected by gel electrophoresis. Such dsRNAs are common in B. cinerea. Howitt et
al. (1995) reported that over 70% of 200 isolates were infected. The dsRNA profiles
observed in this survey varied widely in number (1-8 bands) and size (c. 0.8-1.5
Kbp) and few of the 143 profiles were identical. This complexity may reflect mixed
infections, the presence of satellite viruses, or defective dsRNAs derived by
deletion. Isometric, bacilliform and filamentous virus-like particles have been found
in B. cinerea (Howitt et al., 1995), and two isometric dSRNA mycoviruses have
been partially characterised (Vilches and Castillo, 1997; Castro et al., 1999). In both
cases, the viruses were located in the cytoplasm and associated with some cellular
degeneration. Apart from this observation, there is no evidence that dsSRNA viruses
have any major phenotypic effect (Howitt et al., 1995). Transmission studies
indicate they are not passed to ascospore progeny (F. Faretra, Universita di Bari,
Bari, Italy, pers. comm.).

As well as dsSRNA mycoviruses, two single-stranded RNA (ssRNA) mycoviruses
have been characterised and indeed fully sequenced from B. cinerea (Howitt, 1998;
Howitt et al., 2001). Both were associated in the same isolate with flexuous rod-
shaped particles resembling plant 'potex-like' viruses. Botrytis virus F (BVF)
contains a genome of 6827 nucleotides, and Botrytis virus X (BVX) a genome of
6966 nucleotides both with poly(A) tracts. They each differ sufficiently from
existing viruses, and from each other, to warrant recognition as new viral genera.
The similarity between these mycoviruses and plant viruses, including, a remarkable
73% amino acid identity between the putative RNA-dependent RNA polymerase of
BVX and that of the allexivirus Garlic virus A, suggests some form of horizontal
gene transfer between plants (specifically Allium) and B. cinerea.

Hypovirulence-associated dSRNA mycoviruses, which reduce the pathogenicity
of their host fungi, have attracted particular interest because of their possible use in
biocontrol (Buck, 1998; Dawe and Nuss, 2001). Such viruses are known from
Sclerotinia spp. (Boland, 1992; Deng et al., 2002) and have recently been identified
in Botrytis (Castro et al., 2003).
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3.4. Somatic compatibility and heterokaryosis
3.4.1. Somatic compatibility

Characterisation of groups of somatically compatible individuals provides a
powerful approach to subdividing fungal species (Correll and Gordon, 1999; Glass
et al., 2000). Evidence for the existence of vegetative compatibility groups (VCGs)
has usually been obtained using auxotrophic mutants derived from the strains being
tested. Different classes of chlorate resistant, nitrate non-utilising (Nit) mutants have
been widely used for this purpose because spontancous mutants are often readily
selected in target fungi, they can be easily classified into different nitrogen usage
phenotypes on minimal medium amended with various nitrogen sources, and
complementation is easily scored on minimal medium. Typically, a range of mutants
are recovered, but the most reliable are usually those deficient in nitrate reductase
apoenzyme (nitl) and those defective in synthesis of the molybdenum containing
cofactor needed for nitrate reductase and xanthine dehydrogenase activity (NitM).

Figure 2. Complementation matrix demonstrating existence of VCGs in B. cinerea. Spore
suspensions of nitl (rows) and NitM (columns) mutants derived from three field strains
(A,B,C) have been superimposed on nitrate medium + Triton (Beever and Parkes, 2003).
Mutant pairs from the same parent all complement as do the mutants from strains B and C,
indicating they are in the same VCG

Beever and Parkes (2003) devised a method facilitating recovery of both nit/ and
NitM pairs of B. cinerea mutants and confirmed the existence of multiple VCGs,
with all six field strains examined being in different groups. These strains all crossed
successfully with SAS56 or SAS405 tester strains, which were themselves in
different VCGs. Subsequent studies have shown a large number of VCGs exist
within the B. cinerea population, and to date we have recognised 45 amongst 57
field strains, with few isolates being in the same group (Figure 2) (P. Weeds and R.
Beever, unpubl.). Selenate resistant mutants have also been used to demonstrate
complementation (Korolev et al., 2003).
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The genetic basis of vegetative incompatibility in B. cinerea is not known, but
evidence to date suggests it conforms to the system found in other ascomycetous
fungi (Glass et al., 2000). In these, vegetative incompatibility is typically determined
by a series of vegetative incompatibility (vic or het) genes that exist in two or
occasionally more allelic states. Strains that carry identical alleles at all loci are
compatible, those that differ at one or more loci are incompatible. VCGs are
determined by unique combinations of vic genes, such that if six vic loci with two
alleles per locus are segregating in a population, 64 (2°) groups are theoretically
possible. Sexual crossing has been shown to generate new VCGs in B. cinerea
(Beever and Parkes, 2003). Considering both field and single ascospore isolates we
have identified over 66 distinct VCGs consistent with the presence of at least seven
vic genes in the B. cinerea population (P. Weeds and R. Beever, unpubl.). The
existence of homothallic strains of B. cinerea heterokaryotic for mating type (Faretra
et al., 1988) indicates MAT! does not act as a vic gene in this species, as it does in N.
crassa. The large number of VCGs, and the limited occurrence of isolates in the
same VCG, suggests sexual recombination plays an important role in the field in B.
cinerea. The diversity of dsRNA profiles seen in field strains (Howitt et al., 1995)
suggests hyphal fusion is uncommon, a proposal consistent with the existence of
multiple VCGs. The homologue (Bc-ich) of the N. crassa het-c gene has been
cloned and sequenced in a number of B. cinerea strains, but it does not appear to act
as a vic gene in this species (Fournier et al., 2003).

Numerous fungi, including Sclerotinia and Monilinia, form distinctive
interaction lines when paired on agar media (Kohn et al., 1990; Free et al., 1996).
While such “barrage” lines indicate the existence of incompatibility, caution should
be exercised in assuming that mycelial compatibility groups (MCGs) recognised in
this manner match VCGs described above. All tester isolates for the nine VCGs
recognised by Beever and Parkes (2003) formed strong interaction zones with other
tester strains, an observation consistent with the congruence of these two systems.
However, classifying field strains into distinct groups using the mycelial
compatibility test is often difficult, with the number and intensity of dark lines
varying depending on strain combination. Delcan and Melgarejo (2002) examined
the interactions between numerous strains and found few were compatible, although
a mycelial-free space, rather than a dark interaction line, was observed in some
interactions indicating that more than one phenomenon may be involved. R. Beever
and S.L. Parkes (unpubl.) obtained single ascospore strains after a series of
backcrosses that complemented using Nit mutants but nevertheless still produced a
dark interaction line. Ford et al. (1995) likewise reported the lack of a direct
correlation between these two systems in S. sclerotiorum, and Micali and Smith
(2003) concluded the two phenomena are distinct in N. crassa. We conclude it is
premature to equate mycelial and vegetative incompatibility in B. cinerea.

3.4.2. Heterokaryosis

Despite the longstanding interest in heterokaryosis in B. cinerea (Hansen, 1938;
Menzinger, 1966; Jarvis, 1977; Grindle, 1979; Lorbeer, 1980), evidence for its
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existence is rather limited, although the formation of ‘laboratory’ heterokaryons
between mutants from the same parent is clearly established (Weeds et al., 1998;
Beever and Parkes, 2003). Broadly speaking early work showed monoconidial
isolates derived from a single parent often differ morphologically. For example,
Hansen (1938) recognised so-called mycelial (M), conidial (C) and intermediate
(M/C) types, and found M and C types ("homotypes') generated only M and C types
respectively, whereas the M/C types (‘heterotypes’) gave rise to all three types. He
concluded the M/C types were natural heterokaryons, comprising a mixture of C and
M nuclei. Menzinger (1966) obtained broadly similar results, although in some
instances finding more than two 'homotypes', and concluded B. cinerea isolates are
frequently heterokaryotic (18 of 29 isolates examined). Grindle (1979) also studied
variation of monoconidial progeny, and found that while five strains showed little
variation, one strain generated a diversity of morphotypes and in addition some
monoconidia from this isolate were non-viable, perhaps carrying a lethal gene. He
concluded that while heterokaryosis as interpreted by Hansen (1938) might account
for his findings, the possible role of cytoplasmic elements needed consideration.

The major question about heterokaryosis is to what extent it accounts for
biologically significant variation of field strains. The most direct evidence for
significant heterokaryosis in field strains comes from mating type gene studies.
Faretra et al. (1988) found that monoconidial isolates of homothallic field isolates
either remained homothallic (i.e. were presumably heterokaryotic MATI-1 + MATI-
2) or behaved as heterothallic (i.e. were presumably either MATI-1 or MATI-2
homokaryons). Some evidence on heterokaryosis has come from the study of
fungicide resistance. Summers et al. (1984) demonstrated that a dicarboximide
resistant field isolate was a heterokaryon and they were able to resolve it using
monoconidial isolates into homokaryotic sensitive and resistant types. Furthermore,
they showed the relative balance of fungicide-resistant and fungicide-sensitive
nuclei in the heterokaryon responded to the presence of fungicide in the medium.
Faretra and Pollastro (1993), working with field and laboratory dicarboximide-
resistant isolates, and Pollastro et al. (1996), working with field dichlofluanid-
resistant isolates, found some isolates did not always transmit their resistant
character to sexual progeny, and resistance was also lost from some asexual
progeny, indicating the parent isolates were heterokaryons between resistant and
sensitive nucleotypes. Low-level anilinopyrimidine-resistant strains from the field
behave as heterokaryons in which the resistant nucleotype is lethal in the
homokaryotic state (De Miccolis Angelini et al., 2002).

Findings on population structure (Sect. 3.6), sexual crossing (Sect 3.2) and
somatic compatibility (Sect. 3.4.1) allow an explicit interpretation of how
heterokaryosis may operate in B. cinerea. Population and VCG studies indicate
sexual reproduction plays a major role in determining population variation, and
sexual crossing studies indicate most strains are heterothallic and capable of
crossing. It is reasonable to propose that ascospore progeny will be initially
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homokaryotic, carrying one or other mating type gene, and mostly be in different
VCGs. The large number of VCGs observed in the field, and the diversity of their
dsRNA profiles, suggest fusion of genetically different strains in the same VCG is
uncommon. Thus the question can be asked as to how heterokaryons comprising
genetically different nuclei do arise in the field. As for mating type, it is reasonable
to suggest that it arises by ‘switching’ after meiosis within a single ascospore
lineage (Sect. 3.2), and thus the heterokaryotic nuclei will be homozygous for other
loci including the vic loci, a prediction that can be tested. This special case apart, we
suggest the main mechanism for heterokaryon generation is likely to be mutation
within somatic lineages. The apparently infrequent occurrence of apothecia in the
field implies such lineages may be long-lived, in which case it is axiomatic that
mutations will occur and, if recessive in particular, might persist for long periods. It
is probable that many such mutations will affect morphological properties such as
conidiation and sclerotium production and be essentially recessive in the
heterokaryotic state. And of course long-lived lineages would be expected to
produce multiple nuclear types within the same lineage; the recognition of 'dual’
heterokaryons comprising just two nucleotypes may be an over-simplification. Such
an explanation might account, for example, for highly variable strains such as Strain
9 studied by Grindle (1979) and Strain 16 studied by Menzinger (1966).

It is possible that a form of the parasexual cycle (Debets, 1998) implying at least
transient diploid nucleus formation, aneuploid formation and gene recombination,
may operate in B. cinerea. The heteroploidy observed by Biittner et al. (1994) is
consistent with, but by no means evidence for, the existence of such a process.
Parasexual recombination could at least in theory provide an alternative to sexual
recombination in generating diversity (Sect. 3.6). However, the scarcity of VCGs
with multiple members suggests it is unlikely to play a significant role.

3.5. Linkage studies

Although a method to routinely cross B. cinerea has been available for over a
decade, few studies involving sexual crossing have been published. Nevertheless,
these are sufficient to establish that the essential features conform to those of model
fungi such as N. crassa. Single gene markers encoding resistance to benzimidazole
fungicides (Mbcl) and dicarboximide fungicides (Daf7) have been identified and
shown to be loosely linked to each other, but not to Matl, using random ascospore
analysis (Faretra and Pollastro, 1991; Beever and Parkes, 1993). Tetrad analysis
demonstrated MATI is located about 12 map units from its centromere, and Mbcl
may be loosely linked to its centromere (Faretra and Pollastro, 1996). Two single
genes (Dicl and Dic2) encoding resistance to the fungicide dichlofluanid have been
identified, showing loose linkage to Dafl in some crosses (Pollastro et al., 1996).
Weeds et al. (1998) showed neither Se// (encoding resistance to selenate) nor nit/
was linked to Dafl or Mbcl. As well as their intrinsic value in beginning a
framework for a genetic map of B. cinerea, a major use of these various marker
genes is to confirm whether crossing has indeed occurred in laboratory crosses.
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3.6. Population studies using molecular markers

The development of molecular techniques has revolutionised and energised fungal
population genetics by providing numerous readily available genetic markers
(Chapter 4; Bridge et al., 1998). Multilocus techniques such as RAPDs and AFLPs
are convenient and allow ready scoring of numerous polymorphic loci, but are
limited by features including difficulties of reproducibility and the assumption that
co-migrating bands are identical. Single-locus techniques such as RFLPs are highly
reproducible and allow greater precision for estimating genetic parameters, but are
more labour intensive (McDonald, 1997). Microsatellite markers, which offer
numerous polymorphisms coupled with high reproducibility and convenience, have
been developed for B. cinerea (Fournier et al., 2002), but as yet not widely applied.

Studies using RAPDs and AFLPs with B. cinerea have usually recognised 50 or
more polymorphic markers. Van de Vlugt-Bergmans et al. (1993) studied eight
Dutch field isolates, as well as SAS56 and SAS405, and found all could be
differentiated, although two of the eight field isolates, recovered 4 years apart from
different hosts, differed by only one marker. Crossing studies showed most markers
segregated independently in Mendelian fashion and were unlinked. Kerssies et al.
(1997) studied 29 isolates collected from inside and outside Dutch glasshouses and
found that for all 70 markers scored, only two were identical, although a few others
showed high similarity. Cluster analysis recognised three groups, but no pattern
relating to biology of the groups was detected. Alfonso et al. (2000) studied 40
strains from Spain and found the population as a whole was highly heterogeneous,
with little differentiation of the subpopulations between different greenhouses or
regions; nor was significant differentiation detected when isolates from other
countries (Israel, Italy, Holland) were included in the analysis. Moyano et al. (2003),
working with 44 Spanish isolates from six greenhouses, found only two haplotypes
(multilocus genotypes) had more than one member, one comprised of three isolates,
the other of two. Six isolates showing the benzimidazole-sensitive/procymidone-
resistant fungicide resistance phenotype clustered together, but no other biological
correlations were detected. Thompson and Latorre (1999), studying isolates from
various hosts in Chile, also found high genotypic diversity and, based on only 15
isolates, speculated that there was some clustering based on host. Yourman et al.
(2000) found all 56 isolates from greenhouses in South Carolina (USA) were
different, but found some clustering in relation to fungicide sensitivity. Mufioz et al.
(2002) found all of 69 isolates from Chile, including two from the same kiwiftuit,
had different haplotypes indicating the absence of clonal lineages; however, the data
indicated some clustering of isolates by host. In summary, these findings all indicate
the B. cinerea population is genetically very diverse with no indication of
widespread clonal lineages, even in relation to fungicide resistance that might have
imposed a genetic bottleneck on some populations.

The most comprehensive population studies of B. cinerea have been conducted
by Y. Brygoo and colleagues (Brygoo et al., 1998; Chapters 4 and 12) using a range
of markers including presence or absence of the transposable elements Boty and
Flipper, a suite of PCR-RFLP markers (based on the rDNA intergenic spacer region,
nitrate reductase, ATP synthase and ADP-ATP translocase, and some unidentified
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sequences) as well as single gene-encoded fungicide resistance to benzimidazole and
dicarboximide fungicides. Giraud et al. (1997), using 16 such markers, identified
134 haplotypes in a sample 259 isolates collected from grape in Champagne, France,
with the most common accounting for only 5% of isolates. Isolates collected from
the same plant always had different haplotypes and up to five different haplotypes
were found in spores isolated from a single berry. Even isolates identical for all 16
markers could be further differentiated on the number and location of copies of the
transposable elements. This extensive genotypic diversity indicates limited clonal
propagation and a significant role for recombination. Additionally they found highly
significant differences in allelic frequencies between transposa isolates, carrying the
transposable elements Flipper and Boty, and vacuma isolates that lack them, and
four alleles were restricted to one or other population. Linkage disequilibrium
estimates suggested 17.9% of pairs of loci for vacuma, and 5% for transposa, were
in linkage disequilibrium, low values consistent with limited clonal reproduction.

In a subsequent study, Giraud et al. (1999) used the previous markers as well as
some additional ones, including resistance to the fungicide fenhexamid, to examine
107 field isolates from various host plants growing around the vineyards where the
grape isolates were recovered. Their findings mirrored those of the grape study, with
74 haplotypes being found — with the most common constituting only 8% of strains.
Genotypic diversity (number of haplotypes/ number of isolates x 100) was similar in
both studies, with transposa values of 55% (56% in grapes) and vacuma of 57%
(70% in grapes). Giraud et al. (1997, 1999) concluded their data indicated the
existence of two ‘sibling species’ vacuma and transposa, a conclusion consistent
with the restriction of transposons to one population. The two groups recognised in
this way correlated with a slight but statistically significant difference in spore size,
spores of vacuma being slightly larger than fransposa isolates. Subsequent studies
have extended and modified these conclusions (Albertini et al., 2002; Fournier et al.,
2003). While two distinct populations are still recognised, they are not fully
coincident with those previously recognised. The new groups are differentiated
unequivocally by fixed amino acid level polymorphisms in two genes, Cyp5! (140~
demethylase gene) and Bc-hch (B. cinerea het-c homolog), as well as by their
response to the fungicide fenhexamid: Group I isolates are resistant to fenhexamid,
whereas Group II isolates are sensitive to fenhexamid. Group I isolates were all
vacuma type, whereas Group II isolates included both vacuma and transposa types.
Fournier et al. (2003) re-analysed part of the data of Giraud et al. (1997) and
confirmed the genetic distinctiveness of Groups I and II. Leroux et al. (2002a, b)
provide additional data on the nature of Groups I and II. Fertile crosses have been
obtained between strains within each group (including both vacuma and transposa
types in the case of Group II), but not between the groups, indicating they are
reproductively isolated.

Mycelium compatibility tests suggest that Group I isolates comprise one MCG,
as distinct from Group II isolates, which encompass numerous MCGs. Group I
strains also have longer conidia and faster mycelium growth rate than Group II
strains. Furthermore, combined phylogenetic analysis of four nuclear genes,
including Be-hch, and Cyp51, clearly support the distinction between Group I and 11
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strains. In summary, while some data are still to be published in full, these findings
provide sound support for recognition of a second polyphagous Botrytis species
reproductively and genetically distinct from B. cinerea. Leroux et al. (2002a, b)
name but do not formally describe Group I isolates as B. pseudocinerea’. This
species is so far known only from Europe (France, Germany, UK), where it occurs
on a number of hosts (Leroux et al., 2002a; Fournier et al., 2003). In many ways the
situation here resembles that of B. fabae, which also closely resembles B. cinerea
but can be differentiated morphologically by its slightly larger conidia (Harrison,
1988).

Excluding the B. ‘pseudocinerea’ vacuma group from consideration leaves
questions about the relationship of vacuma and transposa subpopulations within B.
cinerea sensu stricto. In particular, if sexual reproduction is common, why have the
transposons not infected all strains in the population? One possibility is that they are
still spreading through the populations (Muifloz et al., 2002), a possibility supported
by the rarity of apothecia in the field. Another is that B. cinerea possesses a
mechanism to resist infection or to remove transposons from their genome. Martinez
et al. (2003) report on phenotypic differences between transposa and vacuma groups
in a sample of 121 isolates from near Bordeaux (France). Only two were B.
‘pseudocinerea’, and thus the findings apply essentially to B. cinerea sensu stricto.
Pathogenicity of both groups on grape and tobacco leaves was similar, but mycelial
growth rate of transposa strains was slightly lower than vacuma strains at favourable
temperatures.

3.7. Botrytis cinerea - a synthesis

A changing picture is emerging of the genetic structure of B. cinerea. Traditionally,
sexual reproduction has been considered to play a minor role, but most strains retain
the ability to intercross, producing fully fertile progeny (Sect. 3.2). On the other
hand, heterokaryosis has traditionally been considered very important, but the
numerous VCGs in the population, presumably resulting from sexual recombination,
suggest this process plays only a limited role (Sect. 3.4.2). Molecular markers
indicate high levels of recombination (Sect. 3.6) which, given the limitations
imposed on heterokaryosis by vegetative incompatibility, probably results from
sexual rather than parasexual processes. The rarity of identical haplotypes, even
when hundreds are examined, suggests the total number of variants in populations is
very large. The effective size of such populations is unknown, but B. cinerea is
recognised as present in appreciable numbers in the air spora (Jarvis, 1977). It is
possible that migration over considerable distances is more important than generally
appreciated, especially in increasing variation in dry climates where apothecia are
unlikely to occur.

The infrequent discovery of apothecia in the field, the large proportion of field
strains infected by mycoviruses and the observation that many strains do not carry
transposons, all suggest that, despite its critical role, sexual reproduction is
nevertheless infrequent and lineages may be relatively old. It is probable that
mutations conferring morphological variation and fungicide resistance will arise in
such lineages and, depending on selection, increase. The extent mutation plays in
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generating haplotype variation within ascospore lineages needs clarification. Recent
findings indicate that other processes such as heteroploidy (including aneuploidy)
may be important but exactly how is still unclear (Sect. 3.1), as is the role of
extrachromosomal determinants (Sect. 3.3). The impact of agricultural practice on B.
cinerea genetics has yet to be clarified, but has likely been very significant both in
providing large susceptible monocultures and protected environments encouraging
proliferation in otherwise non-conducive climates. It remains to be seen whether a
‘natural’ population of B. cinerea can be located, but if so it would likely provide
fresh insights into its genetics. In summary, we conclude the B. cinerea population
comprises a very large number of different ascospore lineages that are both
widespread and highly mobile. The ability of most strains to intercross with standard
tester strains suggests B. cinerea, excluding B. ‘pseudocinerea’, comprises a single
species.

4. Genetics of other species of Botrytis

In contrast to B. cinerea, relatively little is known about the genetics of other species
of Botrytis. Shirane et al. (1989) reported chromosome numbers of 16 for B.
byssoidea, B. squamosa and B. tulipae, while two chromosome numbers were found
in B. allii sensu lato; 16 for what is now recognised as B. allii sensu stricto and 32
for the slightly larger spored B. aclada sensu stricto (Sect. 2). Additionally, they
noted significant differences in nuclear number per conidium with mean values for
B. allii and B. aclada of 1.3-1.5, of B. byssoidea of 5.0-5.1 (similar to B. cinerea
with values of 4.0-5.1) and B. squamosa of 18.4.

Horizontal gene transfer may play a greater role in fungal evolution than in the
evolution of other eukaryotes, nevertheless remaining 'difficult to prove beyond
reasonable doubt' (Rosewich and Kistler, 2000). The possibility of such transfer has
been explored in relation to B. porri and B. elliptica, as part of a study on possible
horizontal gene transfer between species of Sclerotiniaceae (Holst-Jensen et al.,
1999). Specifically, these authors proposed that a nuclear rDNA intron might have
been transferred from a hypothetical Myriosclerotinia-like ancestor to these Botrytis
species, as well as to species in other genera, including S. sclerotiorum. The intron is
not present in B. cinerea, B. calthae or B. convoluta. They suggest that the transfer
may have been mediated by an RNA or DNA mycovirus moving between the
species, and speculate that such gene transfer may be on-going.

4.1. Botrytis elliptica and Botrytis tulipae

The population genetics of B. elliptica has been studied by examining 69 isolates
from the USA and Taiwan using 22 polymorphic RAPD markers (Huang et al.,
2001). A total of 43 unique haplotypes were identified divided into two clusters, one
restricted to Taiwan, the other to the USA. Only a few haplotypes were represented
by more than one isolate, mostly but not exclusively from samples collected within
one nursery block. Provided that these presumptive clones were excluded, there was
little indication of gametic disequilibrium. The findings suggest that sexual
reproduction plays a significant role in determining the population structure in this
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species, although apothecia have never been observed in the field in the USA or
Taiwan. Nevertheless, apothecia have been reported from the field in The
Netherlands, albeit with scant details available (Van den Ende and Pennock, 1996;
Van den Ende and Pennock-Vos, 1997). Unpublished results with Dutch isolates
using multiple gene sequence information and AFLP data confirm B. elliptica is
highly variable (M. Staats and J. van Kan, Wageningen University, The Netherlands,
pers. comm.). In contrast, Dutch isolates of B. fulipae showed little variation,
suggesting this species is primarily clonal, consistent with the lack of a sexual stage.

4.2. Botrytis species from onion

Morphological mutants have been recovered in B. squamosa using chemical
mutagenesis as well as mutants resistant to the fungicide botran, the latter
segregating as a single gene (Bergquist and Lorbeer, 1973). The existence of
heterokaryosis in this species, based on the morphology and stability of single-
spored conidial cultures (Sun, 1989) has been suggested but, as with B. cinerea
(Sect. 3.4.2), other interpretations are possible.

Variation of a number of onion-associated species has been investigated using
UP-PCR (Nielsen et al., 2001). B. squamosa showed high diversity with 10 of 11
isolates showing unique haplotypes, consistent with its known heterothallic sexual
reproduction. In contrast, B. aclada and B. allii (B. aclada subgroup All) showed
little variation consistent with a high degree of clonality and the absence of known
teleomorphs for these species. While only three isolates of B. byssoidea were
examined, they were all identical, despite being from the USA, The Netherlands and
the UK, suggesting the population may be mainly clonal. Its presumed teleomorph,
Bt. allii, is only known from Japan where it is associated with a leaf blight rather
than neck rot. The precise relationship between these entities remains to be
elucidated (Table 1).

4.3. Botrytis fabae

This species closely resembles B. cinerea but is a specialised pathogen of Vicia
bean, distinguished by higher pathogenicity, somewhat larger spore size, tendency to
produce small sclerotia in culture and protein electrophoresis patterns (Backhouse et
al., 1984; Harrison, 1988). Hutson and Mansfield (1980) explored the pathogenicity
of 15 different macrocondial lineages from one parent, and found a two-fold
difference in lesion diameter hinting at the possibility the original strain was a
heterokaryon or heteroplasmon.

5. The future

Botrytis genetics is poised for rapid advances in the next few years, following
elucidation of the full nuclear genome of at least one selected strain of B. cinerea.
While this information will help resolve outstanding questions such as the number of
chromosomes, it will leave unanswered many questions in taxonomy, population
genetics and ecological and host specialisation. Progress in both taxonomy and
genetics of Botrytis depends on availability of characterised strains and we make a
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plea for workers to deposit strains in recognised culture collections, and where
appropriate to include well-studied strains in their work.
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CHAPTER 4

APPROACHES TO MOLECULAR GENETICS AND
GENOMICS OF BOTRYTIS
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Miinster, Germany

Abstract. Molecular genetic techniques have revolutionized the detailed analysis of infection strategies
and pathogenicity of Botrytis. Based on the availability of all necessary molecular tools, an impressive
(and rapidly growing) number of genes has been functionally analysed by targeted inactivation
approaches. The result of these studies, taken together with the new opportunities arising from
"genomics" of B. cinerea, has developed into one of the model systems for molecular phytopathology.
The methodologies and tools available for the cloning of genes and their functional analysis will be
discussed and a compilation given of the deletion mutants obtained so far (dealt with in detail in other
chapters). Current trends and perspectives of this rapidly developing field are discussed.

1. Introduction

Though the first report of a successful transformation of a Botrytis strain appeared in
1989 (B. squamosa, Huang et al., 1989), it took some years before the molecular
genetics of Botrytis was approached on a broad scale. In the last monograph on
Botrytis (Verhoeff et al., 1992) there is only limited reference to molecular data and
few research groups had initiated molecular work. Today more than a dozen teams
are working intensively on molecular genetics of Botrytis spp., and relevant
molecular tools e.g. transformation protocols, genomic and cDNA libraries, are
available. As a consequence of this expansion and success the genus Botrytis has
become one of the model systems for molecular phytopathology. The great
economic importance of this work and hence the strong industrial interest (i.e.
Syngenta and Bayer) helped to hasten this development. Indeed, the inputs from
agribusiness companies initiated the genomics approach for Botrytis. Though the
genomic sequence of B. cinerea is so far not publicly available, cloning of any gene
of interest is possible, due to high homology to other available fungal genomic
sequences and with the help of e.g. public expressed sequence tags (EST) data (see
below). Expression of individual genes can be easily monitored in planta by
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classical northern analysis (Rolke et al., 2003), or by reverse transcription-PCR (RT-
PCR; e.g. Choquer et al., 2003).

The high efficiency of targeted gene inactivation allows a rapid functional
analysis of proposed pathogenicity-related genes. The list of functionally analysed
genes is growing (see below). These analyses yielded several surprising results, both
positive and negative, i.e. supporting or challenging hypotheses based on "classical"
analyses. The successful application of these techniques is presented in several
chapters of this book. In combination with "classical" approaches of biochemistry,
genetics and cytology, these molecular genetic techniques have led to a
breakthrough in our understanding of the complex biology of important pathogens
including Botrytis.

Various techniques that are available for cloning B. cinerea genes and for
generation of transgenic strains of Botrytis will be reported in this chapter, focusing
on functional analyses.

2. Generation of transgenic Botrytis strains

2.1 Transformation systems

Huang et al. (1989) were the first to report successful transformation of a Botrytis
species, B. squamosa. They used a standard Aspergillus nidulans vector, pDH25,
containing a bacterial gene for hygromycin phosphotransferase (4ph), and a standard
transformation protocol via protoplast generation. They obtained stable
transformants carrying ectopic (partly multiple copy) integrations of the vector, at a
rate of < 0.1 transformants/ug DNA. The #hph selection and protoplast
transformation system is still the method of choice for Botrytis, though the vectors
and the techniques have been refined. Hamada et al. (1994) used the standard vector
pAN7-1 for the transformation of B.cinerea; they obtained up to 10
transformants/ug. The resulting transformants proved to be stable without selection
pressure after several rounds of sub-culturing. This vector was used by several
groups. However, the #7pC terminator and the gpd promoter from A. nidulans was
later found to be suboptimal for Botrytis (J. van Kan, Wageningen Univ., The
Netherlands, pers. comm.). Therefore, the Wageningen group designed a new vector
(pLOBI1) based on the o/iC promoter of 4. nidulans and the tubulin terminator from
B. cinerea. Using this vector and a special recipient strain, B05.10 (Quidde et al.,
1999), transformation rates of up to 100/ug DNA were routinely achieved. As an
alternative to protoplast transformation, biolistic transformation was applied by
Hilber et al. (1994). However, the transformation rate was too low; since the
protoplast technique was efficient, the biolistic approach has not been used widely.
Alternative selection systems were also developed: the bacterial ble gene
conferring resistance to bleomycin (and its derivative phleomycin) was successfully
used by Santos et al. (1996) and Quidde et al. (1999). This selection system is
effective, but there often is high background and a higher level of spontaneous
resistance than with the Aph system. Recently, an attractive alternative selection
system based on resistance to the non-toxic antibiotic nourseothricin was developed.
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The vector pNRI1 carrying the bacterial nat!/ gene conferring resistance to
nourseothricin, with the same promoter/terminator sequence as in pLOB1 (B.
Tudzynski, unpubl.), yields high transformation rates without background. Several
groups who had worked with the bialaphos resistance system in Magnaporthe grisea
found that this selection system also was quite effective in B. cinerea (e.g. Viaud et
al., 2003). In addition, Levis et al. (1997) demonstrated the option to use the nitrate
reductase system for selection of transformants. Taken together, advances provide
selection systems that allow the generation of multiple knock-out mutants in B.
cinerea.

2.2. Targeted gene-inactivation

An important specific feature of fungal molecular genetics is the possibility to create
knock-out mutants by homologous integration of DNA fragments provided by
vectors. The degree of homologous integration varies between different fungal
systems, e.g. 1-2 % in Claviceps purpurea (Oeser et al., 2002) to more than 50 % in
Ustilago maydis (Banuett, 2002). In most of the analyses reported so far,
homologous integration rates in B. cinerea are at the upper end of the scale. In
principle, two different approaches are possible for a targeted gene inactivation: 1)
gene disruption, involving integration of an internal gene fragment (in a circular
vector) by a single crossover event; and 2) gene replacement, involving integration
(by two simultanous crossover events) of a replacement fragment consisting of two
flanking regions of the gene separated by the selection cassette (usually transformed
as a linear DNA fragment, without the E. coli vector component). Since the former
approach yielded only infrequent inactivation rates (experience in P. Tudzynski’s
laboratory, Miinster and J. van Kan, pers. comm.), gene replacement has become the
method of choice for the generation of knock-out mutants in Botrytis.

When designing a functional replacement vector sufficiently long flanking
regions (normally 0.5 — 1 kb) are required, and the replacement cassette (flanking
sequences + selection cassette) should be excisable from the vector with two
different restriction enzymes. Otherwise, re-circularisation of the fragment can occur
yielding complex integration patterns without the desired knock-out effect (J. van
Kan, pers. comm.; experience in P. Tudzynski’s laboratory). Though long flanks
facilitate homologous integration, smaller flanking regions can also be used,
allowing application of knock-out strategies developed as for yeast transformation.
J. van Kan and I. Kars (pers. comm.) optimised a PCR-based technique for the first
generation of replacement cassettes. To circumvent the need of plasmid cloning
procedures, a gene replacement construct can be engineered with overlap-extension
PCR. Four amplification reactions are required: 1) amplification of the selection
marker gene; 2) and 3) amplification of two 500 base pair (bp) fragments of the
target gene with a primer containing a 5’ extension complementary to the 5’ or 3’
end of the selection marker gene; and 4) amplification of the total construct. The
total construct is a fusion product of a selection marker gene flanked by two 500 bp
fragments of the target gene produced in a single amplification. It is advisable to
choose the primers such that the ends of the fragment perfectly match the genomic
sequence. No additional sequence stretches (e.g. restriction sites) should be added to
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the fragment extremities. The fragment is purified from agarose gel before being
used in protoplast transformation. The fragment can be integrated directly into the
Botrytis genome by homologous recombination. The efficiency of homologous
recombination varies between target loci. In the first dozen genes that were mutated
using this strategy, at least 10% of the transformants were proper homologous
recombinants. It remains to be determined whether the length of the flanking
fragments can be reduced even further than 500 bp without drastically affecting the
homologous recombination frequency.

Most of the knock-out mutants reported so far (Table 1) were derived from strain
B05.10 (Quidde et al., 1999). This strain was obtained from a benomyl treatment
programme intended to yield haploid strains (Biittner et al., 1994; Chapter 3); it has
a low nuclear DNA content, as determined by 4,6-diamino-2-phenyl-indole (DAPI)
staining, is highly virulent on several host plants and is genetically stable. Since it
constantly yields high transformation rates, it is used as the standard recipient strain
in several laboratories. The original assumption that it was derived from the standard
strain SAS56, however, is now thought to be most unlikely because recent molecular
analyses have shown considerable sequence variation between SAS56 and B05.10
(J. van Kan, pers. comm.). Nevertheless, it has become one of the standard strains
used in molecular genetics of B. cinerea, and it was also used for the first genome
project (Catlett et al., 2003, see below).

Table 1 gives a compilation of the knock-out mutants described so far. Several of
the reported genes are discussed in other chapters. There are, however, some
apparent general trends:

1) The majority of the knock-outs (26 of 43) had no obvious effect on virulence; this
could of course be due to the artificial test systems, but it also supports the concept
that the necrotroph Botrytis attacks with a broad arsenal of weapons, and that loss of
a single trait rarely has significant impact. Within this group of genes are found
excellent candidates for pathogenicity/virulence genes identified on the basis of non-
molecular analyses, e.g. the cutinase/lipase genes, or bcgod 1 (Chapters 2 and 8). On
the other hand, deletion of one of five endo-polygalacturonase (PG) genes had an
unexpected effect (bcpgl), and deletion of the laccase gene bclcc2 even identified it
as an avirulence gene (Chapter 7). Thus the ‘targeted inactivation approach’ yielded
both positive and negative results, and has become a powerful technique for
functional analysis of the pathogenic potential of gene products and of Botrytis
attack strategies.

2) So far only four knock-outs yielded a drastic reduction of virulence, identifying
the respective genes as pathogenicity genes in a classical sense. In two cases signal
chain components were involved: bmpl, encoding a MAP kinase, and bcgl,
encoding an a-subunit of a heterotrimeric GTP-binding protein. The availability of
such mutants allows the identification of the target genes of the respective signal
chains obviously involved in pathogenicity (Chapter 6). The third essential gene to
be identified is bcplsi, encoding a tetraspanin-like membrane protein involved in
appressorial function. The reason for the drastic effect of the deletion of bcglyoxi,
encoding a glyoxal oxidase, is not yet clear.

3) In several cases mutants showed varying degrees of reduced virulence, i.e. the
respective genes can be considered as virulence genes. They code for a widespread
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set of enzymes/proteins: three pectin-degrading enzymes (bcpgl, bepg2, bepmel), a
chitin synthase (bcchsl), an ABC transporter (bcatrB), a superoxide dismutase
(besodl), two enzymes probably involved in secondary metabolism (cnd5, bctri5)
and three other signal chain components (bcg2, bacl, bcpl). For two of these genes
divergent effects of knock-outs were reported from different groups. The Bcpmel
deletion mutants obtained by Valette-Collet et al. (2003) showed reduced virulence,
whereas 1. Kars and J. van Kan (pers. comm.) found no effect of deletion of the
same gene. The difference in outcome may be due to the use of different recipient
strains (Bd90 versus B05.10). In addition, deletion of the bcP450-12 gene
(equivalent to cnd5) yielded different results in the three strains SAS56 and
ATCC58025 (no effect, Siewers et al., unpubl.) and T4 (reduced virulence, M.
Viaud and J.-M. Pradier, pers. comm.). These data emphasize the importance of the
choice of strain to be used in such experiments and the urgent need to standardize
these parameters in the Botrytis research community.

3. Unbiased gene cloning systems

Most of the genes listed in Table 1 have been cloned by standard direct approaches
from genomic lambda libraries (heterologous probes, reverse genetics, etc.) with an
expectation that isolated genes will have a known mode of action during
pathogenesis. Since the classical "candidate genes" more or less have been
functionally analysed in Botrytis, unbiased cloning approaches are gaining much
more interest because they offer the perspective of identification of novel genes with
new functions. Two general strategies are available for “unbiased” approaches. First,
screening for genes that are differentially expressed, e.g. specifically in planta or in
certain developmental stages, so that these genes can be analysed for their specific
contribution/impact as evaluated by targeted inactivation. Techniques which have
been successfully applied in this area in Botrytis range from "classical" differential
screening of cDNA libraries, the PCR-based techniques [differential display (DD)
RT-PCR; suppression subtractive hybridization (SSH)] to macroarrays. Second,
insertional mutagenesis, which has the distinct advantage that the genetic analysis
begins from a known phenotype. However, technical difficulties and the inordinate
labour involved in the method have limited its broad application so far.

3.1 Random insertional mutagenesis

In several phytopathogenic fungi, the restriction enzyme mediated integration
(REMI) technique has been successfully used to generate insertional mutant libraries
and to identify new and interesting pathogenicity genes, e.g. in M. grisea (Balhadere
et al., 1999) and Ustilago maydis (Bolker et al., 1995). In B. cinerea, a joint
approach by J. van Kan and P. Tudzynski’s groups to establish the REMI technique
failed to yield satisfactory results, a major problem being the fact that most of the
transformants obtained had multiple integration sites, and the link between the
phenotype of a given mutant and the integration of a vector molecule could not be
established. Recently, Kunz et al. (2002) reported successful use of the REMI
technique for the isolation of pathogenicity mutants of B. cinerea. However, they
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also failed to establish genetic linkage between the tag and the phenotype. Probably,
the technique induces a high mutation rate and genetic instability; comparable
problems have been faced in other fungal systems (Tudzynski and Tudzynski,
2002). Therefore, alternative strategies were developed.

Agrobacterium-mediated transformation has been established successfully in two
laboratories for B. cinerea (Rolland et al., 2003; N. Segmiiller and P. Tudzynski,
unpubl.). It could be shown that this system, which had been used for transformation
of various fungi (e.g. Covert et al., 2001), fulfils two major criteria that are essential
for use in insertional mutagenesis. The criteria are firstly most of the transformants
carry single-copy integrations, and secondly the integration sites appear to be
random, i.e. no "hot spots" of integration are observed, based on genomic Southern
analyses. In our hands, from a total of 1350 transformants tested 30 showed
significant reduction of virulence on tomato leaves. Recovery of the tagged
sequence can be achieved by thermal asymmetric interlaced (TAIL) PCR (Rolland
et al., 2003). The link between integrated T-DNA and phenotype, which can be
tested by targeted inactivation of the "tagged" gene in the wild type, has not yet been
tested. However, this technique has the advantage over REMI that it does not
involve the physiological stress of protoplast generation (which per se can be
mutagenic), and no mutagenic restriction enzymes enter the nucleus.

In the near future, a large number of insertional mutants will be available for
evaluation by the Botrytis research community. The availability of the B. cinerea
genomic sequence will facilitate considerably the identification of the tagged genes
and allow rapid detection of chromosomal rearrangements caused by insertions.

3.2 Screening systems based on differential gene expression

Several techniques are available for the identification of genes differentially
expressed in various life stages or under specified culture conditions. Benito et al.
(1996) used the differential display of reverse transcribed RNA (DDRT) PCR
approach to isolate genes of B. cinerea induced in planta. This technique uses sets of
random primers to amplify subsets of mRNA populations to allow a comparison in
an acrylamide gel electrophoresis system. Benito et al. (1996) used mRNA samples
from axenic culture and from tomato leaves infected with B. cinerea. As controls,
uninfected tomato leaves and — to identify also plant genes responding to pathogen
attack — tomato leaves infected with Phytophthora infestans or tobacco necrosis
virus. They could identify three in planta-induced genes in B. cinerea and their
expression pattern was confirmed by northern analysis. None of these genes showed
homology to any known sequence. One of the differentially expressed genes, Bdc47,
was inactivated by gene replacement. Interestingly, the mutant showed increased
virulence (Arranz et al., 2003).

Schulze Gronover et al. (2004) used an alternative approach to identify genes of
B. cinerea induced in planta. They applied suppression subtractive hybridization
(SSH) which yields a stepwise enrichment of cDNAs derived from differentially
expressed genes. In a first experiment, they enriched a ¢cDNA sample for fungal
cDNAs from B. cinerea infected bean leaves by subtracting cDNAs from uninfected
bean leaves, and were able to show that the few plant clones were derived from
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pathogen-inducible genes. In their main experimental line, they compared mRNA
from plant material infected with the wild-type strain and the Abcg/ mutant, that is
almost non-pathogenic, in both directions. They identified a whole set of
differentially expressed genes (up- or down-regulated in the mutant), which
obviously are targets of the signal chain(s) directed by bcg/. By comparing these
data with a second signalling mutant, Abacl, they could discriminate different
pathways downstream of bcg! (Chapter 6). Thus, the SSH technique proved to be a
powerful tool for the analysis of complex signalling and regulation networks in
Botrytis.

3.3 Genomics

The first and so far only public available data base of B. cinerea is the EST library
established by Genoscope (http://www.genoscope.cns.fr). The library contains 6598
sequences (2839 genes) obtained from a cDNA library of Y. Brygoo established
from strain T4 grown under nitrogen limitation. Although this library is not
normalized and is highly redundant, it has promoted molecular research in Botrytis
considerably, because it allowed rapid isolation of a whole range of genes.

Recently, Viaud et al. (2003) used macroarrays of these clones to perform
differential hybridizations (Chapter 6) for the identification of genes controlled by
the Ca"" pathway. In our lab, we used the Genoscope data and an EST library
prepared from strain ATTC 58025 [an abscisic acid (ABA) producer] for a "semi-
direct" approach to identify genes involved in ABA synthesis. A putative
NADPH:cytochrome P450 oxidoreductase gene (contained in our EST library) was
knocked out, leading to a significant reduction of ABA biosynthesis. This strongly
suggested participation of P450 monooxygenases in the ABA biosynthetic pathway.
Therefore, all 28 putative P450 monooxygenase genes contained in both libraries
were spotted on filters and differentially hybridized with cDNA preparations from
ABA producing and non-producing mycelia. This led to the identification of the first
ABA-biosynthetic gene, bcabal (Siewers et al., 2004).

The first genomic sequence of B. cinerea was established by a commercial
company and is not publicly available at present. Recently, Catlett et al. (2003)
presented the first results derived from these sequence data. They compared
histidine kinase genes from several fungi, including B. cinerea, and identified
altogether 20 putative histidine kinase genes in the B. cinerea genome, in contrast to
only 11 in the non-pathogenic fungus Neurospora crassa. A European initiative has
been set up for the establishment of a publicly available genome sequence of
B. cinerea, centred around the French B. cinerea research groups and Genoscope.

4. Perspectives

The data presented have clearly demonstrated that B. cinerea has developed into a
model system of great value in molecular phytopathology. There are still very few
fungi where so many genes have been functionally analysed, and the number is
expected to increase tremendously in the next few years, due to fast and simple
knock-out procedures (described above). New techniques, like RNA interference
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(RNAI), are already in development (J. van Kan, pers. comm.) and will speed the
analyses. Important factors affecting progress will be the public availability of a
genomic sequence of sufficient quality, an increasing number of EST datasets
(especially from parasitic cultures), and corresponding macroarrays. Together with
growing collections of insertional mutants available within the Botrytis research
community, a more detailed and full-scale view of the complex interaction of fungal
pathogen and its host plants can be expected.
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Table 1. Mutants of Botrytis cinerea obtained by targeted inactivation

Gene Symbol Recipient  Size of Selection No." Impact on pathogenicity Other phenotype Ccit?
strain flanks system !

Cutinase cutA B05.10 1 kb/ hygromycin 3 - 1
0.6 kb

Lipase lipl B05.10 1.2kb/ hygromycin 1 - no lipolytic activity 2
1.4 kb

Tetraspanin beplsl T4 0.4 kb bialaphos 1 non-pathogenic on bean and tomato  unable to penetrate onion 3

leaves epidermis

Fructose/H" symporter  fit] B05.10 1.85 kb/ hygromycin 1 - 4
1.9 kb

Chitin synthase bechsl Bd90 disruption  hygromycin 6 about 32 % reduced lesion diameter  cell wall more sensitive to 5
1 kb on vine leaves enzymatic degradation

Endopolygalacturonase  bepgl B05.10 c. 3 kb/ hygromycin 2 reduced lesion growth rate on tomato 6

(endoPG) c.4.5kb leaves, tomato fruits and apple fruits

endoPG bepg2 B05.10 c.500bp  hygromycin 3 reduced virulence on multiple hosts 7

endoPG bepg?2 B05.10 c.500bp  nourseothricin 1 reduced virulence on multiple hosts 7

endoPG bepg3 B05.10 c.500bp  hygromycin 5 - 7

endoPG bepgs B05.10 c.500bp  nourseothricin 3 - 7

Pectin methyl- bepmel Bd9o0 disruption  hygromycin 1 reduced virulence on apple fruits, 8

esterase (PME) 831 bp grapevine and A. thaliana leaves

PME bepmel B05.10 c.500bp  nourseothricin 1 - 7

PME bepmel B05.10 c.500bp  hygromycin 4 nt 7

endoPG + PME bepgl+ B05.10 c.500bp  nourseothricin 10  reduced virulence, similar to Abcpgl 7

bepmel + hygromycin mutant

Aspartic protease beapl B05.10 c.500bp  nourseothricin 2 nt 9

Aspartic protease becap?2 B05.10 c.500bp  nourseothricin 1 - 9

Aspartic protease bcap3 B05.10 c.500bp  nourseothricin 1 - 9

Table 1 (cont.)
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Table 1 (cont.)

Gene Symbol Recipient  Size of Selection No.! TImpact on pathogenicity” Other phenotype Cit.?
strain flanks system
Aspartic protease bcap4 B05.10 c.500bp  hygromycin ? nt 9
Aspartic protease bcap4 B05.10 c.500bp  hygromycin ? nt 9
Aspartic protease bcap5 B05.10 c.500bp  hygromycin 6 - 9
ABC transporter bcatrA B05.10 ? hygromycin ? - 10
ABC transporter bcatrB B05.10 c. 1.8 kb/  hygromycin 2 reduced virulence on grapevine increased sensitivity to 11
c.2kb leaves resveratrol and fenpiclonil
ABC transporter bcatrD B05.10 1.3 kb/ hygromycin 2 - increased sensitivity to 12
2.5kb DMI fungicides
MES transporter bemfs1 B05.10 c. 1 kb/ hygromycin 2 - increased sensitivity to 13
c.2kb camptothecin and
cercosporin
ABC transporter bcatrD +  BO05.10 1.3kb/2.5k  hygromycin 1 - higher sensitivity to DMI 13
+ MEFS transporter bemfsl b nourseothricin fungicides than ABcatrD
1.5 kb/3 kb
ABC transporter + bcatrB +  BO05.10 1.8 kb/2 kb hygromycin 1 like BcatrB no alteration to single 13
MFS transporter bemfsl 1.5kb/3 kb nourseothricin replacements
Saponinase sapl B05.10 c.0.5kb/  phleomycin 3 - increased sensitivity to 14
(avenacinase) c. 0.6 kb avenacin
Laccase belecl B05.10 1.1 kb/ hygromycin 3 - - 15
1.5kb
Laccase bclec2 B05.10 1.6 kb hygromycin 6 - no growth inhibition on 15
resveratrol
Glutathione S- bcgstl B05.10 disruption  hygromycin 3 - 16
transferase -> 698 bp
Catalase becat2 B05.10 1.1 kb/ hygromycin 2 - increased sensitivity to 17
2.1kb H,0,
Glucose oxidase bcgodl B05.10 0.7 kb/ 1 hygromycin 4 - 18
kb

Table 1 (cont.)

¥9

SYAMAEIS "A ANV DISNAZAN] 'd



Table 1 (cont.)

Gene Symbol Recipient ~ Size of Selection No.! Impact on pathogenicity” Other phenotype Cit?
strain flanks system
Superoxide besodl B05.10 0.9 kb/ hygromycin 3 reduced lesion size on bean leaves increased sensitivity 18
dismutase 1 kb to paraquat
MAP kinase bmpl A-1-3/ 1 kb/ hygromycin 1/2 non-pathogenic on carnation and 19
B05.10 2.6 kb rose flowers, tomato leaves
Cyclophilin A bepl T4 0.3 kb bialaphos 1 reduction of lesion development on  resistant to cyclosporin A 20
bean and tomato leaves
G protein o subunit begl B05.10 1.7 kb/ hygromycin 3 drastically reduced virulence, no soft 21
3 kb rot formation on bean leaves
G protein a subunit bcg?2 B05.10 1.1 kb/ hygromycin 7 up to 80 % reduced lesion diameter 21
1.6 kb on bean leaves
Adenylate cyclase bacl B05.10 1 kb/ hygromycin 2 up to 80 % reduced lesion diameter 22
4 kb on bean leaves
Protein kinase bpk2 B05.10 0.6kb/0.7kb nourseothricin 5 - 23
Protein kinase bpk3 B05.10 0.4kb/1 kb  hygromycin 4 - 23
Protein kinase bpk4 B05.10 1 kb/ 0.5kb hygromycin 3 - 23
Transmembrane protein  btp! B05.10 1.1kb/0.6kb nourseothricin = 3 - 23
ent-copalyl diphosphate  bceps/ksl  B05.10 1.5kb/ hygromycin 4 - 24
synthase / ent-kaurene 1.4 kb
synthase
FPP cyclase betris T4 0.5 kb/1kb  bialaphos 4 reduced lesion development on bean 25
K1 0.5 kb/1kb  bialaphos 5 leaves
NADPH:cytochrome beeprl ATTC 0.4kb/ hygromycin 3 - reduced growth rate 24
P450 reductase 58025 0.42 kb
Cytochrome P450 bcPu50-12 ATTC 1kb/ hygromycin 2 - 24
monooxygenase 58025 1.5kb
Cytochrome P450 bcP450-12 SAS56 1kb/ hygromycin 3 - 24
monooxygenase 1.5kb

Table 1 (cont.)
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Table 1 (cont.)

Gene Symbol Recipient  Size of Selection No." Impact on pathogenicity” Other phenotype Cit.
strain flanks system

Cytochrome P450 cnd5 T4 0.4kb/ bialaphos 1 reduced lesion development on bean 25

monooxygenase 0.5 kb leaves

Cytochrome P450 bcabal G3 0.57kb/ hygromycin 3 - no abscisic acid 24

monooxygenase 0.49 kb production

Polyketide synthase bepksl B05.10 c. 500 bp nourseothricin =~ 2 - 7

Glyoxal oxidase beglyox!  B05.10 1.5kb hygromycin 10 non-pathogenic pleiotropic conditional 26

growth defect

"no. of mutants characterized
2. _: no effect, nt: not tested

3] = Van Kan et al., 1997; 2 = H. Reis and M. Hahn, pers. comm.; 3 = Gourgues et al., 2004; 4 = G. Dohlemann, F. Molitor and M. Hahn, pers. comm. ; 5 = Soulié
etal., 2003; 6 = Ten Have et al., 1998 ; 7 =1. Kars and J.A.L. van Kan, pers. comm. ; 8§ = Valette-Collet et al., 2003 ; 9 = A. ten Have, pers. comm.; 10 = G. Del

Sorbo and M.A. de Waard, pers. comm.; 11 = Schoonbeek et al., 2001; 12 = Hayashi et al., 2002a; 13 = Hayashi et al., 2002b ; 14 = Quidde et al., 1999 ; 15 =
Schouten et al., 2002a ; 16 = Prins et al., 2000 ; 17 = Schouten et al., 2002b; 18 = Rolke et al., 2004 ; 19 = Zheng et al., 2000 ; 20 = Viaud et al., 2003; 21 =
Schulze Gronover et al., 2001; 22 = Klimpel et al., 2002 ; 23 = C. Schulze Gronover and B. Tudzynski, pers. comm. ; 24 = V. Siewers and P. Tudyznski, 2004

25 =M. Viaud, A. Brunet-Simon, Y. Brygoo, J.-M. Pradier and C. Levis, pers. comm.; 26 = F.L. Stefanato and J.A.L. van Kan, pers. comm.
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CHAPTER 5

MORPHOLOGY AND CELLULAR ORGANISATION IN
BOTRYTIS INTERACTIONS WITH PLANTS

Klaus B. Tenberge

Institut fiir Botanik und Botanischer Garten, Westfilische Wilhelms-Universitét, Schlossgarten 3, 48149
Miinster, Germany

Abstract. Besides the ability of Botrytis species to survive saprophytically or endophytically these
pathogens rapidly cause grey mould and other diseases in hundreds of mono- and dicotyledonous plants.
The broad habitat range of one of these species, B. cinerea, should be perceived as having tremendous
flexibility, not restricted regarding hosts and tissues. This potential is put into action by means of different
infection strategies that vary along with conditions. The physical exploitation of host tissue can be best
investigated by combined cytological techniques ranging from light microscopy to confocal laser video
and high resolution electron microscopy. These techniques were applied to early infection phases and
fungal infection organs, eventually further elucidated by molecular biological approaches. Emphasis is
placed on hyphal tip swellings proven to be elaborated infection structures. Although constituting real
appressoria, they might not mediate mechanical penetration in the first place. In addition, other infection
mechanisms are reviewed, including enzymatic attack, and new evidence based on electron microscopy
and cytochemistry is discussed, indicating chemical penetration mechanisms of cuticles not yet found in
other fungal-plant interactions.

1. Introduction

Do pathogenic fungi penetrate plant cuticles mechanically or by means of cutinases?
This fundamental question was formulated by Blackman and Welsford as early as
1916, providing a far-sighted hypothesis because cutinolytical enzymes were not
then known. They addressed the analysis of this phytopathological problem and
applied it to interactions of Botrytis cinerea and broad bean, at times when Botrytis
was regarded as the best investigated fungus (Epton and Richmond, 1980).
Considering their introductory research paradigm is worthwhile:
“It seemed then advisable to make a careful study of the early stages of infection by

Botrytis cinerea, paying particular attention to the phenomena to be observed in
connexion with the penetration of the cuticle” (Blackman and Welsford, 1916).

Nowadays, this message would naturally be perceived in an ultrastructural sense, as
electron microscopic techniques have evolved, allowing resolution surely beyond
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the belief of Blackman and Welsford. Electron microscopy (EM) was quickly
applied and after effective fixation techniques were developed in the late 1960s,
high quality ultrastructural research was performed on B. cinerea.

Extensive Botrytis research has been summarised for many aspects (Jarvis, 1977,
Coley-Smith et al., 1980; Verhoeff et al., 1992), but paying little attention to
cytology and fine structure of plant-microbe interaction phases. Morphology and
surfaces have been precisely visualised by scanning EM (SEM) (Richmond and
Pring, 1971a, b; Elad, 1989; Pie and De Leeuw, 1991; Williamson et al., 1995),
whereas comprehensive transmission EM (TEM) analysis is limited. Electron
micrographs of the early phases of infection are particularly rare in the literature.
This chapter describes progress over a 30-year period of Botrytis research and
comments on some early publications, because some are milestones in
ultrastructural research, or must now be re-evaluated in the light of new results, e.g.
conidial surfaces and hydrophobins. Considerable advances have been achieved in
methodologies such as the affinity-gold technique, allowing analytical in situ
research by EM, and in molecular genetics, allowing targeted gene deletion.

Much effort has been placed on understanding cuticle penetration by the
pathogen. While, at least in some plant-fungus systems, the contribution of
mechanical pressure to penetration is proven, e.g. in Magnaporthe (Howard, 1997),
the alternatively suggested cutinase-mediated invasion became one of the most
controversially discussed topics in phytopathology (see Tudzynski and Tudzynski,
1996). Hence, the introductory question posed early last century is still open in
phytopathology and remains among the most important ones in B. cinerea research.
As Botrytis is known to use a wide range of infection strategies (Chapter 2), its
penetration strategies appear complex and crucial to its success (Chapter 7). The
interpretation of ultrastructure depends critically on the chemical and physical
changes imparted by the processes used in sample preparation for electron
microscopy. There have been great advances in the understanding of such methods
and effects on specimen ultrastructure. This review deals mainly with the
ultrastructure of Botrytis-plant interactions, laying special emphasis on the early
infection phases.

2. Cytology and ultrastructure of Botrytis
2.1. Conidia

The Botrytis spp. are typical ascomycetes as the micrographs of sectioned cells
exhibit characteristic structural elements common in this taxon. Conidia constitute
the main propagules of fungus (Chapters 2 and 3). In sections they appear round to
elliptical with a short neck and a scar created during external abscission from
conidiophores. The conidia of B. cinerea measure about 10 x 8.5 um (Pezet and
Pont, 1990). A dormant conidium contains a protoplast, which has been analysed
thoroughly regarding various aspects and mostly in conidia grown in axenic culture
(Hawker and Hendy, 1963; Gull and Trinci, 1971; Richmond and Pring, 1971a, b;
Epton and Richmond, 1980). Inside the plasma membrane of B. cinerea or B. fabae,
a set of organelles typical of ascomycetes is present: several nuclei each surrounded
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by a nuclear envelope with nuclear pores, round to ovoid mitochondria with many
cristae, few small spherical vacuoles (prevacuoles) delimited by single membranes,
multivesicular bodies (vesicles with membranous inclusions), microbodies, sparse
endoplasmic reticulum (ER), dictyosomes, vesicles, storage bodies in the conidium
periphery, lipid bodies, ribosomes and polysomes. With regard to secretion and
signalling events, the organisation of the plasma membrane and internal membranes
is of great importance. Detailed views of internal and external surfaces of the B.
fabae plasmalemma provided by freeze-etching and TEM display several distinct
types of particles and branched invaginations (Richmond and Pring, 1971a), the
latter probably corresponding to the undulating outline found in sectioned conidia.
Small vesicles pass through the plasmalemma into the cell wall. Importantly, the
freeze-etched samples revealed considerable number of ER cisternae. Vesicles were
seen to originate from ER strands but not from Golgi compartments, which were
thought to be absent in B. fabae (Richmond and Pring, 1971a) and are ill-defined in
ascomycetes (Mendgen et al., 1995). In chemically fixed samples of B. cinerea,
vacuoles have irregular, indented outlines and often incorporate parts of the
cytoplasm or electron-dense material and similar observations have been made in B.
fabae. However, according to freeze-etching, these organelles reveal smooth
surfaces (Richmond and Pring, 1971a).

After glutaraldehyde-osmium fixation with uranyl-lead contrast (Standard-
TEM), or after use of other fixatives, conidia of B. cinerea have a two-layered cell
wall tightly connected to the plasma membrane, a thick electron-transparent inner
layer and a thinner electron-dense outer layer (Hawker and Hendy, 1963; Gull and
Trinci, 1971). This layering was not detected in replicas of cross-fractured samples,
indicating a similar basic construction of both layers apart from the electron-dense
material (Richmond and Pring, 1971a). Both layers are formed of microfibrils,
probably chitin, with specific orientation in a granular matrix. Wheat germ
agglutinin (WGA)-gold labelling and TEM showed that chitin is evenly distributed
throughout the cell wall of vegetative hyphae. B-1,3-Glucan, which is visualised by
B-1,3-glucanase-marker molecules, is similarly distributed (El Ghaouth et al., 1997).
The basic importance of B-glucans in cell wall construction in B. cinerea is clearly
evident because inhibition of glucan synthesis (Gooday, 1993) or exo-B-1,3-
glucanase treatment result in bursting of hyphae and leakage of cytoplasm from
germ tubes (Jijakli and Lepoivre, 1998). Chitin is linked via glucans to glycoproteins
in the wall and appears to influence its shape, rigidity and physical strength. During
searches for means to control Botrytis, class I chitin synthase mutants have been
generated recently and the chitin content of these Bcchsl mutants was reduced by
30%. Although this chemical change did not alter fluorescence staining with
Calcofluor White, protoplasts were released more easily than in controls when the
glucanase cocktails were applied. These results indicate that the chitin-depleted cell
walls of the mutant give greater accessibility to enzyme substrate and may account
for the reduced virulence of mutants when challenged by PR proteins generated by
the host (Soulié et al., 2003). The electron-density of the outer layer was attributed
to melanin (Richmond and Pring, 1971a), the presence of which has only recently
been established (Doss et al., 2003).

The surface of the hydrophobic conidia is altered by contact with the substratum
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(Doss et al., 1993) indicating an adhesive function probably mediated by hydropho-
bins, proteins conferring hydrophobic interactions. According to standard SEM, the
surfaces of conidia of B. fabae and B. cinerea are very similar, being nearly smooth
with no conspicuous ornamentation, spines or a distinctive pattern (Richmond and
Pring, 1971a; Epton and Richmond, 1980). When viewed by low temperature
scanning electron microscopy (LTSEM), B. cinerea conidia exhibit a finely granular
surface (Williamson et al., 1995), but freeze-etched replicas and TEM revealed a
dimpled wall covered with small particles in parallel lines between numerous small
ridges, many aligned longitudinally (Richmond and Pring, 1971a). The surface of
dry conidia was rough with numerous 200 to 250 nm short protuberances that disap-
peared upon hydration and re-drying. Although TEM of replicas and high resolution
SEM visualised the rodlet pattern typical of hydrophins in Aspergillus controls, no
such rodlets were detected on conidia of Botrytis spp., but this does not exclude the
presence of non-rodlet-forming hydrophobins (Doss et al., 1997).

2.2. Germination and germinated conidia
2.2.1. Germ tube structure

If certain requirements that include availability of nutrients and water are fulfilled
during inoculation, conidia swell and germinate (Verhoeff, 1980; Salinas and
Verhoeff, 1995; Chapter 2), usually with one or two germ tubes. After dry-
inoculation of petals, up to five germ tubes emerge under 100% relative humidity
(Salinas and Verhoeff, 1995; Williamson et al., 1995).

During conidial germination the outer wall ruptures, and the inner layer extends
from this conidial wall into those of the germ tube (Hawker and Hendy, 1963).
Using improved TEM preparation techniques, this early mis-representation was
corrected. Rather than decreasing due to swelling of the conidium, its conidial wall
thickens by apposition and newly formed layers are localised inside the original
conidial wall 4 h after incubation. Inside these layers, another layer is affixed at the
germination site, which is continuous with the emerging germ tube wall (Gull and
Trinci, 1971; Richmond and Pring, 1971b). A septum, typical of ascomycetes, is laid
down centripetally at the base of the germ tube and Woronin bodies are closely
associated with its single central pore (Hawker and Hendy, 1963; Gull and Trinci,
1971; Richmond and Pring, 1971b). In the emerging germ tube no large vacuoles are
present, whereas in the conidium a central vacuole is formed while prevacuoles have
gone. A polysome-rich cytosol and organelles, nuclei and many mitochondria, move
forward into the emerging germ tube, exhibiting a streaming motion towards the tip
(Hawker and Hendy, 1963; Richmond and Pring, 1971b). The movement of cytosol
can clearly be seen by light microscopy (LM) (B. Hoppe and K.B. Tenberge,
unpubl.). Importantly, ER cisternae increase in number and sometimes are
connected to the nuclear envelope. As shown by different techniques, multivesicular
bodies, not seen in preceding phases, tubular-vesicular complexes and numerous
cytoplasmic vesicles occur (Gull and Trinci, 1971; Richmond and Pring, 1971b).
Within the conidium, storage bodies and glycogen granules break down, prevacuoles
disappear and vacuoles containing inclusions of electron-dense material (Richmond
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and Pring, 1971b) are present which thought to be the final destination of substances
transported by the endocytotic pathway. TEM suggested that such vacuoles in B.
cinerea are involved in lytic processes, because incorporated heterogeneous material
is possibly digested here. Acid phosphatase activity has been located in larger
vacuoles, up to 2.5 um, that stained positively with neutral red (Weber et al., 1999).
These authors found that small osmiophilic organelles, below 0.5 pm, are lipid-rich
spherosomes and precursors of lipid bodies, rather than being equivalent to
mammalian lysosomes because acid phosphatase activity was too low.

An apical corpuscle was observed in B. cinerea and in B. fabae near the apex of
emerging germ tubes, but not earlier in dormant conidia. It is a hemispherical
structure of electron-dense material, sometimes having a membranous appearance,
surrounded by cell wall material and occasionally connected to the cytoplasm (Gull
and Trinci, 1971; Richmond and Pring, 1971b). A similar structure was found in
Phytophthora germlings and it is suggested that it may be involved either in conidial
wall dissolution or in germ tube protrusion (Bartnicki Garcia, 1969). However, such
corpuscles have not been found in other fungi (Girbardt, 1969).

2.2.2. Tip growth and Spitzenkorper

Germ tube elongation is affected by turgor-driven protrusion of the hyphal tip
accompanied by cell wall fabrication. Arrangement of microfibrils in the wall was
assumed to be connected with the particles clearly organised in a geometrical pattern
on the outer plasmalemma surface of Botrytis (Richmond and Pring, 1971b). In
actively growing hyphae, the tip zone fluoresces intensely with Calcofluor White or
with WGA-fluorescein isothiocyanate (FITC) probes for presence of chitin (Held et
al., 2002). In this tip zone the plasma membrane is wavy (Epton and Richmond,
1980), most likely due to fusion of numerous vesicles carrying cell wall material and
enzymes or due to transfer of other components. In this respect, tip growth in
Botrytis is connected with the apical body (Spitzenkorper) that is well known in
filamentous fungi. The first direct confirmation and three-dimensional view of
apical vesicles comprising the Spitzenk6rper was gained recently by confocal-laser
scanning microscopy (CLSM) of whole-mount hyphae after freeze substitution,
using FITC-conjugated concanavalin A (Con A) for specific labelling. In apices of
B. cinerea, the endo-membrane system, including the Spitzenkorper and the plasma
membrane, were intensely labelled, whereas the prominent Spitzenkérper core
region was rich in actin and free from vesicles (Bourett et al., 1998). Acid
phosphatase activity was located in apical secretory vesicles of B. cinerea (Weber et
al., 1999). Golgi-equivalent organelles, the presence of which was previously
uncertain, were visualised in B. cinerea sub-apical regions by Con A fluorescence
(Bourett et al., 1998). These Golgi-like organelles were arranged in linear arrays
parallel to the longitudinal axis of the hypha along with mitochondria and vesicles.
Immunolabelling and CLSM visualised actin filaments in B. cinerea (Bourett et al.,
1998), which together with other cytoskeletal elements, are likely to be involved in
trafficking of organelles. Membrane recycling occurring simultaneously with
endocytosis is regarded as crucial in tip growth as it should compensate for the
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massive membrane flow to the plasmalemma along with polarised exocytosis of cell
wall material and enzymes at the apex. However, concrete evidence for the
occurrence of endocytosis in filamentous fungi has been lacking. Recently, CLSM
of a membrane-selective dye FM4-64 has been successfully used to demonstrate
endocytosis in several fungi, including Botrytis (Fischer-Parton et al., 2000). The
multi-component Spitzenkorper was stained by FM4-64 in living B. cinerea with a
distinct central area of reduced FM4-64-mediated fluorescence matching with the
Con A-negative core region described above in fixed samples. In general, the overall
structure of the Botrytis Spitzenkorper fitted very well with those in other fungi;
satellite Spitzenkorper were most frequently observed in B. cinerea (Fischer-Parton
et al.,, 2000). As the dynamics of the endo-membrane system, including the
Spitzenkorper, is best visualised with FM4-64, the effect of the new botryticide
fenhexamid was analysed by video CLSM during uptake and localisation at its
target. Shortly after feeding living hyphae with fenhexamid, it was observed that
endocytosis, vesicle trafficking and membrane turn-over ceased as the cells died
(Held et al., 2002). Subsequently it was shown that fenhexamid inhibits sterol
biosynthesis in Botrytis and alters its membrane composition (Debieu et al., 2001),
thus explaining the lethal effects of the fungicide seen in our video microscopy.
Understanding basic mycology and cell biology is as important as knowledge of
interaction-specific mechanisms to discover new methods of disease control.

Not only the number, but also the length, of germ tubes varies (Chapter 2).
Molecular control of these processes is under investigation but not yet clarified.
Presence of water droplets or nutrients led to longer germ tubes (Williamson et al.,
1995; Cole et al., 1996). Longer germ tubes were seen after targeted mutagenesis but
could not yet be attributed to an induced defect because they were also formed by
wild-type strains probably because conditions or penetration sites were inappropriate
(K.B. Tenberge and P. Tudzynski, unpubl.). Germ tube development and direction
of B. cinerea appears to be light-sensitive and negative phototropism is important
during infection (Islam et al., 1998).

2.2.3. Mucilage

Soon after the germ tube starts to emerge from the conidium, it becomes covered by
a mucilaginous sheath (Gull and Trinci, 1971). In 1916 this sheath had been stained
by colloidal silver or gentian violet and detected throughout the inoculum drop,
where it connected to all surfaces (Blackman and Welsford, 1916). The sheath has
been visualised since by LM, differential interference contrast microscopy, SEM,
TEM and is 25 to 60 nm in thickness as measured by atomic force microscopy (Doss
et al., 1995). After dry inoculation, no extracellular adhesive material is visible by
LTSEM or LM on short germ tubes (shorter than conidia) on broad bean leaves, rose
petals or glass (Williamson et al., 1995; Cole et al.,, 1996). However, using a
monoclonal antibody and TEM, a thin sheath is detectable even around dry-
inoculated conidia on bean and in aqueous glucose around germ tubes that tightly
adhered even to glass (Cole et al., 1996). After conidia at first had only weakly
adhered upon hydration (Doss et al., 1993, 1995), germ tubes firmly attach to either



MORPHOLOGY AND CELLULAR ORGANISATION 73

hydrophobic or hydrophilic surfaces by this secreted ensheathing film (Doss et al.,
1995), probably based on hydrophobic interactions. As it is possible to physically
remove germlings without removing the sheath, an adhesive function of the sheath is
evident.

Germlings are resistant to removal by boiling or by treatment with a number of
hydrolytic enzymes, 2 M periodic acid, or 1 M sulphuric acid. Only 1.25 N NaOH
was capable of chemically removing germlings together with the sheath. Alkaline-
soluble material, composed of c. 30% glucose, 3% galactosamine and 30-44%
protein, was also found adhering to walls of flasks containing liquid cultures of B.
cinerea (Doss et al., 1995). In liquid cultures, this fungus secretes cinerean, a -
(1,3)(1,6)-D-glucan, of which 40% remained in solution but 60% was attached to
hyphae in an extracellular capsule and slime. Beside adhesion and water storage, this
capsule serves as an extracellular polysaccharide reserve, because B. cinerea is able
to degrade it by action of three out of four secreted exo-glucanases that do not cause
cell lysis (Stahmann et al., 1992, 1993), but the composition of the mucilage appears
to be intricate (see also Chapter 2). Its polyanion content is indicated by ruthenium
red-mediated fixation that preserves the capsules in TEM (Cook et al., 2000). Some
surface fibrils of B. cinerea are proteinaceous (Gardiner and Day, 1988) and fibrillar
proteins have been stained by colloidal gold (Jones et al., 1995). In the extracellular
matrix isolated from glass slides, lipids, including fatty acids and wax esters, were
identified (Cooper et al., 2000). Recently, the electron-dense granules incorporated
into the wall matrix of B. cinerea germlings were shown by electron paramagnetic
resonance (EPR) spectroscopy to be melanins (Doss et al., 2003). The melanin
content within and on the surface of walls has previously been assumed and
suggested to protect fungi against UV irradiation, desiccation and temperature
extremes (Bell and Wheeler, 1986).

Monoclonal antibodies (MAbs) raised to B. cinerea antigens in the extracellular
matrix (ECM) (Meyer and Dewey, 2000; Meyer et al., 2000; Chapter 11) were used
to observe (FITC-conjugated MAbs) and study the nature of Botrytis ECM binding
to surfaces. Two MADbs had antigenic binding sites on respectively, rhamnose (BC-
12.CA4) (Meyer et al., 2000) and mannose (BC-5.AD6). Rhamnose and mannose
are principal sugars in important structures in the plant cell wall, like
rhamnogalacturonans in pectic polysaccharides and glucomannans and
galactoglucomannans in hemicelluloses (Cooper, 1983; Kobayashi et al., 1999). The
antigens were capable of binding to various plant components; the rhamnose antigen
bound strongly to pectin and carboxymethyl cellulose while the mannose antigen
bound strongly to soluble plant tissue components that are likely to be hemicellulose
fractions. The glycoconjugate antigens produced in the ECM of B. cinerea play a
role in interactions between the fungus and the plant tissue with attachment as an
important feature (U. Meyer, Adelaide Univ., Australia, unpubl.), however the
antigens are involved in other functions because blocking them led to 50-90%
reductions in disease severity. BC-5.AD6 seems important for the ability of the
fungus to penetrate, as blocking the antigen at inoculation leads to an extensive
hyphal growth together with a reduction in attempted penetrations. BC-12.CA4
affects germination and germ tube elongation on glass, did not affect penetration of
bean leaves, but affected lesion development (Meyer et al., 2000).
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3. Imaging of infection
3.1. Infection sites and infection structures

Virulence of Botrytis, usually recorded by lesion number or diameter, depends
greatly on inoculum conditions (Chapter 2), e.g. inoculum density and presence of
glucose enhanced the establishment of B. cinerea infection on cucumber (Elad,
1988). However, an increasing number of germinated conidia does not necessarily
lead to a higher number of penetration sites since identical sites are frequently used
for later penetration (Verhoeff, 1980). As verified by environmental SEM during
fixation for standard TEM most of a dense inoculum applied as droplets was washed
off; only a few adherent structures remained, leaving masses of non-germinated
conidia for later inoculations (K.B. Tenberge, unpubl.). Hence, initial penetration
events are crucial and, therefore, attention will be focused on those. Reports in the
literature on infection structures may be confusing as several different interaction
systems, different Botrytis—host systems and various organs e.g. flowers, leaves and
roots have been analysed at pre- and post-harvest stages with varying inoculation
and investigation techniques, not always in great detail. Obviously, penetration
strategies vary with conditions, which might reflect the pathogens’ flexibility.
Infection sites can arise from conidia, mycelium and ascospores (Jarvis, 1977). The
host may be entered by germ tube extension via natural openings or after wounding
(Chapter 2), or via direct penetration of petals, sepals, stigmas, leaves and young
fruits (Clark and Lorbeer, 1976; Verhoeff, 1980; Elad, 1988). Following
germination of conidia, direct penetration through the intact cuticle and cell wall,
rather than via stomata, appears to be the rule (Blackman and Welsford, 1916; Elad,
1989). After inoculation of French bean hypocotyls with mycelium, B. cinerea
differentiated a set of infection structures from single lobate appressoria up to dome-
shaped infection cushions, that present a complex of hyphal tips with and without
swellings and originating from a single highly branched hypha (Garcia-Arenal and
Sagasta, 1980). In all, germ tube apices, appressoria, and infection cushions
constitute three types of penetration structures formed by Botrytis (Elad, 1989). The
long-lasting debate as to whether penetration occurs with or without appressoria
(Blackman and Welsford, 1916; McKeen, 1974) has not been settled completely.

3.2. Appressorium-mediated penetration

According to definition, appressoria are fungal attachment organs that mediate
penetration through host surfaces and usually are conceived as swollen terminal
compartments. Although direct penetration by Botrytis spp. without such swellings
has been noticed (Sect. 3.3), appressoria depicted as swollen tips have been found
frequently, e.g. on broad bean leaves (Blackman and Welsford, 1916), tomato fruits
(Rijkenberg et al., 1980) or French bean leaves (Tenberge et al., 2002; Figure 1). B.
cinerea also develops swollen tips on artificial surfaces such as glass (Blackman and
Welsford, 1916; Doss et al., 1995) or host surface replicas prepared with fingernail
varnish (amyl acetate) (Clark and Lorbeer, 1976), indicating that the cellular
developmental programme appears to be independent of host surface interaction.
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The supply of nutrients was noted to be indispensable for appressorial development
on either glass or host surfaces; in pure water no appressoria formed and no
penetration of onion were recorded (Clark and Lorbeer, 1976). On petals, swollen
hyphal tips of B. cinerea were seen by SEM after inoculation by spraying (Hammer
and Evensen, 1994), but not after dry inoculation of rose (Williamson et al., 1995) or
gerbera (Salinas and Verhoeff, 1995), indicating that water is needed during apical
swelling.

The movement of cytosol and organelles into the swelling is visible by LM (B.
Hoppe and K.B. Tenberge, unpubl.). The appressoria differ in structure from those
formed by Magnaporthe, e.g. no septum forms to seal off the germ tube. During its
formation, the cell wall of the inflating terminal region fluoresced intensely when
treated with Calcofluor White or FITC-WGA for detection of chitin (S. Koch, S.
Krimberg and K.B. Tenberge, unpubl.). The outer cell wall layer of this region is
melanised, as inferred from its electron-density (Richmond and Pring, 1971b) and as
shown by chemical analysis (Doss et al., 2003). Masses of melanised matrix
material often connect appressoria to the host surface (Figure 1). The appressorial
function of terminal swellings is clear when infection is initiated; connected
infection vesicles are found in the epidermal cell wall beneath the swollen tip as
seen in thin sections of tomato fruits (Rijkenberg et al., 1980) or bean leaves (Figure
1). Contrary to some reports (e.g. Zheng et al., 2000), convincing evidence that B.
cinerea develops melanised appressoria has now been presented.

To unravel the morphogenetic control of the formation of infection structures,
calcineurin, a highly conserved calcium/calmodulin-regulated phosphatase known to
be involved in Magnaporthe appressoria formation, was inhibited by cyclosporin A.
An increase in branching, followed by growth cessation on the host surface, was
found, rather than direct penetration of tomato or bean leaves. This important result
indicated a role for calcineurin in early penetration processes in B. cinerea and was
confirmed by a failure to isolate calcineurin null mutants (Viaud et al., 2003).

3.2.1. Breaching the host cuticle

The cuticle forms the primary host barrier and is thought to be impermeable as long
as hyphae do not reach the underlying polysaccharide cell wall layers (Rijkenberg et
al., 1980). Hence, secreted non-diffusible material at first is confined to the outer
host surface. Accordingly, alteration of the subcuticular cell wall was not observed
prior to cuticle penetration (Blackman and Welsford, 1916).

A penetration peg through the cuticle and outer epidermal wall of Vicia faba is
formed by B. cinerea (McKeen, 1974). Hence, a pore is produced beneath the
appressorium that is visible after removal of the infection structure (Rijkenberg et
al., 1980). The cell wall of the fungal infection vesicle extends from the appressorial
wall (Figure 1). It was reported that the fungal wall of the penetration peg was
absent and that the fungal plasma membrane was in direct contact with the host
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Figure 1. Infection structures of Botrytis cinerea on bean leaves. a - germ tube (gt) branches
with (1) and without (2) tip swelling; and b - appressorium (ap)-mediated penetration of B.
cinerea (F) into the outer epidermal wall (oew) of the leaf at 12 h post inoculation, iv=
infection vesicle
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(McKeen, 1974; Rijkenberg et al., 1980). However, this interpretation appears not to
be supported by their published micrographs.

It has been repeatedly debated whether the pathogen directly penetrates
undamaged leaves by means of enzymes or mechanical processes (Verhoeff, 1980;
Chapter 7). Using various staining reactions in LM, no evidence was found that the
cuticle of Vicia faba was altered chemically; therefore, Blackman and Welsford
(1916) concluded that it must have been ruptured mechanically by pressure applied
by B. cinerea. This view was supported by the observation that B. cinerea can
penetrate artificial surfaces, including gold layers (see Verhoeff, 1980). To my
knowledge, reports of direct penetration that exclude a role of pressure are still
lacking; this mechanism appears to have been neglected recently in favour of
enzymatic action. According to EM analysis, this pathogen produces a small hole
with sharp and clean edges in the cuticle of a bean leaf, which clearly was
interpreted as enzymatic action because esterase activity was demonstrated at germ
tube tips (McKeen, 1974). According to SEM and TEM studies, the thick cuticular
membrane of tomato fruits was judged to be dissolved enzymatically rather than
being ruptured mechanically, as considerable cuticle erosion was associated with
germ tube and penetration peg but not with the conidia (Rijkenberg et al., 1980). On
rose stems, a small pore might be formed in the cuticle by enzyme activity (Elad,
1989).

If penetration of the cuticle is an enzymatic process, then cutin-degrading
enzymes must be found (reviewed by Prins et al., 2000). Botrytis spp. often
proliferate subcuticularly, causing the cuticle to separate from the underlying cell
wall layers in later infection phases (Clark and Lorbeer, 1976). In such case cuticles
remain intact although remaining in close contact with hyphae for days (Rijkenberg
et al., 1980). Usually no alteration of cuticles distant from penetration sites is
recorded (Cole et al., 1996). These observations may indicate that cutinolytic
activity is confined to penetrating tips. Anti-lipase antibodies prevented infection of
tomato leaves by B. cinerea (Comménil et al., 1998). Breaching of the cuticle by
secreted cutinases is substantiated by the 80% suppressive effect that monoclonal
anti-cutinases applied to the host exerted on lesion formation (Salinas, 1992; see
Van Kan et al., 1997), but cutinase A-deficient mutants of B. cinerea are not altered
in penetration ability on undamaged tissue (Van Kan et al., 1997). This apparent
discrepancy may point to separate cutinolytic processes, probably mediated by
appressoria, the development of which is enhanced by glucose that represses cutA
expression (see Van Kan et al, 1997). A redox-responsive cutinase has been
described recently (Wang et al., 2002), suggesting that active oxygen species (AOS)
might be involved in cutinase control.

Recently, a small pore was visualised in the cuticle beneath appressoria by TEM
of serial sections (Figure 2). Hydrogen peroxide of fungal origin was localised
above, in and below this pore and diffused into the epidermal wall where a halo was
extending in a concentric manner. This newly discovered event might resemble the
initial process leading to cuticle penetration, because it was observed early and in
advance of any cellular structure punching the surface (Tenberge et al., 2002). By
cytochemical staining in LM and TEM, secretion of AOS by B. cinerea in axenic
culture and during pathogenesis was discovered (Tenberge et al., 2002). By specific
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Figure 2. Localisation of H,O, by cerium chloride at the interface of a B. cinerea
appressorium (ap) and the outer epidermal wall (oew) of a tomato leaf at 12 h post
inoculation. Overview (a) and detail (c) of a small pore in the cuticle (cm), which is
continuous in following sections of a series (b). Scale bars = 1 pm.
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inhibitors it was confirmed that fungal superoxide dismutases are involved in this
process (Tenberge et al., 2002; Rolke et al., 2004).

In addition, melanins present in the appressorial wall presumably contribute to
this process, because they constitute a pool of stable free radicals and may have the
potential to generate superoxide, and H,O,, in the presence of superoxide dismutase
(SOD) (Bell and Wheeler, 1986). In summary, the appressoria probably do not
primarily transmit pressure, but mediate a direct oxidative attack which may be
manifest as the separate cutinolytic process proposed above. Involvement of AOS in
pathogenicity is described in chapters 7 and 8.

In the appressorium above the pore, an intricate cell wall structure is developed
(Figure 2). Serial and longitudinal sections revealed that it is not a septum but a
hemispherical structure, facing the penetration site of the swelling and incorporating
electron-dense material positively stained for H,O,. One might speculate that this
structure is connected with the apical corpuscle described above.

3.2.2. Breaching the outer epidermal cell wall beneath the cuticle

When the cuticle is breached, an intermediate swelling is formed in the sub-cuticular
cell wall layers (Figure 1) as has been seen earlier (Clark and Lorbeer, 1976). Once
the cutinaceous barrier is ruptured, secreted cell wall degrading enzymes (CWDE)
and other compounds may diffuse into the host (Chapter 7). Alteration and
disintegration of the cell wall is obvious in TEM micrographs, indicating that
CWDE were active. As has been discussed recently (Prins et al., 2000; Ten Have et
al., 2002), especially polygalacturonases are required for full virulence. This
suggests that Botrytis has the potential to release high levels of calcium, usually
bound to pectic substances in the cell wall (Kaile et al., 1991). Calcium may be
involved in hyphal tip growth, signalling (Chapter 6) and morphogenetic control of
the formation of infection structure as discussed above.

3.3. Germ tube tip-mediated penetration

There are many reports on direct penetration of germ tube tips especially after dry
inoculation without supply of nutrients (Elad, 1989; Pie and De Leeuw, 1991;
Salinas and Verhoeff, 1995; Williamson et al., 1995). In these cases, the infection
hyphae are regarded as a direct elongation of the germ tube and the penetration is
assumed to occur without special infection structures, since no hyphal tip swellings
have been observed. As outlined above, direct penetration is the result of sensing
and signalling events, triggering a morphogenetic switch from elongation to
penetration. Similar to Magnaporthe, where PMK encoding for a MAP kinase was
shown to be indispensable for appressorium formation and infection, a B. cinerea
mutant lacking the homologous BMPI gene was non-pathogenic on carnation petals;
neither tip swellings nor penetration by mutants were seen in SEM (Zheng et al.,
2000). However, in the wild-type controls no appressoria developed on this host
which shows that it is not the swelling that seems to be important, but a
morphogenetic switch in the programme allowing a redirection of tip growth



80 K.B. TENBERGE

towards the host. This process may also occur in non-swollen tips. The shape of
appressoria varies widely from simple swollen tips to digitate structures (Verhoeff,
1980). If exclusively based on SEM, a lack of the swelling does not necessarily
mean that no specialised infection structures developed; the internal tip structure
should also be analysed. So far, the function of PMKI1 is unknown and Zheng et al.
(2000) speculated that PMKI1 is involved in many of the processes that could
mediate penetration.

3.4. Tissue invasion and colonisation

Subsequent to penetration of the outer epidermal wall, the fungus invades the sub-
epidermal tissue inter- and intra-cellularly to establish the infection. B. cinerea kills
host cells before they are invaded (Clark and Lorbeer, 1976). Some of the
mechanisms involved in colonisation and spreading, e.g. CWDE, toxins, oxalic acid,
have been discussed (Verhoeff et al., 1992; Prins et al., 2000; Chapters 7 and 9). In
TEM micrographs, structural disintegration of cell walls upon colonisation is clear.
Accordingly, polygalacturonases and recently pectin methylesterase were shown to
be virulence factors (Ten Have et al., 2002; Valette-Collet et al., 2003). Cellulose is
another target polysaccharide because cellulase-gold labelling was altered in swollen
cell walls of apple after penetration by B. cinerea (El Ghaouth et al., 1998). Most of
the hyphae appear to be healthy (El Ghaouth et al., 1998) as judged by their
ultrastructure and melanin, present in outer cell wall layers, is likely serving as a
protective coating against hydrolytic enzymes (Bell and Wheeler, 1986). However,
depending on conditions, Botrytis has to survive a quiescent phase and restriction of
post-penetration growth frequently occurs, e.g. in rose petals (Volpin and Elad,
1991), grape berries (Chapter 14) or on bean leaves. This indicates that there are
crucial events in cross-talk that determine post-penetration phases. Cyclophilins are
involved in post-penetration development of B. cinerea on tomato or bean because
null mutants showed normal penetration but reduced virulence (Viaud et al., 2003).
Mutants lacking bcgl encoding G protein a subunits were found inside leaves, but
spreading lesions were never observed (Schulze Gronover et al., 2001).

4. Host response

The host response to infection has been summarised recently by Elad (1997). One
very early reaction is the collapse of epidermal cells upon successful penetration
(Clark and Lorbeer, 1976; Cole et al., 1996; see Verhoeff, 1980). Defence reactions
of the structural type, especially papillae, were not often observed (Hammer and
Evensen, 1994; see Pie and De Leeuw, 1991). After inoculation of bean and tomato
leaves, papilla formation occurs but does not block B. cinerea infection, although
AOS of host origin are present (Chapter 8) and are likely to be involved in cross-
linking of internal papilla compounds (Figure 2). Chloronaphthol and nitro blue
tetrazolium (NBT) staining visualize H,O, and superoxide, respectively (Tenberge
et al., 2002). The primary lesion area stained positively for AOS and most intensely
at its border zone. The host oxidative burst is the source of a wave-like AOS
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production, that can be visualized by LM and TEM. H,0, detected as precipitate is
present at the interface of B. cinerea and host cells and was also present in the peri-
plasmic space, in the host cell wall and on the outer surface of the host cell as well
as at the outside of the fungal wall. Consequently, H,O, is produced in host cells at
the plasma membrane and diffuses through the host cell wall into the intercellular
space (Prins et al., 2000; Schouten et al., 2002). However, these defence reactions
do not seem to block B. cinerea infection.

Chitosan treatment of Capsicum induced defence reactions including papilla
formation, cell wall appositions containing pectin, occlusion of intercellular spaces
and deposition of electron-dense material in cell walls that damaged B. cinerea
hyphal structure (El Ghaouth et al., 1994). Upon infection hemispherical
protuberances are deposited outside apple cell walls (El Ghaouth et al., 1998).

5. Conclusions

Infection success and with it the commercial importance of the genus Botrytis is
thought to be based on its high flexibility and a rather broad habitat range, making it
difficult to present a generalised picture of the interaction profile. B. cinerea actually
may be regarded as a sub-species complex in which distinct populations seem to be
adapted to different hosts (see Viaud et al., 2003). Nevertheless, considerable
progress has been made in understanding the ultra-structure and function of
penetrating hyphae and Botrytis can serve as a model system in phytopathology and
mycology. B. cinerea produces functional appressoria that are obviously different
from those developed by the well studied fungus Magnaporthe. However, the initial
question about the precise cuticle penetration strategies remains to be answered.
Modern cytological analyses combined with mutational techniques are required to
clarify our understanding of phytopathogenic interactions. Affinity-gold labelling
and TEM could provide much insight into processes at the host-pathogen interface,
e.g. secretion of CWDE and the intended alteration of the cell wall, which have not
been applied extensively. Video CLSM and new specific fluorescent probes will
help to overcome the limitation of stationary micrographs. However, even standard
TEM eventually combined with cytochemistry still has the potential to unravel
critical phenomena at the dynamic interface between pathogen and host in this
necrotroph. The recent discovery of small pores in the cuticle and localisation of
pathogen-derived AOS at this site indicative of an oxidative attack, sheds new light
on cuticle penetration mechanisms. These results are of wide interest not only in
Botrytis research but in general phytopathology.
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CHAPTER 6

SIGNALLING IN BOTRYTIS CINEREA

Bettina Tudzynski and Christian Schulze Gronover

Institut fiir Botanik und Botanischer Garten, Westfilische Wilhelms-Universitét, Schlossgarten 3, 48149
Miinster, Germany

Abstract. The cellular environment plays an important role in growth and differentiation of fungi. Signal
transduction cascades mediate communication between environmental signals and the cellular machinery
regulating developmental programmes. Fungal pathogens of plants have to ‘recognize’ their susceptible
hosts, penetrate any physical barriers, overcome host defences and proliferate in the invaded tissues.
Recent work has established that cyclic AMP (cAMP) and conserved MAP kinase signalling pathways
play crucial roles during pathogenesis in several plant-infecting fungi, including Botrytis cinerea. In all
fungal pathogens analyzed so far, it has been demonstrated that the knock-out of genes whose products
encode components of signaling cascades interferes with pathogen development. This chapter
summarizes the recent progress in studying the function of genes that code for signalling components in
B. cinerea.

1. Introduction

Botrytis cinerea affects nearly all species of dicotyledons including most vegetable
and fruit crops, flowers, woody ornamentals and greenhouse-grown crops (Chapters
14-19). Thus, the fungus must have evolved strategies to ‘recognize’ suitable hosts,
penetrate and invade plant tissues and overcome host defences. To perform these
tasks, the fungus is capable of perceiving chemical and physical signals from
different host plants and responding with the appropriate metabolic activities
required for pathogenic development. In general, such metabolic adaptations include
adhesion of conidia to the plant surface, directed germ-tube growth, differentiation
of infection structures and secretion of lytic enzymes and phytotoxins (Knogge,
1996). All of these responses require a network of signal transduction pathways,
such as the activation of G proteins (Bolker, 1998), cyclic adenosine monophosphate
(cAMP) signalling (Mitchell and Dean, 1995) and mitogen-activated protein kinase
(MAPK) cascades (Xu, 2000) to communicate the perceived external signal to the
fungal genome so that the appropriate gene, or sets of genes, can be activated to
build the developmental response required by the pathogen.

Enormous progress was made in recent years in the study of single components
of signalling pathways, their functional analysis and interaction with other
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components of the same or different signalling cascades. Some model filamentous
fungi, Aspergillus nidulans and Neurospora crassa, and plant pathogens, such as
Magnaporthe grisea, Ustilago maydis and Cryphonectria parasitica, have been
most extensively studied. These studies reveal a high degree of conservation
between different fungi even between divergent organisms, and illustrate conserved
basic principles in the molecular determination of life (see Lengeler et al., 2000).
However, despite the high degree of sequence conservation, signalling components
can have different functions. Thus, the replacement of the highly homologous (98%
amino acid identity) Ga subunits CPG1 of C. parasitica and GNA1 of N. crassa
resulted in the loss of conidiation in C. parasitica (Gao and Nuss, 1996), but had no
effect on conidiation in N. crassa (Ivey et al., 1996). Furthermore, CPG1 inhibits
and GNAI activates the activity of the adenylate cyclase. These examples clearly
demonstrate that the complicated networks of signalling cascades, and their
functions and cross-talks, must be studied in each fungus to gain a clear insight to
their structures and performance. In B. cinerea some progress has been made
recently in studying signalling components and their role in plant-fungus interaction;
the identified components are summarized in Table 1.

2. Ga subunits of heterotrimeric G proteins

Heterotrimeric guanine nucleotide-binding proteins (G proteins) are involved in
regulating a variety of cellular functions in eukaryotic cells. They act as transducers
between activated cell-surface receptors and intracellular effectors. In B. cinerea,
two Ga subunit genes, bcgl and bcg2, have been identified (Schulze Gronover et al.,
2001). The deduced amino acid sequence of BCG1 has the highest level of identity
with the Ga subunits from other phytopathogenic fungi, such as CPC1 from C.
parasitica (Gao and Nuss, 1996), CTG1 from Colletotrichum trifolii (Truesdell et
al., 2000), CGA1l from Cochliobolus heterostrophus (Horwitz et al., 1999) and
MAGB from M. grisea (Liu and Dean, 1997). All these Ga subunits are homologous
to the mammalian G;, family. On the other hand, BCG2 is quite similar to GNA2
from N. crassa (Turner and Borkovich, 1993) and MAGC from M. grisea (Liu and
Dean, 1997). RT-PCR experiments showed clearly that both genes are expressed in
planta at very early stages of infection. Characterization of bcgl and bcg2 deletion
mutants revealed that both Ga subunits affect growth and fungal pathogenicity in
different ways. BCGI1 controls multiple functions, including vegetative growth,
pigmentation, proteolytic activity and pathogenicity. On media with up to 1%
sucrose Abcgl mutants grow slowly and form small, more compact colonies similar
to cgal mutants of C. heterostrophus and cpgl mutants of C. parasitica. However,
on media with higher sucrose concentrations, the phenotype is comparable to the
wild-type (WT) (Schulze Gronover et al., 2001). Interestingly, 2 mM cAMP fully
restored the WT colony morphology suggesting a stimulatory affect of BCG1 on
adenylate cyclase, similar to GNA1 in N. crassa and MAGB in M. grisea. Apart
from effects on vegetative growth and morphogenesis, BCG1 was shown to have a
major role in the process of colonization of host tissue. Germination of conidia and
penetration ceases after formation of primary lesions. After 48 h, on leaves infected



SIGNALLING IN BOTRYTIS CINEREA 87

with WT conidia, rapidly enlarging spreading soft rot lesions are formed, whereas
for Abcgl-infected leaves spreading lesions were never observed. Scanning electron
microscopical (SEM) analysis of 4bcgl-induced primary lesions clearly showed that
the hyphae of the mutant penetrate the plant surface in a manner comparable to the
WT. These observations demonstrate that protein BCG1 seems to play a major role
in the process of invasion of plant tissue after penetration, whereas e.g. magB
mutants of M. grisea cannot penetrate host tissue due to the loss of its ability to form

specialised appressoria (Liu and Dean, 1997).

Table 1. Signalling components identified in Botrytis cinerea

Gene Protein Function Reference’'
bcgl Ga subunit affects pathogenicity, no spreading lesions 1
bcg? Go subunit delay in symptom development 1
bac adenylate cyclase delay in symptom development no 2
conidiation on plant tissue
bepka catalytic subunit of PKA ? 3
bpk2 Sch9-like protein kinase no obvious phenotype, expression induced 4
by HzOz
bmpl MAPK (PMKI1 homologue) loss of pathogenicity, no penetration of 5
plant tissue
bmk3 MAP kinase ? 6
(Hog-homologue)
bcras2  Rab subfamily of Ras vesicular transport? 7
proteins protein secretion?
bcras3  Ras subfamily morphogenesis, conidiation and 7,8
pathogenicity (sequence)
BCPI1 cyclophilinA reduced virulence 9
Bipl putative Ga-coupled no obvious phenotype 10
receptor
BOSI histidine kinase Osmo-sensing, fungicide resistance 11
bpk3 CLK1-like Ser/Thr protein no obvious phenotype expression induced 12
kinase by CuSO4
bpk4 ranl-like protein kinase no obvious phenotype 12
BcSNF - SNF-subgroup of Ser/Thr involved in carbon repression of gene 13

protein kinases

expression?

'1=Schulze Gronover et al., 2001; 2=Klimpel et al., 2002; 3=B. Tudzynski and S. Richter, unpubl. ;
4=C. Schulze Gronover and B. Tudzynski, unpubl.; 5=Zheng et al., 2000; 6=U. Ellendorf, B.
Tudzynski and P. Tudzynski, unpubl.; 7=U. Ellendorf, P. Hantsch, C. Schulze Gronover and B.
Tudzynski, unpubl.; 8=Park et al., 1997; 9=Viaud et al., 2003; 10= C. Schulze Gronover, P. Hantsch
and B. Tudzynski, unpubl.; 11=Cui et al., 2002; 12= C. Schulze Gronover, B. Tudzynski, and P.
Tudzynski, unpubl.; 13=]. Schumacher and B. Tudzynski, unpubl.

In contrast to 4bcgl mutants, Abcg2 mutants show WT colony morphology in
axenic culture and still produce and secrete a set of proteases visible as a halo
around the colonies on milk agar (Schulze Gronover et al., 2001). The infection
process is comparable to the WT, except that the lesions caused by conidia from
Abcg?2 mutants spread more slowly.

Recently, suppression subtractive hybridization (SSH) was used to identify
fungal genes, which are specifically expressed on the host plant in the WT, but very
low or not expressed in bcg/ mutants (Schulze Gronover et al., 2004). Among the
22 differentially expressed genes were found several encoding unknown proteases,



88 B. TUDZYNSKI AND C. SCHULZ GRONOVER

some enzymes involved in secondary metabolism and others encoding cell wall-
degrading enzymes. Most of the genes controlled by BCG1 in the signal cascade are
still expressed in adenylate cyclase (bac) mutants in planta. This result suggests that
BCGl1 is involved at least in one additional signalling cascade beside the cAMP-
dependent pathway (Figure 1).

Plant specific signals
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Figure 1. Hypothetical scheme of signalling pathways in Botrytis cinerea

3. cAMP signalling pathway

cAMP-dependent signalling pathways regulate several important processes in plant
pathogenic fungi, such as morphogenesis, differentiation and virulence. In
M. grisea, a cAMP signalling pathway is involved in appressorium formation. As a
consequence, adenylate cyclase (MAC1) mutants fail to penetrate and are non-
pathogenic (Choi and Dean, 1997). In U. maydis, adenylate cyclase (zacl) mutants
show constitutive filamentous growth, are not pathogenic and fail to induce
pheromone expression in the presence of an activating pheromone (Barrett et al.,
1993; Gold et al., 1994). In addition to the adenylate cyclase gene, others involved
in cAMP signalling also have been characterized in several fungi. Disruption of the
gene encoding the catalytic subunit of the cAMP-dependent protein kinase (CPKA)
in M. grisea resulted in mutants defective in appressorium formation that failed to
cause lesions on a susceptible rice cultivar (Mitchell and Dean, 1995). Mutations in
the gene encoding the regulatory subunit of the M. grisea PKA (sum) restore
growth, sexual and asexual morphogenesis as well as appressorium formation.
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In B. cinerea, the bac gene encoding adenylate cyclase was cloned and
characterized (Klimpel et al., 2002). The deduced protein sequence (2139 amino
acids) shows a high degree of identity with other fungal adenylate cyclases (66%
and 63% amino acid identity to the adenylate cyclases of Blumeria graminis and M.
grisea, respectively). The BAC protein consists of functional domains typical for
adenylate cyclases, such as the “Ras association” (RA) motif, the middle leucine-
rich repeat regions, the catalytic domain and the C terminus with a putative binding
site for the cyclase-associated protein (CAP). RT-PCR studies revealed bac
expression already occurring from the beginning of necrosis development (12 hours
post inoculation, hpi) till at least 48 hpi, when spreading soft rot lesions start to grow
out from primary necrotic spots (Klimpel et al., 2002). Interestingly, 4bac mutants
show similar colony morphology to the 4bcg/ mutants on potato sucrose agar (PSA)
with 0.5-1.0% sucrose. They grow slowly as small compact colonies (diam. 2-3 cm),
whereas the WT strain B05.10 grows rapidly and reaches the margins of the Petri
dish 7 days after inoculation. An exogenous supply of cAMP (2 mM) was optimal
for partial restoration of both the WT colony morphology and growth rate.

Based on the suggestion that both BAC and BCGI1 positively influence the
production of cAMP, intracellular cAMP levels were measured of WT, Adbcgl,
Abcg? and Abac mutant strains grown on PSA for three or six days. The deletion of
bac resulted in the most significant reduction (about 85%) of intracellular cAMP
level, which remained constantly low for up to six days. The 4bcg! mutants showed
about 50% reduction of cAMP level after three days of cultivation, but it increased
to the levels found in the WT after six days. Infection assays were performed on
bean plants. For a better comparison, Abcg! and Abcg2 mutants (Schulze Gronover
et al., 2001) were included in these bioassay experiments. The aggressiveness of
Abac mutants was significantly reduced and comparable with that of 4bcg2 mutants.
The development of spreading lesions four days after inoculation was much slower
on leaves infected with conidia produced by 4bac mutants than on leaves infected
with WT conidia. After seven days, leaves infected by the WT had already wilted
and the tissue was totally macerated, whereas Abac-infected leaves showed slowly
expanding lesions with a diameter only of about 2-3 cm. In addition to slower
spreading-lesion formation, no conidia developed on the surface of Abac-infected
leaves. In contrast, conidia were produced prolifically in the area of secondary
lesions infected with the WT within four days of incubation (Klimpel et al., 2002).

These data show that in B. cinerea adenylate cyclase plays an important, but not
essential, role in vegetative development and aggressiveness. The much stronger
effect of mutations in the bcg/ mutants (which can penetrate plant tissue but are not
able to develop spreading secondary lesions) than those in the bac gene are evidence
that bcgl controls at least one additional signalling pathway involved in
pathogenicity beside the cAMP pathway. This suggestion was confirmed by SSH
experiments in which mRNA derived from Abcgl-infected leaves was subtracted
from that of WT-infected leaves. Only four out of 22 BCG1-controlled genes were
regulated via the cAMP signalling pathway (Figure 1).

To gain better insight into the cAMP pathway, a gene encoding a catalytic
subunit of PKA, bcpka, was cloned recently (B. Tudzynski and S. Richter, unpubl.).
The gene replacement experiments for functional analysis are underway. Beside
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bcpka, a homologue of the genes Sch9 and SchA from Saccharomyces cerevisiae
and Aspergillus nidulans, respectively, were also cloned (Toda et al., 1988; Fillinger
et al., 2002). These serine/threonine protein kinases are known to suppress defects
resulting from cPKA mutations; however the nature of the link between Sch9-like
kinases and cAMP signalling is still unclear. The characteristic feature of BPK2 and
all other Sch9-like protein kinases is the occurrence in their terminal moiety of
amino acid residues typical of phospholipid-binding domains also found in
phospholipases and protein C kinases. It is still not known if other proteins can bind
to this part of the enzyme. Expression studies with bpk2 revealed a significant up-
regulation by H,O,. However, the implications of this result for the gene function
are not clear. Deletion of bpk2 did not affect vegetative growth, conidiation or the
pathogenicity of B. cinerea. A combination of null mutations in the bepka and bpk?2
genes will give a new insight into the functional relationship between these two
protein kinases.

4. MAP kinase pathways

In addition to the G protein a subunits and components involved in the cAMP
signalling pathway, several MAP kinase genes were found to be essential for
vegetative and sexual development, and for osmoregulation and pathogenicity in
different fungi (see Lengeler et al., 2000; Xu, 2000; Tudzynski and Sharon, 2003).
In M. grisea, three MAP kinase genes, pmkl, mpsl and osmIwere characterized,
which play a role in pathogenicity, sporulation and penetration, and osmoregulation,
respectively (Xu and Hamer, 1996; Xu et al., 1998; Dixon et al., 1999).

The pmkl, mpsl and osml deletion mutants are all viable and the genes are not
essential for growth. The Hog-homologous kinase OSM1 is the only M. grisea MAP
kinase that is dispensable for fungal pathogenicity. Pmkl-homologous genes have
been cloned from several phytopathogenic fungi, including C. heterostrophus (Lev
et al., 1999), Colletotrichum lagenarium (Takano et al., 2000), Claviceps purpurea
(Mey et al., 2002), Fusarium oxysporum (Di Pietro et al., 2000), and U. maydis
(Mayorga and Gold, 1999; Miiller et al., 1999). All these MAP kinase genes were
found to be essential for pathogenicity. The PMKI1 pathway is conserved in many, if
not all, fungal pathogens for regulating appressorium formation and/or other
infection processes. Despite the differences in life cycle and mechanisms of plant
infection, the pmkl homologues can complement infection defects of other fungal
pathogens (Mey et al., 2002).

In B. cinerea, the pmkl homologue, bmp1, was cloned and shown to be essential
for pathogenesis (Zheng et al., 2000). The 4bmpl mutants grow and sporulate as
well as the WT, but they are non-pathogenic on tomato leaves, carnation and rose
flowers and fail to elicit plant defence responses (Zheng et al., 2000). Conidia from
Abmpl mutants still germinated on plant surfaces, but lost their ability to penetrate
and macerate plant tissue. Wounding of plants does not overcome the penetration
defect. Therefore, as in most of the plant pathogenic fungi, both the cAMP and MAP
kinase pathways are involved in infection processes. For U. maydis it was shown
that both pathways act synergistically during plant infection and may be connected
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by “cross talks” at the level of the transcription factor Prfl (Mayorga and Gold,
1999; Miiller et al., 1999). In B. cinerea, a similar connection has not yet been
shown, and transcription factors such as Prfl, which are under control of both
signalling cascades, have not been found.

Though the Hog-homologue in M. grisea, OSMI1, is not essential for
pathogenesis in that system, a role for the corresponding MAP kinase cascade in B.
cinerea is possible. Recently Lara-Ortiz et al. (2004) demonstrated that the Hog-
homologue of A. nidulans, Sak A, influences differentiation and active oxygen
species (AOS) status. Since AOS play an important role in pathogenesis of B.
cinerea (Chapter 8), a functional analysis of the HOG MAPK cascade was initiated
recently. The hog homologue of B. cinerea, bmk3, was cloned and characterized; its
derived amino acid sequence shows highest homology to the corresponding stress-
activated MAP kinase from A. nidulans (U. Ellendorf, B. Tudzynski and P.
Tudzynski, unpubl.). A functional analysis by gene replacement is under way.

5. Genes of the Ras superfamily

Ras proteins are a superfamily of small GTP-binding proteins which are highly
conserved in all eukaryotic organisms and which are involved in several processes
of morphogenesis, differentiation, nutrient sensing and pathogenicity. Previous
studies in S. cerevisiae have shown that two Ras proteins, Rasl and Ras2, sense
changes in nutrient environment and regulate cAMP synthesis and cell cycle
progression (Kataoka et al., 1984; Toda et al., 1985; Jiang et al., 1998). In
filamentous fungi, not many data are available on the function of Ras homologues
and their interaction with other signalling components. In Colletotrichum trifolii, the
expression of a constitutively activated form of Ras resulted in aberrant hyphal
morphology, no conidiation and failure to produce appressoria when the fungus was
grown on minimal medium; addition of proline can restore the WT phenotype
(Truesdell et al., 1999; Memmot et al., 2002). In U. maydis, disruption of ras2
resulted in loss of pathogenicity and dramatic changes in cell morphology. It was
shown that RAS2 interacts with the cAMP as well MAPK pathways (Lee and
Kronstad, 2002).

Dumas et al. (2001) and Siriphutthaiwan et al. (2003) could also demonstrate
that small G proteins belonging to the Rab subfamily of the Ras superfamily can
affect pathogenicity of the fungus Colletotrichum lindemuthianum. In yeasts,
members of the Rab subfamily regulate intracellular vesicular transport and protein
secretion. Expression of the dominant-negative gene copy of the C. lindemuthianum
Rab-encoding gene, CLPTI, resulted in large amounts of vesicles randomly
distributed in the fungal cell, but the strains were unable to secrete proteins and were
non-pathogenic. In B. cinerea, seven small G proteins of the Ras superfamily have
been cloned so far (P. Hantsch and B. Tudzynski, unpubl.) (Table 1). Most of the
sequences were found in the public ESTs database (http://www.genoscope.Cns.ft/),
and the sequence of one of the genes has already been published (Park et al., 1997).
Among them there is one Ras-encoding gene homologous to ras2 of S. cerevisiae
(bcras3), and one gene homologous to CLPTI (bcras?2). Both genes were deleted in
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the B. cinerea WT strain B05.10 and shown to be involved in morphogenesis,
conidiation and pathogenicity (U. Ellendorf, P. Hantsch, C. Schulze Gronover and
B. Tudzynski, unpubl.). The detailed characterization of bcras2 and bcras3 mutants
as well as transformants carrying a dominant active gene copy of bcras3 are
underway.

6. Calcineurin/cyclophilin A signalling

Calcineurin is a heterotrimer Ca®*-calmodulin-activated phosphatase composed of a
catalytic subunit (calcineurin A), a regulatory subunit (calcineurin B) and
calmodulin (Dickman and Yarden, 1999). In the rice blast fungus M. grisea,
calcineurin is involved in formation of the appressorium (Lee and Lee, 1998; Viaud
et al., 2002). In yeasts, there is some evidence that calcineurin interacts with
cyclophilin A, the cellular primary target of the immuno-suppressive drug
cyclosporin A (Marks, 1996). It was suggested that cyclophilin A might regulate
calcineurin assembly or activity (Wang et al., 2001). In B. cinerea, among 6598
Expressed Sequence Tags (ESTs), putative sequences encoding calcineurin subunits
and cyclophilin A were identified (C. Levis and Y. Brygoo, unpubl.). The
cyclophilin A gene, BCPI, was characterized in more detail (Viaud et al., 2003). A
ABCP] strain was selected and shown to be less virulent than the WT on tomato and
bean leaves. Full pathogenicity was restored after complementing the mutant strain
with the WT gene copy (Viaud et al., 2003). In contrast to the WT, the ABCPI
mutant grew normally in the presence of 100 pg/ml cyclosporin A, indicating that
the BCP] is the target of cyclosporin A. The effect of both cyclosporin A and BCP1
disruption on the expression of genes was analyzed by using macroarrays spotted
with the 2839 unique ESTs. Among the cyclosporin A-affected genes are those with
high homology to two P450 monooxygenase genes and one sesquiterpene cyclase
gene from the trichothecene biosynthesis pathway in Fusarium sporotrichioides,
which are organized as a gene cluster in B. cinerea. Furthermore, the
endopolygalacturonase 1 gene, bcpgl, which is required for full virulence of
B. cinerea (Ten Have et al.,, 1998) was also shown to be down-regulated by
cyclosporin A. The signature of BCP1 inactivation on the same macroarrays allowed
the identification of only three cyclophilin (BCPI)-dependent genes that were
different from cyclosporin A-affected ones (Viaud et al., 2003). The relationship
between the calcineurin and other signalling pathways has yet to be determined.

7. Putative transmembrane receptor proteins

In S. cerevisiae, a G protein-coupled receptor protein, Gprl, was shown by a two-
hybrid analysis to be identical to the Ga subunit Gpa2 (Xu et al., 1998). This is one
of the few examples in which an integral membrane protein was shown to interact
directly with one of the Ga subunits. The only transmembrane protein so far shown
to affect the virulence of a plant pathogenic fungus has been identified in M. grisea.
In contrast to Go-coupled receptor proteins with their characteristic seven
transmembrane domains, PTH11 consists of nine membrane-spanning domains. The
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PTHI11-encoding gene was identified by screening for non-pathogenic mutants that
develop functional appressoria and thus penetrate rice leaves. It was suggested that
PTH11 may function as an upstream effector of appressorium differentiation in
response to surface cues (DeZwaan et al., 1999).

In B. cinerea, a gene, btpl, encoding a transmembrane protein with significant
homology to PTH11, has been found by an SSH approach, where mRNAs from non-
infected bean leaves were subtracted from mRNA obtained from infected bean
leaves (C. Schulze Gronover, P. Hantsch and B. Tudzynski, unpubl.). The BTP1
protein contains seven transmembrane domains suggesting that it could be a member
of the family of Ga protein-coupled receptors. However, the 4bfpl mutants were not
deficient in pathogenicity and therefore the BTP1 protein does not interact with
BCG] during pathogenic development.

8. Two-component signal transduction genes in Botrytis cinerea

“Two-component” histidine kinase (HK) phosphorelay signalling systems are a
major mechanism by which organisms sense and adapt to their environment. In
response to a specific signal, the HK autophosphorylates a conserved histidine
residue. The phosphate is then transferred to a conserved aspartic acid residue in a
response regulator (RR) protein resulting in changed transcription or regulation of
e.g. a MAP kinase cascade (Wolanin et al., 2002). To date, only a few HK genes
from filamentous fungi have been characterized. The N. crassa NIK1/0S-1 is
implicated in osmotic response (Schumacher et al., 1997). The homologous osmo-
sensing HK, BOS-1, was cloned in B. cinerea and shown to mediate dicarboximide
fungicide resistance (Cui et al., 2002). B. cinerea is one of the few recently
sequenced genomes in filamentous fungi (Catlett et al., 2004), following the
sequencing of the genomes of N. crassa (Galagan et al., 2003), C. heterostrophus
and Gibberella moniliforme. The genome sequence data revealed 20 HKs for B.
cinerea and 11 (N. crassa), 21 (C. heterostrophus) and 16 (G. moniliforme) HKs for
the other fungi. The function of these HKSs is still unknown. However, the number of
downstream two-component signalling genes is rather low in contrast to bacteria. It
was suggested that all HKs signal through the same downstream histidine
phosphotransfer (HPt) and RR proteins, combining multiple inputs into a single
signalling pathway (Catlett et al., 2004).

9. Further protein kinase encoding genes with unknown function

In differential cDNA screening approaches, two other genes with high homology to
protein kinases have been identified, bpk3 and bpk4 (C. Schulze Gronover, P.
Tudzynki and B. Tudzynki, unpubl.). bpk3 revealed a high homology to c/k/ from
C. lindemuthianum, the causal agent of bean anthracnose (Dufresne et al., 1998).
clkl was identified in a insertional mutagenesis screen for non-pathogenic mutants.
The gene encodes a serine/threonine protein kinase that is involved in pathogenicity.
The clkl mutants are not able to penetrate bean leaves, possibly because of the
differentiation of defective appressoria. In order to show if bcpk3 is a functional
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homologue of clkl, we deleted the gene in B. cinerea B05.10. However, three
independent knock-out mutants were not affected in pathogenicity, or vegetative
growth and conidiation. Expression analysis showed that bpk3 is strongly induced
by CuSO,. Addition of H,O, had no effect on bpk3 expression demonstrating the
specificity of the copper effect. bpk3 mutants are not affected in growth when
exposed to high concentrations of CuSQ,, but it still has not been shown whether
copper transport is affected in these mutants.

bcpk4 revealed the highest homology to the Ranl protein kinases of
Schizosaccharomyces pombe that regulate the cell transition between mitosis and
meiosis. As expected from the need for nutrient limitation and pheromone
signalling, many signal transduction pathways converge to regulate differentiation.
However, each phase of fission yeast life cycle can be governed by the activity of
Ranl kinase (McLeod et al., 2000). Deletion of bpk4 in B. cinerea resulted in no
obvious phenotype: the mutant strains grow and sporulate like the WT, and the
pathogenicity is not affected. Expression studies showed that the kinase is
constitutively expressed. For identification of putative functions for these signalling
components, macroarrays differentially hybridized with cDNA from the WT and the
corresponding mutant will be used in the near future.

Recently we cloned the SNF homologue in B. cinerea, bcSNF (J. Schumacher
and B. Tudzynski, unpubl.). SNF proteins are members of a highly conserved
subfamily of serine/threonine kinases found in fungi, plants and animals (Hardie et
al., 1998). In Cochliobolus carbonum and F. oxysporum it has been shown that SNF
protein kinases are essential for expression of glucose-repressed genes, such as
genes encoding cell wall-degrading enzymes. As a result, SNF' mutants are less
virulent than the corresponding WT (Vacher et al., 2003; Ospina-Giraldo et al.,
2003). For B. cinerea the gene replacement experiments are underway.

10. Conclusions

It is becoming clear that B. cinerea has numerous genes encoding signalling
components that function in a complicated network of signalling cascades. So far,
we are still at the level of gene cloning and characterization. The investigation of
“cross talks” between signalling pathways, as well as searching for transcription
factors and corresponding target genes on one hand, and for receptors receiving and
transducing specific signals on the other hand, are only at the beginning.
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Abstract. The infection of host plants by Botrytis spp. is mediated by numerous extracellular enzymes
and metabolites. Each of these compounds may play a role in different stages of the infection process.
Cutinases, lipases and some cell wall-degrading enzymes may facilitate the penetration of the host
surface, while toxins, oxalate and reactive oxygen species may contribute to killing of the host cells.
Several cell wall-degrading enzymes contribute to the conversion of host tissue into fungal biomass, but
also other enzymes, such as laccases and proteases are potentially involved in pathogenesis. The cloning
of the corresponding genes in recent years has facilitated studies on gene expression and targeted
mutagenesis. This chapter gives an updated overview of the research performed on these secreted
enzymes and metabolites and the role they play in pathogenesis.

1. Introduction

Botrytis cinerea is able to infect a wide spectrum of host plant species, whereas
other Botrytis species are confined to a single host species (Chapters 1 and 3). All
Botrytis species, whether specific or not, are necrotrophs implying they are able to
kill host cells during the infection process. De Bary (1886) observed that carrot cells
were killed in advance of invading hyphae of the soft rot fungus Sclerotinia. He also
noted that fluid from rotten tissue could degrade healthy host tissue, while boiled
fluid had no effect. This led to his conclusion that the fungus produced heat-labile
enzymes and toxins that kill and degrade plant cells. The same is true for Botrytis
species. They are equipped with a set of enzymes and/or metabolites that enable the
pathogen to invade host tissue, kill host cells and eventually convert host tissue into
fungal biomass. Many of these enzymes and metabolites act extracellularly at the
plant-fungus interface, or even in the host tissue at some distance from the growing
hyphae. This chapter will deal with pathogenicity factors, i.e. effector molecules that
cause damage to the host thereby enabling the pathogen to complete its disease and
life cycle. The emphasis is placed on fungal extracellular enzymes, but we will also
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discuss the biosynthetic pathways of metabolites secreted during pathogenesis. This
chapter discusses neither differentiation of infection structures nor the production of
phytohormones (covered in Chapters 5 and 10, respectively). Most data originate
from the research on B. cinerea, but we will also discuss other Botrytis species
where relevant information is available.

2. Penetration of the host surface

The disease cycle starts with a conidium landing on the host surface. Upon
attachment, it germinates on the host surface and produces a germtube that develops
into an appressorium that facilitates penetration of the host surface. Invasion of host
tissue can be achieved by active penetration or passive ingress. B. cinerea is an
opportunist that can initiate infection at wound sites, or at sites previously infected
by other pathogens. Nevertheless, Botrytis spp. are perfectly able to penetrate intact
host surfaces. Only direct, active penetration of the epidermal surface is discussed in
this section. For reasons of simplicity the penetration of dead or wounded tissue is
regarded as an expansion process rather than a penetration process and is dealt with
in sections 4 and 5.

The first barrier to breach is the host cuticle covering all aerial parts of the plant.
The cuticle consists of cutin, a polyester of hydroxylated and epoxidised Cy- and
Cig-fatty acids, in many cases covered with a hydrophobic wax layer consisting of
fatty alcohols. Physical damage or brute mechanical penetration of the cuticle by B.
cinerea is not usually observed (Williamson et al., 1995; Cole et al., 1996)
indicating that enzymatic activity is involved in penetrating intact host surfaces
(Salinas and Verhoeff, 1995).

2.1. The role of lipase in wax layer penetration and surface adhesion

The wax layer does not seem to pose a serious barrier, although removal of the wax
layer by abrasion was reported to increase the infection incidence (Sutton et al.,
1984). No correlation was observed between the wax layer dry weight of rose or
gerbera petals and their susceptibility to B. cinerea (Kerssies and Frinking, 1996).

It is conceivable that B. cinerea produces surfactants: proteins or metabolites that
reduce surface hydrophobicity and “dissolve” the wax layer, thereby providing
access to the underlying cutin polymer. The polysaccharide cinerean, covering B.
cinerea germ tubes (Chapter 5) might fulfil a role as surfactant. Alternatively, the
reduction of host surface tension may be achieved enzymatically. Cutinases, serine
esterases, lipases and other non-specified esterases are reported to be involved in the
adhesion of several plant pathogenic fungi: Alternaria brassicola (Kéller et al.,
1995; Yao and Koller, 1995; Berto et al, 1997; Fan and Koller, 1998),
Colletotrichum graminicola (Pascholati et al., 1993), Erysiphe graminis (Pascholati
et al., 1992), Uromyces viciae-fabae (Deising et al., 1992; Clement et al., 1993a, b).

B. cinerea produces an extracellular triacylglycerol lipase, with a molecular mass
of 60 kDa during culture in the presence of a fatty acid ester. The enzyme is able to
hydrolyse unsaturated long chain fatty acid esters (Comménil et al., 1995), known to
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be components of cutin and waxes. Lipase production in vitro was induced by wax
esters and free fatty acids (Comménil et al., 1999). The lipase possesses cutinolytic
activity, although its kinetic properties (Comménil et al., 1998) are clearly distinct
from those of a 'typical' cutinase that will be discussed below. It was proposed that
the enzyme plays a role in modifying the waxes and cuticle, and in adhesion of
conidia to the plant surface (Comménil et al., 1997, 1998). Studies with polyclonal
antibodies blocking the active site suggested that the lipase plays an important role
in the infection process. When antibodies were applied on to intact tomato leaves
prior to inoculation with B. cinerea conidia, the fungal germ tubes were unable to
penetrate the cuticle (Comménil et al., 1998). The antibodies did not affect
germination of B. cinerea conidia nor did they inhibit the infection of wounded
tissue, suggesting a role for the lipase specifically during host surface penetration.
These antibodies also inhibited a lipase purified from Alfernaria brassicicola and
they were able to reduce by 90% the occurrence on intact cauliflower leaves of
blackspot lesions caused by A. brassicicola. The antibodies did not prevent A.
brassicicola infection on dewaxed cauliflower leaves, again indicating a crucial role
for lipase in the penetration phase of the infection (Berto et al., 1999).

The B. cinerea triacylglycerol lipase was partially sequenced (Comménil et al.,
1999). The corresponding gene (Lip!) was cloned and targeted mutants were made
by insertion of a hygromycin resistance cassette. Lip/-deficient B. cinerea mutants
did not produce extracellular lipase under inducing conditions, but remained able to
infect intact primary leaves of Phaseolus vulgaris (H. Reis and M. Hahn, Univ.
Kaiserslautern, Germany, pers. comm.), indicating that the lipase is not essential in
host surface penetration.

2.2. Penetration of the cutin network by cutinase

Below the wax layer lies cutin, a highly complex three-dimensional network of
chemically heterogeneous esterified hydroxylated, partly unsaturated fatty acids.
How does B. cinerea breach the cutin network? In the 1980s and early 1990s several
groups studied the role of cutinases of a number of plant pathogenic fungi in
penetration (reviewed by Koéller et al., 1995). Evidence was presented that cutinase
was important for cuticle penetration by Nectria haematococca (Fusarium solani
f.sp. pisi; Rogers et al.,, 1994), although this conclusion was firmly rebutted by
others (Stahl and Schifer, 1992; Stahl et al., 1994).

Salinas (1992) purified a 18-kDa cutinase from B. cinerea and raised monoclonal
antibodies against the protein. Application of the antibody to gerbera flowers prior
to inoculation reduced the number of lesions formed, suggesting that indeed the 18-
kDa cutinase was important for penetration. This conclusion was however rejected
on the basis of molecular-genetic studies. The BccutA gene, encoding the 18-kDa
cutinase, was cloned (Van der Vlugt-Bergmans et al., 1997). The gene was
expressed during pathogenesis from the onset of germination on the host surface
onwards (Van Kan et al., 1997). Gene replacement mutants were made that lacked
the enzyme activity. The mutants were equally virulent as the wild type isolate both
on gerbera flowers and tomato fruits, and the fungus remained able to penetrate
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intact cuticle surfaces (Van Kan et al, 1997). Further experiments on other host
species and different tissues have never revealed any reduction of virulence of the
BccutA-deficient mutant (J. van Kan et al., unpubl.). Although the results of Salinas
(1992) remain to be explained, it is evident that this cutinase is not essential in
penetration.

2.3. The role of pectinases in penetrating the anticlinal epidermal wall

Over the years many studies have dealt with the secretion of cell wall-degrading
enzymes (CWDEs) by B. cinerea during the early stages of infection. Swelling of
the anticlinical epidermal cell wall (Mansfield and Richardson, 1981) suggested
active involvement of CWDE:s in penetration. Enzymes that attack pectic substances
in the plant cell wall are thought to play a major role in pathogenicity (Clark and
Lorbeer, 1976; Collmer and Keen, 1986; Cole et al., 1998). Endopolygalacturonase
activity was detected in ungerminated B. cinerea conidia (Verhoeff and Warren,
1972) and two polygalacturonase isozymes were associated with the penetration
stage of the infection process (Van den Heuvel and Waterreus, 1985). It was
suggested that the early, constitutive production of polygalacturonases enables fast
penetration of the host tissue (Kapat et al., 1998), although no evidence was
presented to support this hypothesis. Conclusions can only be drawn by studying
mutants in pectinolytic genes during early stages of infection. In all of the mutants
generated in the course of our work on B. cinerea CWDEs, we have never observed
a mutant incapable of penetrating intact host tissue (I. Kars et al., unpubl.). In
section 4, we discuss the role of CWDEs in later stages of infection.

3. Killing of host cells

Once through the cuticle, B. cinerea kills underlying epidermal cells before they are
invaded by hyphae (Clark and Lorbeer, 1976). Invasion of plant tissue by B. cinerea
triggers processes indicative of programmed cell death at a distance from the hyphae
(Govrin and Levine, 2000), implying that diffusible factors have a direct or indirect
phytotoxic activity. Also B. elliptica triggers programmed cell death in its host plant
lily (P. van Baarlen and J. van Kan, unpubl.). The inducing factors may be proteins
or low molecular weight compounds secreted by the fungus into its environment.
The induction of (programmed) cell death facilitates B. cinerea invasion and may in
fact be essential for successful infection (Govrin and Levine, 2000). Most studies on
the induction of cell death were performed with B. cinerea.

3.1. Toxins

Culture filtrates of B. cinerea may be phytotoxic when applied to plant tissue
(Rebordinos et al., 1996). Compounds with phytotoxic potential were identified as
botcinolide, a highly substituted lactone (Cutler et al., 1993) and botrydial, a
tricyclic sesquiterpene (Colmenares et al., 2002). Several compounds related to
botcinolide and botrydial have been identified that may either be precursors or
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conversion products, but these compounds generally have a lower toxicity (Duran-
Patron et al., 2000; Colmenares et al., 2002). Botrydial requires light for phytotoxic
activity (Colmenares et al., 2002), but the reason for light dependence remains to be
clarified. The observation that botcinolide and botrydial types of secondary
metabolites were only secreted by B. cinerea in medium with high glucose levels
initially raised doubts about their production in planta. However, with analytical
chemical methods it was demonstrated that botrydial accumulates in infected tissue
(Deighton et al., 2001) at concentrations that are presumably physiologically
relevant. No evidence has yet been presented for production of botcinolide in planta.
The role of botrydial in the infection of host plants needs to be evaluated by
constructing mutants in the botrydial biosynthetic pathway. Resolution of this
pathway is in progress, but the relevant genes have not been identified.

The B. cinerea toxins described above have a general phytotoxic activity. There
is no evidence for production by B. cinerea of host-specific toxins, i.e. molecules
produced by a pathogen that are specifically and exclusively toxic to its host and
essential for the pathogen to achieve successful infection (Walton, 1996). This may
not be surprising in view of the broad host range of B. cinerea. Recently, however, a
protein was identified that is secreted by B. elliptica and able to trigger programmed
cell death in its host plant lily, but not in non-host plant species (P. van Baarlen and
J. van Kan, unpubl.). This protein meets the criteria of a host-selective toxin and
may turn out to be a determinant of compatibility for B. elliptica. By analogy, it is
worth considering the possibility that the other, specialised Botrytis species may also
be equipped with host-selective toxins, but this remains to be studied.

3.2. Oxalic acid

Secretion of oxalic acid (OA) occurs in fungi from various taxonomic classes
(reviewed by Dutton and Evans, 1996). A key role has been postulated for OA in
pathogenesis of Sclerotinia sclerotiorum (Godoy et al., 1990), a close relative of
Botrytis spp. Mutants of S. sclerotiorum, deficient in OA production, were unable to
infect Arabidopsis plants (Dickman and Mitra, 1992) and the deficiency could be
restored by supplementing inoculum with OA. The oxalate-mediated acidification
facilitates induction of gene expression by the ambient pH-dependent regulator
pacl, which is required for virulence of S. sclerotiorum (Rollins, 2003).

B. cinerea produces OA both in vitro (Gentile, 1954; Germeier et al., 1994) and
in planta (Verhoeff et al., 1988). OA forms calcium oxalate crystals within the host
tissue (Figure 3 in Prins et al., 2000b). The sizes of lesions induced by different
strains of B. cinerea on grapevine and bean leaves correlated with the amount of OA
that these strains secreted in vitro (Germeier et al., 1994). It remains unclear whether
the levels of OA produced in planta are sufficient to cause host cells to directly
collapse. OA may in fact be a co-factor in pathogenesis rather than the primary
phytotoxic agent. Culturing B. cinerea in low ambient pH resulted in the enhanced
production of secreted endopolygalacturonase, aspartic protease and laccase activity
(Manteau et al., 2003). Fungal endopolygalacturonases (Section 4.1.2), aspartic
proteases (Section 5.1) and laccases (Section 5.2) have an optimal activity at low pH
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and are therefore stimulated by the simultaneous secretion of OA (Ten Have et al.,
2002; Manteau et al., 2003). Moreover, OA may stimulate pectin degradation
resulting from endopolygalacturonases action by sequestering the Ca®* ions from
(intact or partially hydrolysed) Ca-pectates in the cell walls. The removal of Ca*"
ions disturbs intermolecular interactions between pectic polymers and disrupts the
integrity of the pectic backbone structure. Consequently, the pectic structure absorbs
water and swells, as described by Mansfield and Richardson (1981).

The oxalate biosynthetic pathway in B. cinerea remains to be established.
Several metabolites may serve as precursors of oxalate: glyoxal, oxaloacetate,
erythroascorbic acid. Glyoxal oxidase is an enzyme that converts glyoxal into OA
and H,O,. In the white rot fungus Phanerochaete chrysosporium this enzyme serves
to generate H,0,, required as substrate for lignin peroxidases involved in lignin
degradation (Kersten and Kirk, 1987). B. cinerea contains a gene encoding a glyoxal
oxidase homologue, which is expressed in vitro and in planta at a constitutive level
(J. van Kan et al., unpubl.). The gene product is predicted to possess a secretion
signal peptide, suggesting extracellular localisation. However, mutants in the
glyoxal oxidase gene retained the ability to produce OA (J. van Kan et al., unpubl.),
ruling out an important role of this enzyme in OA production. A second candidate
enzyme that can generate OA is oxaloacetate hydrolase, converting oxaloacetate into
acetate and OA. An oxaloacetate hydrolase gene was cloned from Aspergillus niger
(Pedersen et al., 2000) and B. cinerea expresses a homologous gene. Its role in OA
production and pathogenesis is under investigation (J. van Kan et al., unpubl.).
Finally, several compounds were identified as potential OA precursors in Sclerotinia
sclerotiorum: L-ascorbic acid, D-erythroascorbic acid, and D- and L-arabinose
(Loewus et al., 1995; Keates et al., 1998; Loewus, 1999). The enzymes involved in
this pathway remain to be identified. It seems plausible to speculate that B. cinerea
posesses a similar biosynthetic pathway, but this question remains to be addressed.
Chapter 8 describes the role of OA in oxidative processes in more detail.

3.3. Induction of Active Oxygen Species

Recent studies have focussed on Active Oxygen Species (AOS) production in
relation to B. cinerea pathogenicity (Von Tiedemann, 1997; Govrin and Levine,
2000; Patykowski and Urbanek, 2003). AOS is the joint term for the superoxide
anion, hydroxyl radical and hydrogen peroxide. An oxidative burst and enormous
perturbances in the redox status are observed at the host-fungal interface, as well as
in plant tissue at some distance from the infection front (Chapter 8). A large part of
the H,O, production seems to occur in plasma membranes of host cells adjacent to
fungal hyphae (Govrin and Levine, 2000; Schouten et al., 2002a). There are a
number of fungal enzymes that potentially contribute to the H,O, production. Fungal
extracellular sugar oxidases (Edlich et al., 1989; Liu et al., 1998) or superoxide
dismutase (SOD) were considered as candidate enzymes potentially responsible for
generating the H,O,. Genes encoding an extracellular glucose oxidase and SOD
were cloned. The targeted deletion of the SOD gene significantly reduced virulence
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and extracellular H,O, accumulation at the host-fungus interface whereas deletion of
the glucose oxidase gene did not affect virulence (Rolke et al., 2004).

4. Conversion of host tissue into fungal biomass

Plant cell walls function as barriers to biotic and abiotic agents. The strength and
flexibility of cell walls depend on their composition. Plant cell walls are made up of
different types of polysaccharides: the primary cell wall consists of cellulose and
hemi-cellulose, while the middle lamella has a high pectin content. Pectin, a
complex network of various polygalacturonans, also extends into the primary wall.
Once it has penetrated the anticlinal epidermal cell wall, Botrytis grows through
the middle lamella and produces a range of CWDEs. Enzymatic breakdown of the
plant cell wall releases carbohydrates which form a major carbon source for
consumption. Cell wall degradation by Botrytis is mediated by pectinases, cellulases
and hemicellulases. These CWDEs each have specific features and are involved in
different steps of host tissue colonisation and maceration. In the next sections we
review research performed in recent decades on different types of Botrytis CWDEs.

4.1. Pectinases

Pectin is a major component of the plant cell wall and consists of three main types of
polygalacturonans: homogalacturonan, rhamnogalacturonan [ and rhamnogalac-
turonan II. Homogalacturonans are made of a-1,4-linked chains of D-galacturonic
acid that can be methylated and/or acetylated. Highly methylated homogalacturonan
is referred to as pectin, while homogalacturonan with a low degree of methylation is
called pectate. Enzymes that are able to degrade pectic components are denoted as
pectinases. During infection Botrytis produces various types of pectinases, each
having distinct roles in pectin degradation.

4.1.1. Pectin methylesterase

Most pectinolytic enzymes cannot degrade highly methylated pectin. Therefore, the
action of pectin methylesterase, which de-methylates pectin to pectate, is required.
The biochemical characteristics were described of two B. cinerea pectin
methylesterase (BcPME) isozymes with different molecular mass and identical pl
values (Marcus and Schejter, 1983). In contrast, Reignault et al. (1994) identified
two isozymes in a different B. cinerea strain (Bd90), which were of identical
molecular mass (42 kDa) but had different pI values (pI 7.0 and 7.4, respectively).
Levels of BcPME activity in liquid cultures were neither enhanced by pectic
derivates nor subject to glucose repression. In B. fabae-infected broad bean tissue,
the content of methyl-esterified homogalacturonan decreased in the vicinity of
hyphae, indicative of either pectin methylesterase action or pectin degradation (Cole
et al., 1998). Pectin methylesterase activity was detected in B. cinerea-infected bean
leaves and its level was correlated with disease severity (Zimand et al., 1996).
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Disruption of the B. cinerea pectin methylesterase gene Bcpmel in strain Bd90
revealed that this gene encodes the isozyme with pl 7.4, and confirmed that this
strain possesses more than one pectin methylesterase-encoding gene. Pectin
methylesterase activity in the Bcpmel mutant was reduced by 75% and the mutant
was less virulent on apple, grapevine and Arabidopsis (Valette-Collet et al., 2003).
Only a single mutant was obtained; complementation of the mutant with the
wild type gene restored virulence. In our laboratory, however, multiple Bcpmel
mutants were generated in strain B05.10 using a gene-replacement strategy (Chapter
4). None of these mutants showed a reduction in virulence on five different host
plants tested, including apple (I. Kars et al., unpubl.). The mutants did not grow
differently on plates containing 75% methyl-esterified pectin, as compared to
B05.10. The differences in virulence between Bcpmel mutants in the two different
strains must be further investigated. Zymograms of pectin methylesterase activity in
plant tissues infected by either Bd90 or B05.10 were similar (Reignault et al., 2000).
No differences were detected between the two strains by Southern analysis of
genomic DNA (Valette-Collet et al., 2003). This raises the possibility of the
involvement of another pectin methylesterase isozyme. A second BcPME isozyme
(pI 7.1) was detected in strain Bd90 (Valette-Collet et al., 2003), but was proposed
to play a less prominent role than Bepmel. This isozyme could be encoded by the
recently identified gene Bcpme?2. Bcpme2 might be more important for pathogenicity
of strain B05.10 than of Bd90. It will be of interest to generate mutants lacking both
genes and study the effect on pathogenesis.

4.1.2. Endopolygalacturonase

Endopolygalacturonases are endo-acting enzymes catalysing the hydrolysis of
homogalacturonan, resulting in substrate fragmentation. These enzymes are not able
to hydrolyse highly methylated pectin, but first require the action of pectin
methylesterase to de-methylate pectin to pectate. Over the years, many researchers
have tried to unravel the complex mechanism of action of Botrytis endopoly-
galacturonases (BcPGs). Research mainly focused on the production, purification
and characterisation of Botrytis endopolygalacturonase isozymes in vitro and in
planta (Hancock et al., 1964a, b; Verhoeff and Warren, 1972; Drawert and Krefft,
1978; Marcus and Schejter, 1983; Urbanek and Zalewska-Sobczak, 1984; Van den
Heuvel and Waterreus, 1985; Leone, 1990; Leone et al., 1990a, b; Movahedi and
Heale, 1990b; Johnston and Williamson, 1992a, b; Tobias et al., 1993, 1995; Van
der Cruyssen et al., 1994; Zimand et al., 1996; Chilosi and Magro, 1997; Kapat et
al., 1998; Reignault et al., 2000; Pashkoulov et al., 2002; Manteau et al., 2003).
Nevertheless, these studies have not revealed the exact function of individual
endopolygalacturonase isozymes in pathogenesis. In the late 1990s the first BcPG
encoding genes were cloned and characterised (Wubben et al., 1999). A gene family
was discovered which encoded six isozymes, each having different characteristics.
The expression pattern of each gene family member was studied and indicated how
these genes are regulated in vitro and in planta (Wubben et al., 2000; Ten Have et
al., 2001). Characterisation of five heterologously expressed, pure BcPGs revealed
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that each isozyme differs in specific activity, protein stability, substrate preference
and end-products (G. Krooshof et al., unpubl.).

The availability of Bcpg genes facilitated the analysis of function of individual
isozymes in pathogenesis. Disruption of Bepgl resulted in a reduction in virulence
on tomato leaves and fruit, as well as on apple (Ten Have et al., 1998). Disruption of
other members of the endopolygalacturonase gene family was achieved and mutants
were characterised. Assays on various host species showed that Bepg?2 also plays an
important role in virulence (I. Kars et al., unpubl.).

It was recently reported that BcPGl1 displays elicitor activity, triggering an
oxidative burst in grapevine cell suspensions (Poinssot et al., 2003). Mild heat
treatment drastically reduced enzyme activity without strongly affecting elicitor
activity, suggesting that defence responses result from BcPG1 protein recognition
rather than from its enzyme activity. It was hypothesised that BcPGl1 triggers a
defence reaction through a gene-for-gene interaction, in which Bcpg! acts as an avr
gene (Poinssot et al., 2003). This novel hypothesis, however, seems to contradict the
proposed role of endopolygalacturonases in tissue colonisation and maceration (Ten
Have et al., 2002). Unfortunately, Poinssot et al. (2003) did not present evidence that
the elicitor activity of BcPGl1 (i.e. the amount of H,O, produced upon incubation of
grapevine cells with BcPG1) was linearly correlated with the amount of protein
added, or demonstrate that enzyme activity (i.e. the amount of reducing sugar ends
released from the model substrate polygalacturonic acid) was linearly correlated
with the amount of protein added. It can be envisaged that grapevine cell
suspensions still mount an equally strong oxidative burst even with lower amounts
of BcPGl. Furthermore, it remains questionable whether an oxidative burst in cell
suspensions reflects physiological responses in B. cinerea challenged green tissue.

We favour the explanation that the main (if not exclusive) role of
endopolygalacturonases is in tissue colonisation and maceration. Firstly, all Botrytis
species studied thus far seem to possess a gene family encoding multiple
endopolygalacturonases (Wubben et al., 1999). This seems redundant for Botrytis
spp. specialised on a single host species if their function was to act as an elicitor.
Secondly, if the function of endopolygalacturonases was to act as an avirulence
protein, one would predict that the genes evolve in such a way that enzyme activity
of the gene product is lost. Yet, all B. cinerea endopolygalacturonase genes studied
encode active enzymes (G. Krooshof et al., unpubl.). Thirdly, the presence in plants
of an R gene that recognises BcPGl, and thereby confers susceptibility to B.
cinerea, would put strong selection pressure on the host for loss of R gene function.

4.1.3. Exopolygalacturonase

Exopolygalacturonases cleave monomeric or dimeric glycosyl groups from the
pectic polysaccharide, thereby providing the fungus with potential nutrients. B.
cinerea and B. allii produced exopolygalacturonases in necrotic leaf sections of
onion, while B. squamosa did not (Hancock et al., 1964a, b). Exopolygalacturonase
activity was also detected in B. cinerea-inoculated tomato petiole and fruit (Verhoeff
and Warren, 1972). The total exopolygalacturonase activity in B. cinerea-infected
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bean plants remained at a similar level for 6 days whereas the symptom
development progressed (Kapat et al., 1998). Johnston and Williamson (1992a) were
the first to purify and characterise two B. cinerea exopolygalacturonases with
molecular weights of 65 and 70 kDa, respectively. The same two isozymes were
detected in B. cinerea cultures containing as carbon sources either citrus pectin,
polygalacturonic acid or its monomer, galacturonic acid (Lee et al., 1997; Rha et al.,
2001). Tobias et al. (1993), however, detected four exopolygalacturonase isozymes
produced by B. cinerea grown on apple pectin. Secretion of exopolygalacturonases
was detected in cucumber leaves from 9 h after inoculation with B. cinerea, using
polyclonal antibodies (Rha et al., 2001), suggesting that these enzymes play a role in
early stages of infection and in subsequent tissue maceration.

A B. cinerea exopolygalacturonase gene sequence was deposited in a database
(J.W. Kim and E.G. Rha, Gyeongsang National University, Korea, unpubl.), but
transcripts of this gene in B. cinerea-infected tomato leaves were only detected at
low levels in late stages of infection (I. Kars et al., unpubl.).

4.1.4. Pectin lyase and pectate lyase

Pectin lyase is a pectin-degrading enzyme that cleaves homogalacturonan with a
high degree of methyl esterification. Pectin lyase is inactive at acidic pH. Several
groups investigated B. cinerea pectin lyase activity in vitro and in planta (Movahedi
and Heale, 1990b; Chilosi and Magro, 1997; Doss, 1999). Pectin lyase isozymes
were detected in extracts of ungerminated conidia and in the extracellular matrix of
B. cinerea germlings. Pectin lyase was produced early after inoculation of soybean
hypocotyls and zucchini fruits, but not in infected apple tissue (Chilosi and Magro,
1997). Tissue-specific enzyme production may be correlated to the ambient pH in
uninfected tissue. Apple tissue is very acidic (pH 3-4), while zucchini fruit and
soybean hypocotyls have a more neutral pH. Since B. cinerea acidifies its
environment (Section 3.2) prior to pectin degradation, pectin lyases are in any case
unlikely to contribute significantly to pectin degradation in the early stages of
infection by Botrytis. A pectin lyase gene from B. cinerea was cloned (J. van Kan et
al., unpubl.) that is expressed at low levels in B. cinerea-infected tomato leaves (1.
Kars et al., unpubl.). The generation of mutants has been unsuccessful so far.

Pectate lyases catalyse the cleavage of pectate, i.e. unmethylated homo-
galacturonan. Pectate lyases strictly require Ca*" ions for catalysis and are inactive at
acidic pH. This enzyme is therefore also unlikely to contribute significantly to cell
wall degradation in early stages of infection by Botrytis. B. cinerea strain B16
produced pectate lyase in liquid cultures and on French bean leaves (Zimand et al.,
1996; Kapat et al., 1998). One pectate lyase gene was cloned from B. cinerea, but
mutants in this gene have not yet been made.

4.1.5. Rhamnogalacturonan hydrolase

Rhamnogalacturonan hydrolase (RGase) specifically hydrolyses non-esterified
galacturonosyl-rhamnosyl linkages in the modified hairy regions of pectin. RGase
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activity was first detected in B. cinerea culture filtrates by Gross et al. (1995). Chen
et al. (1997) cloned a rhamnogalacturonan hydrolase gene from B. cinerea, present
in a single copy in the genome. The biochemical characteristics of the RGase gene
product, including substrate specificity were determined (Fu et al., 2001), but its role
in pathogenesis remains to be investigated.

4.2. Non-pectinolytic cell wall-degrading enzymes

Although B. cinerea is considered to be a pectinolytic fungus (Ten Have et al.,
2002), the degradation of plant cell walls may also require a number of non-
pectinolytic CWDESs such as cellulases, xylanases and arabinases (Hancock et al.,
1964a, b; Verhoeff and Warren, 1972; Drawert and Krefft, 1978; Urbanek and
Zalewska-Sobczak, 1984; Cole et al., 1998; Ten Have et al. 2002). B. alli, B.
squamosa (Hancock et al., 1964a, b) and B. fabae (Cole et al., 1998) also produce
non-pectinolytic CWDE:s.

4.2.1. Cellulases

The cellulolytic complex comprises, among others endoglucanase, cellobiohydrolase
and B-glucosidase and it degrades cellulose into cellobiose and glucose. Cellulase
activity was neither detected in ungerminated nor in germinating conidia of B.
cinerea (Verhoeff and Warren, 1972). Cellobiohydrolase activity was not detected in
B. fabae-infected bean leaves (Cole et al., 1998). Transcripts of a B. cinerea
cellobiohydrolase gene were not detected in infected tomato leaves (I. Kars et al.,
unpubl.). These observations indicate that cellobiohydrolase does not play an
important role in infection. B. cinerea was found to produce three intracellular
B-glucosidases (Gueguen et al., 1995), and one extracellular B-glucosidase (Sasaki
and Nagayama, 1994) in liquid cultures. The extracellular B-glucosidase and one
intracellular B-glucosidase were purified and characterised, but only the extracellular
B-glucosidase was suggested to be involved in plant cell wall degradation.

4.2.2. Xylanase and arabinase

Xylan and arabinan are constituents of hemicellulose in the primary cell wall. The
hemicellulolytic compex degrades these polymers by a range of enzymes including
xylanases and arabinases. Urbanek and Zalewska-Sobczak (1984) reported that B.
cinerea secreted one arabinase and three xylanases during apple cell wall
degradation. No further studies were published on xylanases and arabinases in any
Botrytis spp. Neither of the genes has been cloned nor were the enzymes purified.
Involvement of these enzymes in pathogenesis remains to be resolved.
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5. Other enzymes potentially involved in pathogenesis

5.1. Aspartic proteases

Already over a decade ago, Movahedi and Heale (1990a) demonstrated that B.
cinerea produces aspartic protease (AP) both in liquid culture and during early
stages of the infection process. AP activity was detected prior to the appearance of
pectinases. When the inoculum was supplemented with the specific AP inhibitor
pepstatin, AP activity was blocked and infection was strongly reduced. This led
Movahedi and Heale (1990a) to propose that a secreted fungal AP is important for
pathogenesis. This conclusion, however, did not consider the possible role of plant
(aspartic) proteases in the infection. Expression of a tomato AP is induced by wound
responses (Schaller and Ryan, 1996) and the infection of tomato leaves by B.
cinerea was shown to induce the expression of wound responsive genes in the host
(Diaz et al., 2002). The effect of pepstatin that Movahedi and Heale (1990a)
observed may therefore have been caused by its inhibition of a plant rather than a
fungal AP. Recent studies have identified important roles for various types of plant
proteases in R-gene mediated defence responses (Tor et al., 2003).

In filtrates of liquid cultures of B. cinerea, the total protease activity was highest
when the assay was performed at low pH and it was fully inhibited by pepstatin,
indicating that all enzyme activity was due to an AP (Manteau et al., 2003; Ten
Have et al., 2004). Five genes encoding an AP were cloned. All were expressed in
vitro, as well as in planta. Expression of these genes may be modulated by the Bcg!
gene, because deletion of this gene resulted in reduced secreted proteinase
production (Schulze Gronover et al., 2001). The AP isozyme sequences cluster in
four distinct phylogenetic groups. One of the B. cinerea AP isozymes is presumably
secreted, while a second one is undoubtedly a vacuolar protease. Two isozymes
show characteristics of membrane-bound APs, although this remains to be verified
(Ten Have et al., 2004). Single and double mutants were generated for all five Bcap
genes (J. van Kan et al., unpubl.). Analysis of the mutants is in progress.

5.2. Laccases

Extensive studies on laccase activity have been performed over at least two decades
by Mayer and co-workers. The production of gallic acid-inducible laccases in a B.
cinerea culture was suppressed by secondary metabolites from Cucurbitaceae called
cucurbitacins, while the activity of other fungal enzymes was not affected (Viterbo
et al., 1993a). Cucurbitacins protected cucumber fruit and cabbage leaves from
infection by B. cinerea (Bar-Nun and Mayer, 1990), leading to the hypothesis that
laccase plays an important role in pathogenesis (Viterbo et al., 1993a; Staples and
Mayer, 1995). Some cucurbitacin forms were more effective than others in reducing
secreted laccase activity (Viterbo et al., 1993b). Radiolabeled cucurbitacin was
taken up by B. cinerea mycelium suggesting that it acts intracellularly. Cucurbitacin
induced a lower production of laccase activity (Viterbo et al., 1994), supposedly as a
consequence of repression at the mRNA level (Gonen et al., 1996). These mRNA
expression studies were however performed using a probe corresponding to the gene



EXTRACELLULAR ENZYMES AND METABOLITES 111

Bclccl, whereas the gallic acid-inducible laccase gene is in fact Belec2 (Schouten et
al., 2002b). These two genes show poor cross-hybridisation (A. Schouten, unpubl.).

Three laccase genes were cloned, of which one (Bclcc2) was expressed in several
host species and the second (Bclcc3) was expressed only in ageing mycelium, both
in vitro and in planta. The third gene, denominated Bclccl, was never expressed at
any detectable level. Deletion of either the Bclccl gene or the Belee2 gene did not
result in detectable reduction of virulence on a range of host species tested
(Schouten et al., 2002b). It can thus be concluded that at least the laccases BcLCC1
and BcLCC2 are not important virulence factors. Deletion of the Bclcc3 gene has
not (yet) been performed, but its expression pattern suggests that it is unlikely to
play an important role in early steps of pathogenesis.

The biochemical data of A. Mayer and co-workers (Hebrew Univ. Jerusalem,
Israel) seem to point to an important role for laccases in the infection process, while
the molecular-genetic data exclude such a role. How can one reconcile these two
seemingly contradictory conclusions? There are differences in the experimental
procedures and the fungal strains used. In most of the biochemical work, B. cinerea
was grown in pectin-containing medium in which inducers were present throughout
the culture. Growth was generally over a great length of time, up to well over 14
days. Schouten et al. (2002b) grew pre-cultures in defined synthetic medium and
showed that Bclcc2 mRNA could be induced within 1 h after addition of tannic acid
or resveratrol. Laccase activity was detected after overnight incubation in the
presence of an inducer. It is possible that the enzyme activity detected by Mayer and
co-workers throughout their work is encoded by the Bclcc3 gene, or by a novel
laccase gene that has not yet been identified.

5.3. Counteracting host defence responses

Throughout the course of an interaction between B. cinerea and its host, the plant
(often vigorously) attempts to defend itself against pathogen invasion. Largely the
same spectrum of defence responses is activated during an infection by B. cinerea as
during a hypersensitive response (HR) to avirulent races of a biotrophic pathogen:
lignification (Maule and Ride, 1976; Heale and Sharman, 1977), biosynthesis of
phytoalexins (e.g. Bennett et al., 1994) and accumulation of PR proteins (e.g. Benito
et al., 1998; Diaz et al., 2002). These defence responses are presumably local, being
restricted to the infection site(s). Although B. cinerea is a necrotising pathogen it
does not trigger Systemic Acquired Resistance (Govrin and Levine, 2002). The total
spectrum of defence responses results in a primary necrotic lesion in which the
fungus is effectively restricted. Depending on the type of host tissue and yet
unidentified physiological aspects of the host, fungal growth enters a lag phase in
which the lesions do not expand. A proportion of the primary lesions eventually
develop into aggressive, expanding lesions (Van den Heuvel, 1981; De Meyer and
Hofte, 1997; Benito et al., 1998). The pathogen is not killed in the non-expanding
lesions since viable fungal mycelium could be recovered from all lesions (E.P.
Benito and J. van Kan, unpubl.). Thus, an active defence contributes to (temporarily)
restricting the fungus within the primary lesions, giving rise to a period of
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quiescence. It is as yet unknown which factors determine the transition from
quiescence to the aggressive, expanding infection phase. Chapter 9 will deal in more
detail with the defence compounds (metabolites and enzymes) produced in plants in
response to Botrytis infection and their effectiveness in restricting the outgrowth of
the pathogen. In order to be a successful pathogen on their respective host species,
Botrytis spp. obviously have to cope with these defence compounds, either by active
suppression of their synthesis or by counteracting their growth inhibiting effect.
Chapter 9 discusses mechanisms that Botrytis spp. have evolved to overcome the
deleterious effects of pre-formed or induced host defence compounds.

The oxidative burst at the host-pathogen interface (Chapter 8) imposes stress on
the host as well as the pathogen. B. cinerea is able to cope with external oxidative
stress in order to survive in the necrotic tissue. Successful detoxification of H,O, is
mediated by an extracellular catalase BcCAT2 with glutathione S-transferase
presumably functioning as intracellular back-up (Prins et al., 2000a; Schouten et al.,
2002a). Targeted mutagenesis of the catalase gene Bccat2 did not affect the survival
within the oxidative environment of a necrotic lesion. Virulence of Bccar2 deficient
mutants was indistinguishable from wild type (Schouten et al., 2002a).

6. Conclusions

This chapter illustrates that Botrytis is equipped with a large toolbox of enzymes and
metabolites that enable the pathogen to infect a spectrum of host plants. There can
be functional overlap between different types of enzymes attacking the same
substrate and there is apparent redundancy within a family of isozymes. Some
enzymes supposedly act in concert, while others may be irrelevant for a particular
host. Altogether these tools are needed to fulfil their job: killing plant cells and
facilitating the conversion of plant tissue into fungal biomass.

Research on B. cinerea pathogenicity factors has focussed for many decades on
the production of secreted enzymes and their correlation with pathogenesis. Such
studies are still pursued by certain researchers up until today. With our current
knowledge of the occurrence of gene families encoding multiple isozymes, often
with quite distinct biochemical properties, we recommend not to initiate further
studies on total enzyme activity. It will be much more informative to study
individual isozymes, their biochemical characteristics and expression during
pathogenesis. Information on their temporal and spatial accumulation, substrate
preference, end-product release and other isozyme-specific characteristics will
substantially contribute to understanding enzymatic processes during pathogenesis.

Targeted mutagenesis provides an excellent tool to study the role of specific
gene products in pathogenesis. The generation of single, double or even triple gene-
specific mutants is feasible (Chapter 4) and will provide a better understanding of
the complex role of the different enzymes secreted during Bofrytis-host plant
interactions. We look forward to witnessing the design of rational control strategies,
based on such knowledge, in the upcoming decade.
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BOTRYTIS CINEREA PERTURBS REDOX PROCESSES
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Abstract. Electron transport processes play vital roles in the functioning of biological systems, and
oxygen is the driving force for many of these reactions. A consequence of this is the production of several
oxygen-derived molecules, known as active oxygen species (AOS), whose reactivity is greater than that
of oxygen itself. There is increasing evidence that Botrytis cinerea exploits the production of AOS in
colonising plant tissues, and this is reviewed in the present chapter. Specific considerations are given to
the interactions between hydrogen peroxide and other AOS that are produced by the fungus and the plant-
based antioxidant systems in determining the outcome of the infection process. In addition, biochemical
processes that appear to be of importance for lesion development are discussed and the evidence to
support them critically evaluated. These are considered in separate sections dealing with the perturbation
of the free radical chemistry and transition metal redox processes (particularly those involving iron), the
regulation of enzymes (of both plant and fungal origin), the production of toxic metabolites in the host,
and host signalling and programmed cell death. Attention is also drawn to the need for the scientific
community to adopt standard procedures (both chemical and biological) to facilitate comparison between
results from different groups. Finally, consideration is given to strategies that could be used to resolve
some of the outstanding questions relating to our understanding of the Botrytis infection process.

1. Introduction

Electron transport processes are fundamental to the functioning of biological
systems, although the range of reactions differs between different types of
organisms. At the molecular level, many of these reactions function through a
change in oxidation state of a transition metal ion, e.g. in metalloenzymes, but in
other cases reactions may be based purely on organic compounds, often involving
the generation of free radical species (an expression used to describe non-transition
metal chemical species with unpaired electrons). Reversibility is a common feature
of biological electron transport processes, and the chemical species involved are
stable in both reduced and oxidized forms, with the act of cycling between the states
being given the name “redox”. Thus redox reactions involve the transfer of electrons

119

Y. Elad et al. (eds.), Botrytis: Biology, Pathology and Control, 119-141.
© 2007 Springer.



120 G.D. LYoN, B.A. GOODMAN AND B. WILLIAMSON

between two chemical species; compounds that lose an electron are described as
oxidised whilst compounds that gain an electron are reduced.

Molecular oxygen (or more specifically 30,) is often the driving force for
oxidation reactions, leading to the generation of molecules, known as active oxygen
species (AOS), sometimes referred to as reactive oxygen species (ROS), whose
reactivity is greater than that of oxygen itself. AOS include the superoxide radical
anion (O, --), hydrogen peroxide (H,0, ), the hydroxyl radical (-OH), singlet oxygen
(10,) and lipid-derived species such as LOOH and the LOO- and LO- radicals. AOS
are thus normal products of primary metabolic processes in cells, and are produced
through a wide range of biochemical processes, including the enzymes NADP
dehydrogenase, NADPH-cytochrome ¢ reductase, cytochrome P450, and NADPH
oxidase. Other chemical processes involved in their production include autoxidation,
photochemical reactions, and the reaction of metalloenzymes with oxygen,
unsaturated fatty acids (e.g. B oxidation), and other compounds in several subcellular
compartments, including chloroplasts, mitochondria and microbodies such as
peroxisomes and glyoxysomes.

In healthy cells, the production of the various AOS is controlled through a
number of fundamentally different processes, including compartmentalisation of
precursors, the speciation of metal complexes which behave as catalysts, and the
activity of a variety of enzymes. Enzymes are also involved in the scavenging of
AOS reaction products, along with antioxidant molecules, which include the reduced
forms of ascorbic acid (AA) and glutathione (GSH) as two of the best known
examples. Also, because of their widely different chemical reactivities, a variety of
approaches are necessary to control the behaviour of the AOS themselves. Some,
such as -OH and 10,, are very reactive and organisms have to possess a number of
processes to minimise any damage they might cause under normal conditions. Such
processes include control of AOS production, scavenging of the secondary products
of their reactions, and repair of any resulting DNA damage. However, because of
their high, and largely indiscriminate reactivity, the production of specific
scavengers for these chemical species is not a realistic option for an organism
(although there are several, largely erroneous, reports in the literature of specific
hydroxyl radical scavengers). In contrast, the production of specific scavengers
seems to be the favoured approach for controlling the levels of the more stable AOS,
such as O,- and H,0,, where the roles of the enzymes superoxide dismutase (SOD)
and catalase are well known.

A frequent consequence of the existence of stress processes (of both abiotic and
biotic origin) is a perturbation in the production of AOS and changes in redox
potential in the organism. The chemical processes involved are complex, particularly
during infection by pathogens; many interconnected biochemical pathways are
affected and with diverse consequences, including exacerbation of damage to either
the plant or pathogen, or signal transduction to regulate transcription. In plant-
pathogen interactions, both the plant and the pathogen are involved in AOS
production (Mayer et al., 2001), and both possess extensive antioxidative machinery
to moderate their damaging effects. It has been widely reported that an early plant
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response to infection by an incompatible pathogen is the so-called ‘oxidative burst’,
which involves a rapid, transient and localised production of AOS (Lamb and
Dixon, 1997; Wojtaszek, 1997). This is generally presented as a specific reaction
that is initiated by the pathogen, since the oxidative burst is not seen during infection
by a compatible pathogen. However, a virtually instantaneous burst of oxidative
activity occurs in plant tissues during maceration (Goodman et al., 2002), which is
not a pathogen-derived reaction, but a manifestation of physical damage to the host.

There is now evidence (e.g. Edlich et al., 1989; Urbanek et al., 1996; Von
Tiedemann, 1997; Govrin and Levine, 2000) that the generation of AOS assists the
colonisation of plant tissues by necrotrophic organisms, such as B. cinerea (Chapter
2). Thus the reactions that are utilised in defence against attack by biotrophic
pathogens appear to increase vulnerability to attack by necrotrophs. The factors
which determine whether the plant or the pathogen is ultimately successful are
complex, but their relative ability to deal with oxidative reactions is a major factor.
The evidence for the exploitation of oxidation processes by B. cinerea will be
presented in this Chapter.

2. Hydrogen peroxide and other AOS

The main source of H,O, in plants is usually considered to be the Mehler (1951)
reaction, where atmospheric oxygen is reduced to H,O, in photosystem I. A similar
reaction also occurs through the action of numerous enzymatic oxidases. Examples
include glycolate oxidase, which catalyses the conversion of glycolate to glyoxylate
in peroxisomes, NADPH oxidase, which is normally associated with the
plasmalemma, and various copper-containing amine oxidases that catalyse the
oxidation of a wide range of amines, including mono-, di- and poly-amines:

RCHzNHz + 02 + Hzo — RCHO + NH3 + H202

Amine oxidases are located predominantly in the extracellular matrix and H,0,
formed by oxidation of amines may be directly utilized by wall-associated
peroxidases during lignification (Bolwell and Wojtaszek, 1997). H,O, has numerous
effects, many of which are related to the ease with which it can generate the highly
reactive ‘OH radical. Thus H,0, accumulated in the apoplast may be directly toxic to
invading pathogens by initiating DNA damage via ‘OH attack. Also it can oxidise
and inactivate thiol-containing enzymes, such as the thioredoxin modulated enzymes
in chloroplasts, and it may also be involved in intracellular signalling. The half-life

of O, in plants is relatively short compared to H,O,, and it is converted to H,O, in
the presence of the enzyme superoxide dismutase (SOD). In contrast to H,0,,
superoxide cannot readily cross cell membranes because of its anionic charge, and it
is therefore relatively immobile. Superoxide can reduce transition metal ions, which
in turn can reduce H,0,, generating ‘OH in the process. In addition to DNA damage
mentioned in the preceding paragraph, this radical can cause lipid peroxidation, and
other degradative reactions in cells.
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B. cinerea has been shown to produce H,O, when grown on autoclaved flax
stems (Bratt et al., 1988), possibly as a result of oxidase activity, since sugar
oxidases are commonly produced by many fungi; glucose-, xylose-, galactose- and
ascorbate-oxidases have been shown to be produced by B. cinerea (Edlich et al.,
1989; Liu et al., 1998). However, the glucose oxidase isolated by Liu et al. (1998)
appeared to be an intracellular enzyme that differed in molecular structure from the
typical secreted sugar oxidases of other pathogens and it was repressed by glucose.
This localisation and the repressing effect of glucose makes it very unlikely that this
particular enzyme was involved in the interaction postulated by Edlich et al. (1989).
Recently, a knock-out Botrytis mutant for a putative secreted glucose oxidase gene,
bcgodl, when inoculated on to leaves of Phaseolus vulgaris displayed normal
virulence (Rolke et al., 2004).

Antioxidants applied to the infection drop or sprayed on plants suppressed grey
mould of several crops (Elad, 1992). Similarly, infiltrating barley leaves with
antioxidants prior to inoculation with the fungal necrotrophs Rhynchosporium
secalis and Pyrenophora teres also reduced the rates of growth of the fungi in
compatible interactions (Able, 2003). Further evidence for the involvement of AOS
in the infection process has been provided by Von Tiedemann (1997), who showed
that aggressive isolates of B. cinerea induced the formation of H,O, and ‘OH
radicals during early stages of infection of P. vulgaris leaves, though he did not
show whether the H,O, was produced by the fungus or the plant. AOS (as hydrogen
peroxide) and the antioxidant enzymes peroxidase, superoxide dismutase and
catalase and lipid peroxidation were measured in Phaseolus vulgaris infected by B.
cinerea. B. cinerea infection was found to be associated with increased AOS in the
infection site and at a distance around the lesion, and antioxidants were elevated
(Lapsker and Elad, 2001).

Increases in the levels of the enzymes glutathione peroxidase (GPX) and
glutathione S-transferase have been observed as a result of the application of H,0,
to plants (Levine et al., 1994), suggesting that these enzymes have a role in AOS
scavenging. In mammals, glutathione peroxidase is an important peroxide
scavenging enzyme that is inactivated by nitric oxide (NO), but there is still debate
about the importance of NO in plant responses to Botrytis spp. Exogenous
application of H,O, to plants can induce transcription of a number of genes
including glutathione S-transferase, lipoxygenase, and peroxidase (Desikan et al.,
2001).

3. Low molecular mass antioxidant molecules

As mentioned in the previous section, organisms possess multiple systems for
containing, regulating, or eliminating AOS. Scavenging of some of the more stable
AOS is performed by a range of compounds that are collectively referred to as
antioxidants (Nagata et al., 2003). There is a wide range of such compounds in
plants, including water-soluble phenolics, GSH, ubiquinone, cysteine, a-tocopherol,
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and enzymes such as the SODs (Mn-SOD, Cu/Zn-SOD, Fe-SOD),
monodehydroascorbate reductase (MDHAR), glutathione peroxidase and catalase
that can act as antioxidants and scavengers of AOS (Sroka and Cisowski, 2003).
However, AOS also function as signalling molecules and can activate the synthesis
of antioxidants in host cells (e.g. AA and anthocyanin in Arabidopsis, Nagata et al.,
2003). Thus the oxidative and antioxidative processes are closely interlinked, and
often it is difficult to differentiate between cause and effect when investigating these
processes.

The chemistry of the action of biological antioxidants is complex and as
illustrated below for ascorbate and glutathione, they are cycled through reduced and
oxidised states as a result of redox processes that occur within cells. The redox
cycling of ascorbate involves the production of a free radical intermediate (Asc.)
between the reduced (AA) and oxidised (DHA) forms

AA — Asc' + ¢ — DHA + 2¢

whereas with glutathione, the reduced form (GSH) is a monomer and the oxidised
(GSSQG) form is a dimer

GSH — GSSG + 2¢

There are small differences in the biochemistry of antioxidant systems between
fungi and plants. For instance fungi synthesise erythroascorbic acid and not ascorbic
acid (Loewus et al., 1995). Both the fungus and the plant need antioxidant systems
to survive free radical damage that arises from normal life processes. An important
issue is the relevant tolerance of each partner to the AOS being released, e.g. both
produce H,0,, but is one partner more resistant to the effects of that H,0O,.

AA has a number of potential roles related to photosynthesis including
scavenging of AOS generated by oxygen photoreduction and photorespiration,
regeneration of a-tocopherol from o-tocopheryl radicals, acting as a cofactor for
violaxanthin de-epoxidase and donation of electrons to photosystem II (Smirnoff,
2000). High light intensity has been reported to increase both the production of AOS
and several AOS scavengers (Karpinski et al., 1997), and AA can reach very high
concentrations in chloroplasts (20-300 mM). The concomitant production of both
AOS and AOS scavengers may be the explanation for apparently conflicting
observations concerning diurnal variations in AA levels. For example, Smirnoff
(2000) has reported that the AA pool size increases with high light intensity,
whereas Muckenschnabel et al. (2003) showed a decrease in AA concentrations in
leaves of P. vulgaris between morning and afternoon. It seems likely, therefore, that
there is a delicate balance between oxidation and reduction processes and that this
can be tipped by relatively subtle environmental changes to result in either increases
or decreases in the levels of antioxidants such as AA. However, variations in light
regulated antioxidants may be a contributory factor influencing the time of infection,
although, in unpublished work, I. Muckenschnabel (pers. comm.) found that
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decreasing tissue AA levels through abiotic stress did not influence the rate of lesion
development in inoculated Phaseolus leaves.

In tissue rotted by B. cinerea a massive depletion of AA pools is generally
observed (Vanacker et al., 1998; Loewus, 1999; Muckenschnabel et al., 2002, 2003).
One consequence of this AA depletion is likely to be changes in gene expression,
since low AA levels in cells have been reported to induce PR proteins, whereas high
AA levels suppressed their expression (Pastori et al., 2003). Glutathione is directly
involved in reactions with AOS, and in addition it binds to electrophiles such as 4-
hydroxy-2-nonenal (4-HNE) and dopaquinone (Sect. 9). These reactions may cause
some ‘loss’ of total glutathione in infected tissues, though the amounts of free 4-
HNE are small (micromolar) compared with much larger (millimolar) amounts of
glutathione. It seems unlikely, therefore, that a significant reduction in free
glutathione could be accounted for by conjugation to 4-HNE alone though there are
many other related molecules and the sum of their reactions could be appreciable.

Although direct evidence for free radical mediated changes ahead of infection
has been observed in electron paramagnetic resonance (EPR) spectroscopy
experiments (Sect. 4), there are varied reports of the effects of B. cinerea on
antioxidant levels in plant tissue remote from soft rot lesions. For example,
Muckenschnabel et al. (2002, 2003) observed a massive depletion in AA levels in
uninfected regions of infected leaves of A. thaliana and P. vulgaris, whereas
Kuzniak and Sktodowska (1999, 2001) found little change in total AA levels in
chloroplasts from tomato leaves infected by B. cinerea. The latter authors did,
however, observe an increase in the proportion present as DHA, indicating a
significant pro-oxidative shift in the ascorbate redox status. Moreover, Kuzniak and
Sktodowska (1999, 2001) found that Botrytis infection resulted in a decrease in GSH
and total glutathione content, but Muckenschnabel et al. (2001b) found that
glutathione levels in Phaseolus leaves were little affected by Botrytis infection.
Therefore, although these various reports all show that B. cinerea infection results in
a shift in overall redox status to more oxidized forms, there are major differences in
the behaviour of the individual antioxidant molecules. This suggests that a great deal
of caution needs to be exercised in interpreting the results of analyses based on a
small number of chemical species.

4. Perturbation of free radical chemistry as a result of Borrytis infection

As mentioned previously, free radical production, particularly via photosynthesis, is
a normal feature of cell metabolism and healthy cells have a variety of mechanisms
for containing them and preventing unwanted reactions. However, during infection,
when many biochemical processes are perturbed, changes in the amounts and
chemical forms of free radicals may occur. Direct evidence for such changes can be
obtained from EPR spectroscopy and some examples will be briefly summarised in
this paragraph.

One of the most obvious and consistent effects of B. cinerea infection is a large
increase in the EPR free radical signal in rotted tissue compared to controls; similar
results have been obtained with leaves and fruit (e.g. Deighton et al., 1999;



REDOX PROCESSES IN BOTRYTIS ATTACK 125

Muckenschnabel et al., 200la, b, 2002). Also with leaves, the spectroscopic
properties of rotted tissue are distinctly different from those of uninfected
photosynthetic tissue, although it is not immediately obvious whether the new free
radical species is derived from processes occurring within the plant or the fungus or
both. However, in a careful study of the free radical signal in different parts of
leaves of A. thaliana that contained B. cinerea lesions, Muckenschnabel et al. (2002)
were able to deconvolute the spectra from uninfected regions of infected leaves into
the components seen within lesions and control tissues. Thus a free radical with
spectral properties identical to those from the lesions can be produced in tissue that
does not contain the fungus.

In experiments of the type described in the preceding paragraph, it is not possible
to distinguish between stable free radicals and steady-state concentrations of free
radicals that are turning over rapidly (as is the case with photosynthesis). An
approach to identifying the existence of unstable free radical species in a sample is
to use a molecule, known as a spin trap, that can react selectively with the radical to
form a (relatively) stable adduct radical. Such spin traps are often nitrones, which
yield nitroxide radicals on reaction. An example is the molecule o-(4-pyridyl-1-
oxide)-N-z-butylnitrone (POBN).

Muckenschnabel et al. (2001a) have reported the detection of free radical
adducts of POBN in tissue from B. cinerea infected fruits of Capsicum annuum that

were infiltrated with the spin trap. In contrast, only the ascorbate radical (Asc)
could be detected in the EPR spectra in healthy control fruits. With infected fruits

the EPR spectra showed a progressive change from the free radical adduct to Asc*
With increasing distance from the surface of the lesion. Although the radical adduct
could be observed in tissue up to 50 mm beyond the edge of the lesion, the change to
Asc was more rapid in tissue that did not contain a major vascular bundle. It
appears, therefore, that vascular transport processes play an important role in
bringing about chemical changes in the host tissue ahead of colonisation by B.
cinerea.

Although it is tempting to interpret these EPR results as showing direct evidence
for Botrytis-induced production of free radicals in uninfected tissue, there remains
the possibility that these spectra are produced as a consequence of the sample
preparation procedure, which involved excision of sections of tissue, infiltration
with the spin trap under partial vacuum, then centrifugation to extract the resulting
solution. Physical damage to plant tissues is known to generate free radicals and the
radicals detected in these experiments may have been derived through the excision
process. However, even if this were the case, the different responses between the
different tissues indicates Botrytis-induced alteration of the radical reaction
pathways, and demonstrates a direct effect of B. cinerea on the free radical
scavenging machinery in the plant.

Similar results to those described for Capsicum fruits have been observed with
leaves of P. vulgaris, where time dependent differences in the free radical chemistry
occurred at positions remote from the edge of the lesions (Muckenschnabel et al.,
2003). In that work, there appeared to be a fundamental change at around 48 hours
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post infection (hpi). Prior to that time, spectra from both Asc. And the radical adduct
of POBN could be observed in tissue infiltrated with the spin trap. The Asc. signal
was absent from samples recorded at longer hpi, although it was present in all
samples which did not have added spin trap. Furthermore, there was an increase in
the Asc/ AA ratio at this time, indicating a perturbation of the ascorbic acid redox
chemistry.

5. Production of oxalic acid

Many fungi, including B. cinerea, produce oxalate in culture (Dutton and Evans,
1996) and are presumed to also produce it in planta, though it is important to
remember that plants can also synthesise oxalic acid (Loewus, 1999). D-
erythroascorbic acid has been suggested to be a precursor of oxalate in fungi
(Loewus et al., 1995), though several other biosynthetic pathways have been
proposed (Dutton and Evans, 1996). Under alkaline conditions, H,O, can cleave D-
erythroascorbic acid to yield oxalic acid, i.e. peroxygenation of D-erythroascorbic
acid (Keates et al., 1998), but it is not clear to what extent this might occur in vivo.

Oxalate production by fungi is thought to be advantageous to their development,
and may contribute to pathogenesis through sequestration of calcium from cell walls
and acidification of host tissues to a pH that is more optimal for degradation of plant
cell walls by fungal polygalacturonases (Chapter 7). Binding of oxalate to calcium
in cells may also interrupt Ca®" signalling. A role for oxalate in preventing up-
regulation of the plant antioxidant defences is supported by the work of Jiang and
Zhang (2003), who showed pre-treatment with Ca®* chelators and Ca®" channel
blockers suppressed the up-regulation of antioxidant defences in plants exposed to
paraquat (which generates O,). Oxalic acid can also bind directly to copper and
may, therefore, affect the functioning of copper-containing proteins, though
evidence for this is still sparse. However, oxalic acid has been shown to inhibit the
activity of phenolase, which has a copper ion at the active centre (Sato, 1980).

Genes for oxalate oxidase, which is potentially capable of converting oxalic acid
into CO, and H,0,, has been isolated from a number of monocotyledonous plants
(Bolwell and Wojtaszek, 1997). This enzyme has been described as having an
important role in the resistance to fungi, such as Blumeria (syn. Erysiphe) graminis
f. sp. hordei. 1t is interesting that B. cinerea is not a pathogen of monocots,
suggesting that this may be a consequence of the presence in monocots of the
oxalate oxidase. Although it appears that dicots do not possess oxalate oxidase per
se, they do possess related genes (identified on the basis of sequence similarity to
oxalate oxidases from monocots), but their enzymes do not have the ability to
degrade oxalate (Membre et al., 2000; Patnaik and Khurana, 2001). Dicots
transformed with wheat oxalate oxidase genes have increased resistance to infection
by fungal pathogens (Liang et al., 2001; Lane, 2002), and it seems, therefore, that
there is a correlation between host range for B. cinerea and absence of oxalate-
degrading oxalate oxidase in the plant.
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6. Dynamics of iron redox chemistry

Hydrogen peroxide (produced by either the plant or the pathogen) can oxidise Fe(II)
to Fe(III) with the formation of the highly reactive, and hence cytotoxic, ‘OH radical
through the Fenton reaction (Haber and Weiss, 1934; Fenton, 1899):

Fe(Il) + H,0, — Fe(IIl) + HO + -OH

In healthy plant cells this process is controlled by the rapid scavenging of H,O,

(Sect. 2), but in stressed cells potentially damaging amounts of *OH can be formed
as a result of increased generation of H,O,. Subsequent reduction of the Fe(II)
through the action of antioxidants or reductases ensures continual recycling of the
Fe, and hence continued ‘OH generation. Also, although Fenton chemistry is
predominantly associated with iron, 'OH can be formed in the presence of other low
oxidation state transition metal ions, such as Cu(I).

Depending on the plant species, iron is transported as either Fe(Il) or Fe(III)
complexes (Briat and Lobréaux, 1997), although storage as ferritin seems to be
common to all types of plant. A feature of the ferritin protein is that it can
accumulate up to 4,500 Fe atoms in the form of Fe(Ill) oxyhydroxides within the
core of the organic molecule. The ability of the ferritin protein to sequester large
amounts of Fe means that much of the Fe in plants is held in a fairly unreactive
form. This is important because as mentioned above the presence of appreciable
amounts of Fe(Il) is potentially dangerous for any organism. Additionally, the
speciation of iron during transport needs to be carefully controlled. In plants,
nicotianamine (NA) plays an important role (Hell and Stephan, 2003) because its
complexes with Fe(II) are resistant to oxidation and do not participate in the Fenton
reaction (Von Wirén et al, 1999). Fe(Il) speciation is, however, strongly pH
dependent, and even a small reduction in pH from physiological levels can shift the
Fe(Il) speciation in favour of complexes with organic acids, such as citric acid,
which readily participate in the Fenton reaction. Thus a role for oxalic acid in the
Botrytis infection process, in addition to those mentioned in the previous section, is
to alter the Fe(II) speciation to increase AOS (‘OH) production.

The ability of ferritin to inhibit participation of Fe in Fenton chemistry is
illustrated by the work of Dedk et al. (1999), where they showed that transgenic
tobacco plants expressing the alfalfa ferritin protein exhibited increased resistance
(seen as lesions with smaller diameter) to both viral and fungal infection, including
B. cinerea. Dedk et al. (1999) proposed that the ferritin sequestered iron that might
otherwise have been available for Fenton chemistry, thereby reducing oxidative
damage. However, Fenton chemistry is not completely prevented by the binding of
Fe to ferritin, since solubilization of Fe from oxyhydroxides is accomplished readily
by oxalate, and reaction of this Fe(IlI) with reductases or antioxidant molecules,
such as ascorbic acid, yields the Fe(II) for the Fenton reaction. It is interesting to
note this role for antioxidants in the generation of free radicals, a reaction which
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illustrates the complexity of the chemical reactions for such molecules in biological
systems.

Changes in the oxidation states of transition metal ions in plant tissues can be
observed directly with EPR spectroscopy. Iron and manganese are the most
frequently encountered in plant tissues, where they can be present as either EPR-
detectable [e.g. Mn(II) and Fe(Ill)] or EPR-silent forms [e.g. Mn(Il) and Fe(I)].
Therefore, in addition to detecting and characterising free radicals, EPR has the
potential to provide direct information on the redox status of tissue samples. Indeed,
using EPR, increased levels of Fe(Ill) have been observed in B. cinerea lesions on
fruit of C. annuum (Deighton et al, 1999), and leaves of P. wvulgaris
(Muckenschnabel et al., 2001b) and A. thaliana (Muckenschnabel et al., 2002).
However, whereas with the C. annuum and P. vulgaris tissues the Fe(I1I) EPR signal
dropped rapidly outside of the lesion to levels comparable to those in the healthy
tissues, the A. thaliana samples contained sizeable chlorotic areas surrounding the
lesions with Fe(IIl) signal intensities comparable to those in the lesions. In all of
these samples the changes in Fe(Ill) were accompanied by large decreases in
ascorbic acid confirming the close relationship between antioxidant levels and the
oxidation state of iron. The Arabidopsis samples showed a virtually complete loss of
AA from the uninfected regions of infected leaves, whereas with the other tissues
there was a progressive decrease in AA with decreasing distance from the lesion.

In fungi a considerable fraction of the Fe is bound to strong chelating agents
known as siderophores. B. cinerea produces several trihydroxamate siderophores,
the principal one being ferrirhodin (Konetschny-Rapp et al., 1988). Siderophore
production in vitro is accompanied by rapid acidification of the incubation medium
(possibly caused by oxalic acid production). Whilst there is a relationship between
iron in its various forms and oxidative damage, there is no evidence for a direct role
of siderophores in the infection process.

7. Regulation of plant enzymes

Peroxisomes are subcellular organelles that carry out a wide range of functions in
eukaryotes including f-oxidation of fatty acids, glyoxylate metabolism, and
generation and metabolism of H,O, (Van den Bosch et al., 1992). Peroxisome
biogenesis genes have been shown to be up-regulated by H,O, in both animal and
plant cells (Lopez-Huertas et al., 2000), suggesting that peroxisomes play a key role
in regulating AOS/redox in cells.

Superoxide dismutases (SOD; EC 1.15.1.1) are a family of metalloenzymes that
catalyse the conversion of O, to O, and H,O,. Several isozymes of SOD have been
reported including Cu/Zn-SOD located in the cytosol, chloroplasts and peroxisome;
Fe-SOD in chloroplasts, mitochondria and peroxisomes; Mn-SOD in mitochondria
(Bowler et al., 1994) and a SOD in the plasma membrane (Vuleti¢ et al., 2003). The
H,0, generated by SOD activity is removed by catalases and peroxidases.

Catalases, which occur in peroxisomes and glyoxysomes, are generally
considered to be responsible for removing the majority of the H,O, by catalysing its
conversion to O, and H,0; ascorbate and glutathione peroxidases (APX and GPX,
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respectively) remove most of the remainder. APX occurs in both the cytosol and
chloroplasts (in the ascorbate-glutathione pathway), and has a higher affinity for
H,0, than catalases. Also its production may be regulated by H,0,, since its activity
in tobacco leaves has been observed to increase on treatment with H,O, (Gechev et
al., 2002).

Catalase deficient mutants of Nicotiana tabacum have been used to dissect
some of the processes associated with AOS production leading to modification of
redox status. Catalase-deficient plants were more sensitive than wild type plants to
external application of H,O, (Dat et al., 2001), and exposure of these plants to
moderate or high light intensity resulted in cell death as leaves were unable to
scavenge the H,O, released during photorespiration. In addition, transgenic plants
with reduced levels of catalase and APX are hyper-responsive to pathogens and
activate a programmed cell death (PCD) at lower pathogen levels than control plants
(Mittler et al., 1999). These results demonstrate that suppression of AOS-scavenging
enzymes can occur during infection and plays a role in enhancing pathogen-induced
PCD.

APX and glutathione reductase (GR) are enzymes specifically associated with
the ascorbate-glutathione cycle and increases in their activities have been associated
with counteracting the production of AOS caused by oxidative metabolism
(Tommuasi et al., 2001). GR is involved in maintaining the supply, or pool, of GSH,
which is utilised for the reduction of DHA. In addition, both GSH and AA can
directly scavenge AOS. Examples of some of the enzymes involved in common
pathways are:

glutathione reductase: GSSG + NADPH <2 GSH + NADP*
dehydroascorbate reductase: ~ dehydroascorbate + 2GSH « ascorbate + GSSG
ascorbate peroxidase: ascorbate + H,0, < dehydroascorbate + 2H,0
glutathione peroxidase: 2 GSH + H,0, « GSSG + 2H,0

Down regulation of enzymes may occur in the presence of some pathogens. For
example, transcription of catalase genes has been reported to be down-regulated in
rice treated with H,O, (Agrawal et al., 2001), tomato inoculated with incompatible
Pseudomonas syringae pv. tomato (Mysore et al., 2002), and tobacco inoculated
with TMV (Rizhsky et al., 2002). In contrast, Morita et al. (1999) found that APX
increased in cell suspension cultures of rice treated with H,O,. Thus the mechanisms
governing gene regulation are complex, just as those involved in antioxidant
production, and the factors which determine whether a particular gene is up- or
down-regulated are not well understood.

Several workers have reported that B. cinerea causes the down-regulation of
enzymes, such as APX and catalase, which are involved in the control of AOS
levels. Differential display of mRNA has been used to isolate a gene from tomato
infected with B. cinerea that shows sequence similarity to the amino terminal region
of CCH, a copper chaperone from A. thaliana (Company and Gonzalez-Bosch,
2003). The gene in tomato is down-regulated after infection suggesting a
relationship between copper homeostasis and plant defence responses. Copper
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chaperones are involved in controlling intracellular concentrations of copper and
facilitating its transfer to specific copper-requiring proteins. Interestingly, Hsp33, a
molecular chaperone from E. coli, is redox regulated (Jakob et al., 1999) and
oxidizing agents such as H,0O, activate its chaperone function. This may explain how
redox changes can affect transcription in plants and fungi. In plants, copper is a
cofactor for a number of enzymes including oxidases, mono- and di-oxygenases, and
enzymes involved in the elimination of superoxide radicals such as Cu/Zn SOD and
ascorbate oxidase (Wintz and Vulpe, 2002). Knock-outs of the bcsod! gene in B.
cinerea profoundly reduces the pathogenicity of this fungus on P. vulgaris (Rolke et
al., 2004).

The large number of plant genes requiring copper suggest that changes in redox
potential of the cell could have multiple and perhaps profound effects. However,
EPR measurements have failed to positively identify the formation of mononuclear
Cu(Il) complexes as a result of the infection of plant tissues by B. cinerea, although
such species can be seen readily in tissues that have been exposed to severe abiotic
stresses (Goodman and Newton, 2004).

8. Botrytis-derived enzymes

Botrytis cinerea possesses an array of enzymes for protection against AOS—
mediated reactions during the infection process. For example, a number of
intracellular and extracellular enzymes that are associated with the degradation of
H,0, are formed in liquid culture. These include guaiacol peroxidase, ascorbic
peroxidase, glutathione peroxidase, laccase, and catalase (Gil-ad et al., 2000),
although their levels vary with the composition of the growth media.

Schouten et al. (2002) have reported that the mRNA for the gene (Bccatr2)
encoding an extracellular catalase in B. cinerea was rapidly up-regulated when the
fungus was exposed to H,O, in vitro. Mutants containing a disrupted Bccar2 gene
were more sensitive than the wild type strain to H,O,, and showed higher levels of
mRNA for the stress-responsive genes Bcgstl, encoding glutathione S-transferase,
and Bcubi4, encoding for polyubiquitin, suggesting that the Bccat2-deficient mutant
was more stressed than the wild type. There was no consistent reduction in virulence
of the Bccat2-deficient mutant when grown on bean and tomato leaves indicating
that there is no simple relationship between catalase and virulence. This further
confirms that B. cinerea is a pathogen that is well adapted to growing in an
oxidizing environment and possesses robust defences against it.

Although B. cinerea produces both catalase and Cu/Zn-SOD (Choi et al., 1997),
Van der Vlugt-Bergmans et al. (1997) could not detect catd from B. cinerea
expression in planta but catl from tomato was detected. The fungus has been shown
to rapidly break down H,O, though it is unclear which enzymes are involved (Gil-ad
and Mayer, 1999). Gil-ad et al. (2001) suggested that the glucan sheath surrounding
the mycelium of B. cinerea may play a role in protecting the fungus from host
responses though the evidence for this is still circumstantial. A SOD gene has been
cloned (Rolke et al., 2004) and the knock-out has reduced virulence on bean leaves.
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Whilst enzymes associated with the degradation of AOS are important to B.
cinerea, such enzymes are not unique to necrotrophs; enzymes such as SOD, GR,
catalase/peroxidase and microsomal glutathione S-transferase have also been
isolated from the obligate pathogen Blumeria graminis f. sp. hordei (Thomas et al.,
2001). An important consideration, therefore, is whether these microbial enzymes
are extracellular or intracellular; the latter would suggest that they may only serve to
protect the fungus from its own AOS whilst the former would indicate that they may
be involved in protecting the fungus from the plant’s AOS.

In addition to the production of enzymes for protection against AOS, B. cinerea
also possesses enzymes that are capable of oxidising plant compounds associated
with the resistance response (Mayer et al., 2001). Botrytis-derived enzymes are also
able to oxidise a number of natural products, such as alcohols, in vitro (Fukuda and
Brannon, 1971; Farooq and Tahara, 2000a, b).

Based on comparisons of the aggressiveness of six isolates of B. cinerea during
infection of leaves of P. vulgaris by B. cinerea, Von Tiedemann (1997) suggested a
primary role for AOS in the induction of plant cell death. Interestingly, all isolates
suppressed plant peroxidase activity compared to non-inoculated leaf tissue.

A gene encoding a glyoxal oxidase homologue (Bcglyox1) has been cloned from
B. cinerea (Stefanato et al., 2003). The gene product is presumed to be secreted and
mutants in which this gene was replaced continued to produce oxalic acid, but were
non-pathogenic and were unable to grow on minimal media containing a range of
simple sugars. The existence of non-pathogenic mutants that produced oxalic acid
confirms that pathogens like B. cinerea contain a number of so-called ‘pathogenicity
factors’ and that pathogenicity is not associated with a single factor.

Other relevant genes isolated and characterised from Botrytis include gst/ (Prins
et al., 2000) and a mitochondrial alternative oxidase (AOX) (Joseph-Horne et al.,
2000). These alternative oxidases in fungi have possible iron-binding sites that are
conserved in AOX genes from different fungi. The AOX is an example of the
‘same’ enzyme occurring in both plant and pathogen, but each with different
molecular organisation and regulation of activity (Joseph-Horne et al., 2000).

9. Generation of lipid peroxidation products

The toxicity of molecules such as superoxide and H,O, produced during infection of
plants by B. cinerea is thought at least in part to be related to their abilities to
generate hydroxyl radicals, which in turn can produce lipid-derived peroxides and
aldehydes as a result of degradation of cell membranes (Esterbauer et al., 1991). Cell
membranes are dynamic structures that are continually degraded and rebuilt.
However, the breakdown products of the polyunsaturated lipids, linoleic and
linolenic acids, that are major components of plant cell membranes are extremely
labile, cytotoxic and genotoxic (Feng et al., 2003). There is now evidence that some
of these toxic products of lipid peroxidation are present in lesions and at the leading
edge of expanding soft rots caused by B. cinerea.

Lipid peroxidation in plants can be initiated by either lipoxygenase enzymes, or
reactive oxygen species, reactions which lead to the formation of either oxylipins or
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phytoprostanes (Griffiths et al., 2000). For example, jasmonates are generated as a
result of oxidation of linolenic acid by lipoxygenase followed by hydroperoxide
dehydratase, hydroperoxide cyclase, 12-oxo-phytodienoic acid reductase, and B-
oxidation. Alternatively, free radical catalysed autoxidation of linolenic acid leads to
the formation of phytoprostanes, increased levels of which have been seen in tomato
plants infected by B. cinerea (Thoma et al., 2003).

Although 4-HNE is a normal breakdown product of cell membranes, such
breakdown can be increased dramatically during infection, and 4-HNE conjugated to
glutathione can be transported via ATP-binding cassette (ABC) transporters that are
known to be up-regulated after infection (Xiong et al., 2001). B. cinerea itself also
possesses ABC transporters that are involved in limiting the sensitivity of B. cinerea
to phytoalexins and fungicides (Schoonbeek et al., 2001) (Chapter 9, 12).

In C. annuum fruits infected with B. cinerea, massively elevated levels of 4-HNE
and 4-hydroxy-2E-hexenal (4-HHE) were detected within lesions and at lesion
margins, compared with the levels seen at positions remote from lesions (Deighton
et al., 1999). Similar large increases in 4-HNE and malondialdehyde (MDA) were
found adjacent to rotted tissue in leaves of four genotypes of P. vulgaris inoculated
with B. cinerea (Muckenschnabel et al., 2001b), but not in leaves of A. thaliana
inoculated under similar conditions (Muckenschnabel et al., 2002), where there was
an apparent decrease in the levels of these aldehydes as a result of infection. Thus,
as was the case with the Fe(IlI) EPR signals, the results obtained with 4. thaliana
showed fundamental differences from the other plant tissues.

Interpretation of analytical results for lipid peroxidation products is complicated
by a number of factors, one of the most important being the ability of B. cinerea to
utilise/deactivate these molecules. Additional problems in interpreting analytical
results stem from the methodology used and the reactivity of the products. For
example, many determinations of MDA levels are based on the TBARS method,
which has been extensively criticised for its non-specificity (Janero, 1990).

In animals, glutathione S-transferases conjugate 4-HNE with reduced glutathione
(GSH) to prevent cell damage (Boon et al., 1999) and a similar process involving
glutathione S-transferases may also occur in plant cells. If this occurs on a large
scale, presumably it could affect the production of ascorbic acid downstream in the
cycle. Muckenschnabel et al. (2001b) found consistently large decreases in the
amounts of ascorbic acid in infected leaf tissue of different genotypes of P. vulgaris,
but GSH levels varied to such an extent between cultivars that no simple conclusion
could be made.

10. Host signalling and programmed cell death

There is strong evidence that AOS are associated with several aspects of the plant’s
response to infection, including the initial oxidative burst and redox-related
signalling events leading to up- or down-regulation of sets of genes whose products
help to defend the plant from pathogen attack. The initial oxidative burst is not
pathogen specific, since it can also be generated abiotically by physical damage
(Goodman et al., 2002).
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Dat et al. (2001) suggest that enhanced levels of H,O, by themselves are not the
direct cause of cell death, but that they trigger a signal transduction cascade that
ultimately leads to an active cell death process. In view of the discussion in Section

2 of this Chapter, it seems likely that it is *OH radicals that are the killing agent.

A number of important processes, particularly associated with chloroplasts, can
be modulated by redox changes in plants. These include gene transcription
(Escoubas et al., 1995; Baginsky et al., 1999), RNA processing (Liere and Link,
1997), translation (Danon and Mayfield, 1994), and protein degradation (Garcia-
Ferris and Moreno, 1993). Baginsky et al. (1999) showed that the regulation of
plastid gene expression is controlled by phosphorylation and redox in Sinapis alba.
In Chlamydomonas reinhardtii, redox has been shown to regulate RNA degradation
in the chloroplast (Salvador and Klein, 1999). The AO (a quinol oxidase) of the
respiratory chain in plants and some fungi is regulated by redox-sensitive disulphide
bond formation (Djajanegara et al., 1999). Further evidence of gene activation by
redox changes is provided by Enyedi (1999) who showed that rose bengal, a
photodynamic AOS generator, increased salicylic acid levels in tobacco, induced the
expression of the gene PR-I/a and activated systemic acquired resistance (SAR)
throughout the plant. In addition, application of AOS scavengers such as N-acetyl-
L-cysteine and pyrrolidine dithiocarbamate prevented accumulation of salicylic acid
and diminished PR-/a gene expression by rose bengal. Additional evidence that
AOS may be involved in signalling comes from the use of free radical scavengers
such as salicylhydroxamic acid and propyl gallate that, when applied to carrot slices
at the time of inoculation with B. cinerea, largely prevented the accumulation of the
phytoalexin 6-methoxymellein (Hoffman and Heale, 1989).

Induction of PR-1 gene expression in tobacco by benzothiadiazole (BTH) or
salicylic acid is suppressed by antioxidants (Wendehenne et al., 1998), suggesting
that changes in H,0, levels or the redox status of the cell may be involved in the
activation of certain defence responses. Indeed, Mou et al. (2003) showed that SAR
is regulated by redox changes, and reduction of the SAR-associated protein NPR1
converts it to a monomeric form that is then translocated to the nucleus where it
activates gene expression. Changes in redox potential could occur very quickly in
plant cells. Thus, the oxidising conditions associated with B. cinerea infection could
prevent dissociation of NPR1 to the monomeric form thereby preventing induction
of an SAR response. Govrin and Levine (2002) showed that B. cinerea did not
induce SAR in 4. thaliana, and induction of SAR with chemical treatments, or
avirulent Pseudomonas syringae, failed to inhibit growth of B. cinerea.

Local resistance to B. cinerea requires ethylene-, jasmonate-, and SA-mediated
signalling (Ferrari et al., 2003). Gene expression studies on gst/ and pall in the
mutants nahG, coil and etrl in Arabidopsis plants inoculated with P. syringae pv.
tomato suggest that the oxidative burst and signalling via subsequent redox changes
are independent of salicylates, methyl jasmonates and ethylene, but are related to a
mitogen-activated protein (MAP) kinase (Grant et al., 2000). The MAP kinase
AtMPKG6 has been shown to be strongly up-regulated in Arabidopsis cells by H,O,
and potassium superoxide (Yuasa et al., 2001). In addition, the AtMPK6 was also
up-regulated by a catalase inhibitor, 3-amino-1,2,4-triazole, suggesting that
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AtMPKG6 is potentially involved with signal transduction in response to AOS in
Arabidopsis.

There is increasing evidence that nitric oxide (NO) plays an important role in
signalling in response to infection of plants by plant pathogens (Delledonne et al.,
1998; Bolwell, 1999). Indeed, a burst of NO has been reported to coincide with an
increase in AOS in tobacco treated with cryptogein from Phytophthora cryptogea
(Foissner et al., 2000), suggesting that AOS and NO production may be cooperative
phenomena. There is some evidence that NO may be capable of acting as an
antioxidant in certain situations by binding to and removing AOS (Beligni and
Lamattina, 1999), though NO has not been detected in plants as a Botrytis infection
response.

Damage to cell membranes by the pathogen directly, or as a result of induced
free radical generation, also triggers the production of several membrane-bound
kinases that are components of signalling pathways that ultimately lead to
programmed cell death. This host response is important for defence against
biotrophs, but would presumably increase its vulnerability to necrotrophs such as B.
cinereaq.

Some pathogen-derived signals are able to elicit or trigger AOS-associated
changes in plants. For example, polygalacturonide elicitors, derived via the action of
extracellular pectic enzymes on plant cell walls, induced the accumulation of H,0,
in cultured soybean cells (Legendre et al., 1993). This was preceded by a rapid
increase in inositol 1,4,5-trisphosphate (IP3) production, suggesting that
phospholipase C activation might constitute one pathway by which elicitors trigger
the soybean oxidative burst. The ability of different non-specific elicitors to induce
an AOS response indicates that more than one initial receptor may be involved or
that some of these elicitors (e.g. arachidonic acid) may be triggering the AOS
through different routes (e.g. via a cell death pathway?). Ethylene can be produced
in vitro by B. cinerea, probably via L-methionine as a substrate (Cristescu et al.,
2002; Chagué et al., 2002), though the role of ethylene produced by B. cinerea
during the infection process remains unclear (Chapter 10).

A purified glycoprotein from B. cinerea, identified as endopolygalacturonase 1,
has been shown to induce a number of resistance responses, including production of
AOS (Poinssot et al., 2003). Poinssot et al. concluded that elicitor activity of the
endoPG was not due to its enzymatic activity and release of oligogalacturonides,
raising the possibility that the induction may be due to the carbohydrate or protein
moiety.

Using an assay based upon ability to generate H,O, in cell suspension cultures,
ergosterol, and a (partially purified) proteinaceous elicitor from B. cinerea, have
been shown to rapidly induce the accumulation of non-specific lipid-transfer protein
(nsLTP) mRNA in cell suspension cultures of grape (Gomes et al., 2003). Though
the function of nsLTP is still unclear, the P4 isoform of the nsLTP (but not the other
isoforms tested) reduced the growth of B. cinerea mycelium in vitro, but only in
calcium-free medium. LTPs have been classified as pathogenesis-related proteins,
specifically PR-14 (Van Loon and Van Strien, 1999). Gomes et al. (2003) suggested
that as high calcium concentrations are found in the apoplast, where the fungus is
present, grape nsLTPs probably lack antifungal activity in planta and that the
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function and mode of action of nsLTPs is still unclear. Nevertheless, this work
clearly shows a relationship between a fungal product, H,O, and transcriptional
responses by the plant.

11. Fungus-derived metabolites

B. cinerea is known to produce a number of phytotoxic metabolites in vitro, with a
botryane skeleton including dihydrobotrydial and botrydial that are considered to be
pathogenicity factors though not a primary determinant of pathogenicity (Deighton
et al., 2001; Colmenares et al., 2002a). Interestingly, botrydial was only found to be
phytotoxic when plants were incubated in the light, suggesting a possible link with
oxidative processes associated with photosynthesis. Four new lactones have recently
been isolated from B. cinerea by Colmenares et al. (2002b); one of these was
phytotoxic at high concentration (250 mg/litre), but the other three were not
phytotoxic. Homobotcinolide, a polyhydroxylated nonalactone esterified with 4-
hydroxy-2-decenoic acid, has also been isolated from B. cinerea (Cutler et al., 1996)
and caused severe chlorosis and necrosis when applied exogenously to corn. The
relationship between these phytotoxins, which reproduce symptoms of the disease
when applied to plants, and AOS has not been clarified, but knowledge of their
location in planta would help in understanding their role in disease processes.

12. Conclusions

The production of AOS during infection of plants by B. cinerea has been well
documented and there is growing evidence that the fungus exploits this situation to
aid its development in planta. However, understanding the details of the infection
process is an extremely complex exercise, which is confounded by a considerable
number of apparently conflicting observations in the literature.

A major problem that has restricted the development of our knowledge of this
area of science is a lack of conformity in both the chemical and biological
techniques used by different groups. To some extent these problems are imposed by
the facilities available to individual scientists, but the net result is that it is often
difficult to make sensible comparisons between the results. Also, because of the
cross-disciplinary nature of this science, it is generally difficult to assemble groups
with a sufficiently wide range of expertise, with the result that there is often an
uncritical acceptance of the results from some areas of the work. This is particularly
true of the approaches used for chemical analyses, where many of the methods used
in publications have not been fully validated for biological systems, where the
potential for interference can be high. It is important, therefore, in any evaluation of
the literature to consider carefully the methodology that has been used and to
evaluate critically the validity of conclusions that may be derived from the results of
any particular experiment. However, in spite of our reservations discussed above, a
number of observations on the Botrytis infection process are becoming clear.

One important observation that is coupled with B. cinerea infection is the
production of oxalic acid. This has the direct effect of acidifying the environment,
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and also influences the chemistry of metal ions, either through direct complexation,
as with copper or calcium, or by pH-induced speciation changes, as with iron. There
seems to be an important correlation between host range for B. cinerea and absence
of oxalate-degrading oxalate oxidase in the plant. B. cinerea also produces
siderophores, which are able to form strong chelates with metals such as iron, and
thereby directly affect their relative availability to the plant and fungal systems.

Changes in redox potential in infected plant cells may have multiple effects on
many enzymes, particularly those containing transition metal ions within their
structure. The strongly oxidising conditions coupled with oxalate production may
block potential responses such as SAR that require reducing conditions. In addition,
the suppression of AOS-scavenging enzymes, which can occur during infection by
necrotrophic pathogens, could aid their development in plant tissues.

Short-term fluctuations in the redox status of plant tissues could also influence
the susceptibility of the plant to infection, and such processes could be the
explanation for the observation of ‘optimum times for infection’ that occur naturally.
Redox changes may also be responsible for the observed variations in resistance of
intact tissues to B. cinerea as they become older and begin to senesce.

Although some components of the AOS ‘system’ have been identified, we still
do not understand fully how they are regulated. Both fungal and plant transgenics
and knockouts are going to be used along with increasingly more sophisticated
chemical analytical techniques to provide answers for many of the remaining
questions. With increased knowledge it may become feasible to manipulate the plant
systems to increase their natural resistance to B. cinerea. However, because of the
fundamental differences in the colonisation strategies used by necrotrophs and
biotrophs, increasing the resistance to one class of pathogen may result in increased
susceptibility to the other. We believe, therefore, that although it may be possible to
win battles against individual pathogens, the war against the microbial kingdom in
general is one that will inevitably have to continue indefinitely.

Finally, whilst Arabidopsis is an excellent model plant to study aspects of gene
function and transcriptional regulation, there are limitations to the extent that
information derived from Arabidopsis can automatically be related to plants in other
families.
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Abstract. Plants possess a range of tools for combating a Botrytis infection. This chapter will describe
three types of pre-formed and induced plant defence compounds and discuss their effectiveness in
restricting Botrytis infection. Case studies are presented on several types of secondary metabolites:
stilbenes including resveratrol, saponins including a-tomatin, cucurbitacins, proanthocyanidins and
tulipalin A. Evidence is presented suggesting that Bo#rytis species have evolved mechanisms to
counteract some of these defence responses. Secondly, we discuss the role of structural barriers and cell
wall modification in preventing penetration. Finally the contribution of PR proteins to resistance is
discussed.

1. Introduction

In response to pathogens, plants are generally able to mount a spectrum of defence
responses, often coinciding with an oxidative burst involving active oxygen species
(AOS) that commonly confers resistance to a wide range of (biotrophic) pathogens.
The oxidative burst is however not completely effective against Botrytis and there is
evidence that the pathogen actually benefits from it (Chapter 8). Nevertheless plants
possess a range of tools for combating a Botrytis infection. This chapter will
describe three types of pre-formed and induced plant defence compounds, namely
secondary metabolites, structural barriers and antifungal pathogenesis-related (PR)
proteins, and discuss their role and effectiveness in restricting Botrytis infection. In
addition, mechanisms are discussed that suggest that Botrytis species have
developed strategies to counteract some of these defence responses. Most of the
information comes from research on B. cinerea but we will also discuss research on
other, host-specialised Botrytis species where available and appropriate. The terms
‘compatible interaction’ and ‘incompatible interaction’ will be used for interactions
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with a host and a non-host plant species, respectively. This is especially relevant for
Botrytis species with a narrow host range, but in some cases also for B. cinerea.

2. Antimicrobial secondary metabolites

There are two types of antimicrobial metabolites: phytoalexins and phytoanticipins
(VanEtten et al., 1994). Phytoanticipins are preformed, while phytoalexins are
induced by pathogen infection. Excellent reviews on the phytoalexins identified in
plants that are hosts for Botrytis spp. have been published by Mansfield (1980) and
Daniel and Purkayastha (1995). These reviews also discuss the evidence for specific
enzymatic degradation of some of these plant defence molecules, for example the
metabolism of wyerone derivatives by B. cinerea and B. fabae in Vicia faba. The
following section will discuss case studies of secondary metabolites that display
inhibitory activity to Botrytis. Their chemical structures are very diverse and their
modes of action presumably distinct.

2.1. Resveratrol and other stilbenes

Trans-resveratrol (3,5,4’-trihydroxystilbene) is one of the simplest stilbenes. It is a
product of the plant secondary phenolic metabolism by the action of resveratrol
synthase on p-coumaroyl-CoA and malonyl-CoA. It occurs in unrelated groups of
angiosperms (Morales et al., 2000) and has been studied mainly in grapevine where
it is the most abundant stilbene (Creasy and Creasy, 1998). In this species, it
constitutes one of the major components of wood (Langcake and Pryce, 1976) and
acts as a phytoalexin in leaves (Langcake and Pryce, 1977a; Langcake, 1981;
Jeandet et al., 1995a). It is also found in the fruit skin (Jeandet et al., 1991).

Besides trans-resveratrol, numerous other stilbenes have been characterized in
grapevine. These include a 3-O-B-glucoside of resveratrol called piceid that is
formed by the action of a glycosyl transferase on resveratrol (Waterhouse and
Lamuela Raventos, 1994; Romero-Perez et al., 1999) and a dimethylated derivative
of resveratrol (3,5-dimethoxy-4’-hydroxystilbene) named pterostilbene of which the
biosynthetic pathway remains to be resolved (Langcake et al., 1979; Pezet and Pont,
1988a). Piceids are a water-soluble form of resveratrol that can be reconverted into
resveratrol by plant glycosidases (Ayran et al., 1987). Stressed or Botrytis-infected
leaves also accumulate oligomers of resveratrol termed viniferins, the most abundant
of which being frans-g-viniferin, a resveratrol dehydrodimer (Langcake and Pryce,
1977b; Langcake, 1981) believed to result from the oxidative dimerisation of
resveratrol by a plant peroxidase (Langcake and Pryce, 1977¢c; Langcake, 1981;
Morales et al., 1997, 2000) or fungal laccase (Pezet, 1998; Schouten et al., 2002).
Cis isomers of resveratrol, piceids and viniferins have also been detected in mature
fruit and wine (Romero-Perez et al., 1999). They result from the isomerisation of
trans-resveratrol by UV irradiation (Roggero and Garcia-Parrilla, 1995).

An early study on the antifungal activity of stilbenes revealed that they rapidly
inhibit the respiration of fungal cells, probably by acting as uncoupling agents and
by forming protein-phenol complexes (Hart, 1981). Based on the structural
similarity of hydroxystilbenes and aromatic hydrocarbons, it was inferred that their
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mode of action may involve lipid peroxidation by blocking cytochrome c reductase
and monooxygenases (Pezet and Pont, 1995). A study on structure-activity
relationships of natural stilbenes and synthetic derivatives demonstrated a positive
correlation between the biological activity of stilbenes and their hydrophobicity,
their ability to form complexes with proteins and the electron-attractivity of their
substituents (Pont and Pezet, 1990; Pezet and Pont, 1995). The hydroxystilbenes
most active on fungal respiration were pterostilbene and e-viniferin with respective
ECs, values of 20 pg/ml (Pezet and Pont, 1988a) and 37 pg/ml (Langcake and Pryce,
1977a).

Resveratrol displayed no immediate toxicity towards B. cinerea because of its
hydrophilic character and inability to reach its targets in fungal cells (Pezet and
Pont, 1995). Long-term incubation of B. cinerea with resveratrol, however, led to
the inhibition of germination of conidia, as well as the elongation of germ tubes and
hyphae (Adrian et al., 1997). Functional analysis of a resveratrol-inducible laccase
gene, Bclec2, recently clarified this discrepancy (Schouten et al., 2002). Bclec2 gene
replacement mutants had an impaired ability to metabolise resveratrol and displayed
improved growth characteristics on resveratrol containing media, suggesting that
resveratrol is not toxic in itself, but the BcLCC2 protein is responsible for
transforming resveratrol into a fungitoxic substance (member of the viniferins).
Such a novel mechanism of activation of a phytoalexin presents obvious advantages
for the plant. Plant secondary metabolites may be toxic to the plant itself and often
have limited solubility. As resveratrol is one of the most soluble and least toxic
stilbenes, it can be stored safely at high concentrations in vacuoles and cell walls
(Morales et al., 2000) only to be activated upon contact with a microorganism. The
activation of resveratrol into viniferins does not necessarily require the conversion
by the pathogen. Increased e-viniferin production also occurs in grapevine in the
absence of a microbe, after UV irradiation (Langcake and Pryce, 1977b). The
content ratios of resveratrol and e-viniferin remained unchanged in several
grapevine cultivars after UV irradiation or B. cinerea infection, even when their
respective concentration increased (Douillet-Breuil et al., 1999; Adrian et al., 2000).
Plant enzymes potentially involved in oxidation of resveratrol include peroxidases
(Langcake and Pryce, 1977a, b). One constitutive basic grapevine peroxidase
exhibits a high affinity for resveratrol (Morales et al., 1997). The peroxidase-
mediated oxidation of resveratrol does not yield viniferins in vitro. However, the
natural association of the benzene rings of resveratrol with cellulose fibres affects
the stability of radical reaction intermediates such that peroxidase-mediated
oxidation of resveratrol may generate viniferins in planta (Morales et al., 2000).
Interestingly H,O,, a co-substrate of peroxidases, is generated during B. cinerea
infection (Chapter 8).

Pterostilbene has the highest antifungal activity, but its concentration is less than
5 pg/g in leaves (Douillet-Breuil et al., 1999) and fruit (Adrian et al., 2000) of
various grapevine cultivars and is not enhanced by UV irradiation or B. cinerea
infection. This raised doubts about the capacity of pterostilbene to protect plants
against B. cinerea (Langcake, 1981; Douillet-Breuil et al., 1999; Adrian et al.,
2000). The potency of pterostilbene increases in the presence of glycolic acid, an
organic acid that accumulates to high concentrations in immature grape berries.
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Pterostilbenes may thus act as a constitutive defence component in berries (Pezet
and Pont, 1988b). In contrast, resveratrol acts in an inducible defence reaction
against B. cinerea. A positive correlation was found between the resveratrol level in
grapevine cultivars and their resistance to B. cinerea (Langcake and McCarthy,
1979). UV irradiation or B. cinerea challenge of leaves and fruit of resistant
grapevine cultivars led to resveratrol concentrations up to 750 pg/g, exceeding levels
needed for toxicity to B. cinerea in vitro (Jeandet et al., 1995a; Douillet-Breuil et al.,
1999; Adrian et al., 2000). Local resveratrol concentrations may be more important
than those found after grinding whole tissue. The interaction of grapevine leaves
with an incompatible B. cinerea isolate led to a hypersensitive-like response during
which stilbenes preferentially accumulated in the direct vicinity of the fungus
(Derckel et al., 1999).

Raising resveratrol levels in crop plants is an attractive option because of the
potential of this substance to protect plants from the attack of pathogens and to
improve human health (Chiou, 2002) by preventing and curing cancers (Savouret
and Quesne, 2002) and guarding against vascular diseases (Hung et al., 2000). In
plant species that do not naturally produce stilbenes, the production of resveratrol
was achieved by genetic engineering. Introduction of the grapevine stilbene synthase
gene Vstl into tobacco (Hain et al., 1993) and barley (Leckband and Lorz, 1998)
resulted in resveratrol accumulation and enhanced protection against grey mould. In
transgenic kiwifruit, however, the presence of high endogenous levels of glycosyl
transferase activity led to the preferential accumulation of piceid over resveratrol
and no protection to B. cinerea infection was observed (Kobayashi et al., 2000). In
plants that naturally have the genetic potential to produce resveratrol, the expression
of stilbene synthase is low in unstressed leaves. It can be induced in this organ by a
variety of biotic and abiotic elicitors such as AICl; (Adrian et al., 1996; Jeandet et
al., 1998), UV, paraquat, wounding, H,0,, salicylic acid, jasmonic acid, ethylene
(Grimmig et al., 1997; Adrian et al., 2000; Lippmann et al., 2000; Chung et al.,
2003), methyl jasmonate (Larronde et al., 2003), systemic acquired resistance
elicitors (Busam et al., 1997), abscisic acid (Ban et al., 2000) and ozone (Grimmig et
al., 1997). The exogenous application of B. cinerea cell wall fragments
(Liswidowati et al., 1991) or a live soil-borne biocontrol Bacillus species (Paul et
al., 1998) have also been reported to lead to increased accumulation of resveratrol in
grapevine leaves.

Fruit, such as grape berries, behave differently from leaves by expressing
significant levels of resveratrol constitutively. One concern is that resveratrol levels
decrease during fruit ripening due to lower expression of stilbene synthase (Bais et
al., 2000) and increased substrate competition for this enzyme with chalcone
synthase, whose activity is stimulated during fruit ripening to provide precursors for
anthocyanin accumulation (Jeandet et al., 1995b). Nevertheless, grapes keep their
capacity to accumulate higher levels of resveratrol after UV irradiation at any stage
of ripening (Adrian et al., 2000) and even after harvest (Cantos et al., 2001).
Another concern with resveratrol accumulation in grape is that it only occurs in the
skin, implying that resveratrol can only participate in protection of the berry from
outside intruders when the fruit skin is intact. Cultivation practices have also been
shown to influence resveratrol accumulation in grapevine leaves and fruit. A
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negative correlation was found between the resveratrol level and the extent of
nitrogen fertilization (Fregoni et al., 2000; Bavaresco et al., 2001) or fungicide spray
application (Magee et al., 2002) while increased potassium fertilization correlated
with higher levels of resveratrol (Fregoni et al., 2000). The potential of grapevine
cultivars to accumulate resveratrol was positively correlated with their tolerance to
Botrytis (Douillet-Breuil et al., 1999), leading to the suggestion that resveratrol
production capacity could be used as a criterion in the selection of resistant varieties
(Pool et al., 1981; Creasy and Coffee, 1988; Sbaghi et al., 1995).

The ability of B. cinerea to cope with stilbenes should not be underestimated.
Several studies did not corroborate a relationship between resveratrol accumulation
and disease incidence in grapevine (Magee et al., 2002; Keller et al., 2003).
Increasing conidia concentration in synthetic media containing resveratrol led to
increased resveratrol catabolism and survival of conidia (Hoos and Blaich, 1990)
and a correlation between resveratrol detoxification capacity of B. cinerea isolates
and their virulence on grapevine leaves has been proposed (Sbaghi et al., 1996).
Detoxification of resveratrol and the related pterostilbene has been attributed to their
oxidative dimerisation by B. cinerea laccases (Hoos and Blaich, 1990; Pezet et al.,
1991; Sbaghi et al., 1996; Adrian et al., 1998; Breuil et al., 1999). Application of
cucurbitacins led to reduced production of laccases (Sect. 2.3) and correlated with
increased resistance of several hosts, even those that do not accumulate stilbenes,
such as carrot and cucumber (Bar-Nun and Mayer, 1990; Viterbo et al., 1993a). This
suggested that B. cinerea laccases are part of a more general ‘attack’ machinery
designed to detoxify phenolic defences from many host plants (Staples and Mayer,
1995). However, the product of one specific laccase gene, BcLCC2, has been
implicated in the opposite effect by activating resveratrol into a fungitoxic substance
(Schouten et al., 2002). Laccase production by B. cinerea increases during late
stages of infection or development (Roudet et al., 1992; Manteau et al., 2003) in
parallel with a decrease in resveratrol concentration in its host (Adrian et al., 2000;
Montero et al., 2003) and can be stimulated in vitro by host-derived substances such
as phenolics, pectins (Viterbo et al., 1993a) and ambient pH (Manteau et al., 2003).
Proanthocyanidins in fruit act as competitive laccase inhibitors (Pezet et al., 1992).

Three laccase genes were described so far (Schouten et al., 2002) and limited
information is available on their distribution among B. cinerea populations and their
physiological role during pathogenesis. This role may prove to be complex since the
incubation of B. cinerea with resveratrol has been shown to lead to the production of
an array of oxidised derivatives, including the fungitoxic e-viniferin (Langcake and
Pryce, 1977a; Keller et al., 2003) and six other dimerisation products: d-viniferin
(Breuil et al., 1998; Pezet et al., 2003a), leachinol F, pallidol and restrytisols A-C
(Cichewicz et al., 2000). Some information is available on the toxicity of these
individual, pure metabolites towards B. cinerea, but one should consider that such in
vitro tests may not reflect the chemical environment that the pathogen encounters
during infection. Laccase activity on resveratrol yields radical quinone intermediates
that may react with very distinct (phenolic and other) compounds, giving rise to
heterogeneous products. The metabolism of resveratrol in planta therefore depends
on the temporal and spatial distribution both of the fungal laccase(s), the plant
peroxidase(s), their substrate(s), as well as on the enzyme kinetics for each substrate.
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2.2. a-Tomatine and saponins

a-Tomatine is a secondary metabolite produced in tomato leaves and unripe fruit
(Friedman, 2002). It is a potent antifungal (e.g. Sandrock and VanEtten, 1998) and
insecticidal (e.g. Kowalski et al., 2000) compound that interacts with sterols in
membranes (Keukens et al., 1995). Already in the 1970s it was reported that a-
tomatine inhibits mycelial growth of B. cinerea while not affecting germination of
conidia (Verhoeff and Liem, 1975). It was proposed that its fungistatic action was
responsible for maintaining B. cinerea infections in a quiescent state. The reduction
in o-tomatine content in ripening fruit (Friedman, 2002) supposedly relieves
fungistasis and permits fungal outgrowth. Furthermore, Verhoeff and Liem (1975)
reported that B. cinerea was able to convert o-tomatine to tomatidine by sugar
hydrolysis, thereby actively detoxifying the compound and facilitating fungal
outgrowth into tomato tissue prior to the natural drop in a-tomatine levels.

Supporting evidence for the important role of a-tomatine in conferring resistance
towards B. cinerea came from work of Quidde et al. (1998). Among a set of 13
isolates, one field isolate was identified that lacked o-tomatine degrading
("tomatinase") activity. This isolate, designated M3 and originating from grape, was
able to form primary lesions on tomato but these lesions never expanded. Virulence
of isolate M3 on Phaseolus vulgaris was not affected (Quidde et al., 1998). Contrary
to the report of Verhoeff and Liem (1975), the a-tomatine degradation product was
identified as B-tomatine (Quidde et al., 1998). On the basis of this conversion it was
proposed that the tomatinase should possess xylosidase activity. Quidde et al. (1999)
cloned a B. cinerea gene homologous to the tomatinase gene foml from Septoria
lycopersici. The gene, designated sap1, encodes a B-glucosidase active on saponins.
Gene replacement mutants deficient in sapl lost the ability to degrade avenacin (a
phytoanticipin from roots of oat, a non-host species for B. cinerea), yet they
remained able to detoxify tomatin, digitonin and avenacoside (a phytoanticipin from
leaves of oat). sapl-deficient mutants remained able to infect tomato, suggesting
that the sap1 gene does not encode the true tomatinase. Thus B. cinerea can produce
at least three distinct saponin-specific glycosidases (Quidde et al., 1999).

2.3. Cucurbitacins

Cucurbitacins are bitter-tasting triterpenoids, produced by the Cucurbitaceae, that
are toxic to insects and mammals. There are at least six forms of cucurbitacins, one
of which antagonises insect steroid responses (Dinan et al., 1997) while another
form disrupts the cytoskeleton in carcinoma cells (Duncan et al., 1996). Application
of cucurbitacin I to host tissue prior to inoculation prevented infection by B. cinerea
(Bar-Nun and Mayer, 1990). When cucurbitacin was added to a B. cinerea liquid
culture, laccase secretion into the medium was reduced (Bar-Nun and Mayer, 1989)
while other enzymes were not affected (Viterbo et al., 1993a). Some cucurbitacin
forms were more effective than others (Viterbo et al., 1993b). Radio-labelled
cucurbitacin was taken up by B. cinerea mycelium suggesting that it acted
intracellularly, reducing laccase activity (Viterbo et al., 1994), supposedly as a
consequence of repression at the mRNA level (Gonen et al., 1996). These gene
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expression studies were however performed with a probe corresponding to the
Bclecl gene, whereas the laccase gene that is induced by gallic acid is in fact Belec2
(Schouten et al., 2002). The two genes show poor cross-hybridisation (A. Schouten,
unpubl.). Neither of these laccase genes is important for virulence on a range of
hosts (Schouten et al., 2002). It remains to be resolved whether the reduction of B.
cinerea infection by application of cucurbitacins (Bar-Nun and Mayer, 1990) is
caused indirectly by activation of defence or directly by inhibiting virulence factors.

2.4. Proanthocyanidins

Proanthocyanidins (condensed tannins) are polymeric flavonoids that result from the
condensation of two or more derivatives of flavan-3,4-diol. The term was first
coined by Weinges et al. (1969) to designate these colourless tannins that form
intensely coloured anthocyanidins upon heating with acid. Proanthocyanidins are
widely distributed in the plant kingdom and are constitutive components in a number
of discrete tissues in most plant organs. In leaves, they are mostly present in vascular
tissue and in fruit they preferentially accumulate in the epidermis and seeds (Porter
and Schwartz, 1962; Bachmann and Blaich, 1979; Hills et al., 1981; Jersch et al.,
1989; Prieur et al., 1994; Prusky, 1996; Souquet et al., 1996). The chemical structure
and composition of proanthocyanidins vary among plant species, organs and also
with the stage of organ development. In grape berries, the mean degree of
polymerisation of the proanthocyanidins, the proportion of epigallocatechin
extension subunits and the level of anthocyanin association increase during ripening
(Hills et al., 1981; Kennedy et al., 2001).

Because of the potential association of proanthocyanidins with sugars (including
pectins), flavonoids and proteins (Kennedy et al., 2001), reports on their toxicity
towards B. cinerea (conidia germination and germ tube elongation) have yielded
opposite results depending on the state of purity of the proanthocyanidins (Hills et
al., 1981; Jersch et al., 1989; Hebert et al., 2002). Nevertheless, these studies agree
in suggesting that plant proanthocyanidins maintain B. cinerea in a quiescent stage,
leading to delayed development of symptoms. The transition from quiescence into
expansion is triggered during host senescence or ripening and occurs at a less
senescent or ripe stage in susceptible varieties (reviewed by Elad, 1997). For
example, grapes develop latent infections as early as the blooming stage (McClellan
and Hewitt, 1973) while lesions are increasingly likely to start spreading only when
the fruit ripens (Hills et al., 1981). The development of quiescent B. cinerea
infections on grape did not correlate with conidia density (Coertze and Holz, 1997),
the stage of ripening (Hills et al., 1981) or the level of resistance of the cultivar to
grey mould (Pezet et al., 2003b). Even though the production of phytoalexins after
pathogen entry is one way to keep B. cinerea quiescent (Sect. 2.1), some fruit, such
as strawberries, do not mount a phytoalexin response (Jersch et al., 1989), implying
that fungal quiescence can be maintained by additional mechanisms. These may
involve the inhibition of fungal pathogenicity factors by proanthocyanidins (Prusky,
1996). B. cinerea virulence factors include a range of secreted enzymes (Chapter 7)
and proanthocyanidins can complex with proteins (Haslam, 1966, 1974) resulting
in non-specific inhibition of the activity of fungal polygalacturonases and
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cellulases (Porter and Schwartz, 1962; Hills et al.,, 1981; Jersch et al., 1989).
Proanthocyanidins additionally act as competitive inhibitors of B. cinerea laccase,
thereby preventing detoxification of the phytoalexin pterostilbene. Pezet et al.
(1992) reported an ECs, value of 12 pg/ml for the inhibition of B. cinerea laccase by
grape skin proanthocyanidins. Their levels in grape skin vary from 50 to 250 pug/g
dry weight (Hills et al., 1981; Pezet and Pont, 1992) and 14-50 ug/g fresh weight in
strawberry (Jersch et al., 1989) depending on the cultivar or the stage of ripening.

Despite the fact that proanthocyanidins do not accumulate in all plant tissues, it
is suggested that endogenous proanthocyanidins contribute to maintaining B. cinerea
in a quiescent state. More tolerant grape and strawberry cultivars accumulate larger
quantities of proanthocyanidins (Hebert et al., 2002; Pezet et al., 2003b). Proantho-
cyanidin content decreases in grape during fruit ripening (Hills et al., 1981) while
they remain constant in strawberries (Jersch et al., 1989). However, the ripening-
related modifications of proanthocyanidins led to a decrease in their capacity to
inhibit B. cinerea macerating enzymes (Hills et al., 1981; Jersch et al., 1989; Pezet
et al., 1992; Pezet and Pont, 1992). This phenomenon parallels the loss of resistance
of these fruit during ripening (Hills et al., 1981; Jersch et al., 1989) and occurs to a
larger extent in susceptible cultivars (Pezet et al., 2003b). Finally, the addition of
proanthocyanidin at 0.1% at the point of inoculation blocked the development of
spreading lesions of B. cinerea in susceptible grapevine varieties (Hills et al., 1981).

Prolonging the quiescence of B. cinerea infections by increasing the
proanthocyanidin content would reduce losses to grey mould, especially after
harvest. However, proanthocyanidin levels are constitutive and are not known to be
subject to modulation by external elicitors. Moreover, knowledge is lacking on the
genes and enzymes involved in the subtle modifications of proanthocyanidin
structure that affect their biological activity. The use of proanthocyanidin content as
an indicator of grey mould resistance for the selection of cultivars with improved
shelf-life has been suggested for grape (Pezet et al., 2003b) and strawberry (Jersch et
al., 1989; Hebert et al., 2002). However, proanthocyanidins negatively affect the
taste and colour (via anthocyanin binding) of fresh produce and plant-derived food
products (Noble, 1990; Gawel, 1998). Attempts to modify their composition may
result in a modification of the perception of these products by consumers.

2.5. Non-host resistance
2.5.1. Phytoanticipins of tulip as mediators of Botrytis non-host resistance

Tulip bulbs and pistils contain high concentrations of fungitoxic compounds,
identified as lactones and termed tulipalins (Bergman et al., 1967; Beijersbergen,
1969). Tulipalin A is found in bulbs, whereas aerial plant parts contain mainly
tulipalin B. Tulipalins A and B are stored in a glycosylated form, named tuliposides
A and B. Tuliposides are less toxic to fungi than the corresponding aglycosylated
lactones and are lactonised into tulipalins when the pH exceeds 5. Plant enzymes
may enhance the conversion rate of tuliposides into tulipalin A (Beijersbergen and
Lemmers, 1972). The lactone itself is relatively stable in vitro at pH values between
5.4 and 6.5 (Beijersbergen, 1969). It was suggested that precursor tuliposides, stored



PLANT DEFENCE COMPOUNDS AGAINST BOTRYTIS 151

in acidic vacuoles, are released upon disruption of the vacuolar membranes during
cell collapse mediated by pathogens (Schonbeck and Schldsser, 1976). The lactones
themselves spontaneously hydrolyse at pH values above 7.5 into the corresponding
non-toxic butyric acids (Beijersbergen, 1969).

All Botrytis species tested so far are sensitive to pure tulipalin A, except for the
tulip-specific pathogen B. fulipae (Schonbeck and Schroeder, 1972). Partial or
complete fungistasis occurs in vitro at 3-5 uM. Higher doses (7-10 uM, more than
30 uM for B. tulipae) are lethal to Botrytis spp. Mycelium exposed to lethal tulipalin
A concentrations does not resume growth when transferred to fresh agar without
tulipalin. Microscopic observation of tulipalin A-treated mycelium showed a
disappearance of hyphal cell contents and altered autofluorescence of hyphal walls
as compared to vital cultures. Conidia are at least three times more sensitive to
tulipalin A than mycelium (P. van Baarlen and M. Staats, unpubl.). B. tulipae is
more tolerant to tulipalin A than other Botrytis species. Infection of tulips by B.
tulipae is associated with a conversion of tuliposides into the corresponding, inactive
hydroxylic acids. In contrast, infection by B. cinerea leads to a conversion into the
active lactones (Schonbeck and Schroeder, 1972). This suggests that B. tulipae
contains a factor that can hydrolyse the tuliposides or the lactones into the
corresponding hydroxylic acids. Indeed, a total protein extract from B. tulipae
mycelium was able to neutralise tulipalin A; incubation of tulipalin A with this
protein extract resulted in loss of toxicity towards sensitive B. cinerea isolates (P.
van Baarlen and M. Staats, unpubl.). Lactone detoxification was also reported in
Fusarium oxysporum isolates that produce a lactonohydrolase (Shimizu et al., 1992).
It is tempting to speculate that B. tulipae possesses an enzyme with similar activity.
Such an enzyme might act as a host specificity determinant for B. fulipae.

2.5.2. Other monocot secondary metabolites involved in non-host resistance

The genus Allium contains various compounds associated with resistance to fungal
disease. Some are constitutive inhibitors, such as the phenolic compound catechol
that is present in the outer bulb layers of pigmented A/lium cepa (onion) cultivars
where it confers resistance to Colletotrichum (Link and Walker, 1933). Onion also
produces a class of cyclopentane phytoalexins upon pathogen infection, designated
tsibulins (Dmitriev et al., 1990), which accumulate in bulb scales at infection sites
during incompatible interactions with B. cinerea. Tsibulins inhibited spore
germination and germ tube elongation of B. cinerea in vitro. The EDs, values were
lower than the actual phytoalexin content in bulb scale spots, where B. cinerea
lesion formation was restricted (Dmitriev et al., 1990). Only little accumulation of
cyclopentane phytoalexins was observed in onion bulb scales during infection by the
specialised pathogen B. allii (Dmitriev et al., 1990). B. allii seems to either suppress
tsibulin accumulation, analogous to the interaction of B. narcissicola and its host
narcissus (discussed below) or actively degrade tsibulins, as discussed for other
antifungal compounds above. It would be of interest to investigate whether B. allii is
able to break down tsibulin cyclopentanes.
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3. Tolerance of Botrytis to antifungal metabolites

In many cases Botrytis species have adapted to antifungal compounds produced by
their host plants by developing mechanisms to counteract their toxicity. In fact the
ability to counteract toxicity of phytoalexins and phytoanticipins is often crucial for
successful host colonization. As a first line of defence to toxic compounds, fungi
possess ATP-binding cassette transporters (ATR) and Major Facilitator (MFS)
proteins that are able to excrete a spectrum of chemically unrelated toxic metabolites
from the cytoplasm. ATR and MFS proteins serve as membrane pumps with a broad
substrate range that expel chemically heterogeneous antifungal compounds at the
expense of ATP or proton extrusion (reviewed by de Waard, 1997). These proteins
may also be involved in fungicide resistance (Chapter 12). B. cinerea possesses a
large family of functional transporter genes, some of which confer protection to
antibiotics (Schoonbeek et al., 2002) and plant defence metabolites including
resveratrol (Schoonbeek et al., 2001). The degree of tolerance that ATR and MFS
transporters confer towards these toxicants is in several cases small, only rarely do
they provide full resistance. This low degree of tolerance may however be
biologically significant as it allows the pathogen time to activate true enzymatic
detoxification mechanisms. Such true detoxification mechanisms are specific for
each individual antifungal compound, as discussed in Sect. 2.

4. Structural barriers and cell wall modifications

Structural barriers can be mounted during resistance responses and non-specific
wound responses (Heath, 2000, 2002) by means of incorporating and cross-linking
phenolic compounds at penetration sites. Cell wall modifications may directly pose
physical barriers for fungi and they may interfere with degradation of wall
components that function as nutrient sources for Botrytis species. One form of plant
cell wall modification associated with disease resistance is their lignification. The
phenylpropanoid pathway generates coumaryl Co-A and cinnamyl Co-A esters that
serve as precursors for diverse compounds, including lignin (Dixon and Paiva,
1995). Wall modification occurs in the incompatible interaction of B. cinerea with a
non-host, wheat. Challenging wheat leaves with B. cinerea conidia results in a
localised, sharp increase of sinapyl alcohol dehydrogenase, phenylalanine ammonia
lyase and peroxidase expression and progressive lignification (Mitchell et al., 1994).
The phenylpropanoid pathway also generates phytoalexins (discussed above). The
simultaneous formation of structural barriers and phytoalexin production blocks the
infection and lesion spread of B. cinerea during incompatible interactions with
carrot, narcissus and wheat (Garrod et al.,, 1982; O'Neill and Mansfield, 1982;
Mitchell et al., 1994). The relative contribution of wall modifications and
phytoalexin production to the effective inhibition of infection is often unclear.

Other wall modifications are established by a class of phenolic amides, mainly
hydroxycinnamic acid derivatives and tyramine (McLusky et al., 1999). The
synthesis and incorporation in cell walls of amides is associated with the inhibition
of outgrowth of B. allii germ tubes within modified infection sites (Stewart and
Mansfield, 1985). The amides that are produced in onion cells are not fungitoxic to



PLANT DEFENCE COMPOUNDS AGAINST BOTRYTIS 153

B. allii and B. cinerea conidia and germ tubes up to concentrations of 1 mM
(McLusky et al., 1999). The fact that amide synthesis and their incorporation into
cell walls were associated with attempted penetrations of B. allii, a compatible
pathogen of onions, suggests that this defence mechanism provides a general
protection against Botrytis. The efficiency of the resistance mechanism may depend
on spore concentration, H,O, availability and occurrence of other stress factors.

The cell wall modification response (Heath, 2000) has been studied in lily and
tulip cultivars in compatible and incompatible interactions, with B. cinerea, B.
elliptica or B. tulipae. Cell wall modification was observed during incompatible
interactions but not during compatible interactions (P. van Baarlen and J. van Kan,
unpubl.). Autofluorescence of cell walls at penetration sites occurred within 18 h
upon inoculation of tulip and lily leaves with dry conidia. Fluorescent vital staining
of plant cells showed that in an incompatible interaction, the non-host plant cells
were not killed upon expression of this resistance response. Germ tubes did not
penetrate the modified walls any further. Primary lesion formation was not observed
in incompatible interactions, suggesting that wall modifications can effectively
restrict Botrytis infection. A more extensive study of wall modifications during
compatible and incompatible plant-Botrytis interactions seems worthwhile, although
it will remain difficult to distinguish the contribution to resistance of cell wall
modification from that of the concomitant phytoalexin production.

Several methods by which B. cinerea could interfere with cell wall resistance
responses may be envisaged. The pathogen may actively suppress resistance
responses in a compatible interaction. Preliminary microscopy studies have shown
that lily cells, at the sites of penetration by B. elliptica, did not show the
characteristic local yellow cell wall autofluorescence observed in incompatible
interactions. Also in the compatible interaction of narcissus and B. narcissicola, cell
wall modifications were mostly absent (O'Neill and Mansfield, 1982). Both
phytoalexin production and wall modification depend upon the phenylpropanoid
phenolic acid pathway. It is conceivable that in a compatible plant-Botrytis
interaction, the cell wall modifications and phytoalexin production are suppressed
by (a) secreted fungal factor(s). One study has shown that during a compatible inter-
action of the cowpea rust fungus (Uromyces vignae) with its host, cell wall-
associated defence responses are suppressed (Heath, 2002). In this pathosystem,
suppression of defence is established through interference with wall-membrane
communication via secreted fungal peptides that interfere with integrin proteins that
mediate wall-membrane adhesion (Mellersh and Heath, 2001). We are, however, not
aware of literature reporting active suppression of defence by Botrytis.

5. Pathogenesis-related proteins

Pathogenesis-related proteins (PR proteins) represent a large array of proteins coded
by the host plant that are co-ordinately expressed under pathological or related
situations. They have been characterised in over 70 plant species and 13 plant
families including mono- and di-cotyledonous plants. They are extremely diverse in
terms of enzymatic and biological activity and have been grouped into 13 protein
families based on primary structure and serological relationships (Van Loon, 1999).
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All share several physicochemical properties such as solubility in acidic buffers,
resistance to proteolysis, a molecular mass less than 50 kDa and a lack of quaternary
structure and glycosylation (Stintzi et al., 1993). They primarily accumulate in plant
cell walls and vacuoles. B. cinerea infection leads to PR protein induction in many
plants (Van Loon, 1985). Fruit tissues differ significantly from other plant organs by
accumulating unusually high concentrations of a limited set of PR-like proteins that
share sequence similarities with known PR proteins but accumulate with fruit
development (most often during fruit ripening) and not after stimulation with
pathogenesis-derived signals such as salicylic acid or wounding (Derckel et al.,
1998). Grapes, for example, mainly accumulate one thaumatin-like protein and one
chitinase which make up 80% of the total soluble protein content of the fruit at
harvest (Derckel et al., 1998; Salzman et al., 1998; Waters et al., 1998).

Members of several PR protein families display some toxicity towards B. cinerea
in vitro. For some of them, this may be caused by their potential to degrade chitin
and B-glucan fragments of B. cinerea cell walls (Gomez-Miranda et al., 1981; Punja
and Zhang, 1993; Simmons, 1994). However, fungitoxicity varies greatly among
members of one PR protein family, just like their specific enzyme activity which
may differ by up to 250-fold towards a given substrate (Kauffmann et al., 1987;
Stintzi et al., 1993). A grape PR-like protein (chitinase) has one of the highest
botryticidal activities. It inhibits germination of conidia with an ECs, value of 7.5
pg/ml (Derckel et al., 1998) and it restricts the elongation of hyphae (Salzman et al.,
1998). The chitinase is present at levels up to 26 pg/g in fruit of resistant cultivars
(Derckel et al., 1998; Salzman et al., 1998). The grape thaumatin-like protein, on the
other hand, exhibited no toxicity towards B. cinerea in vitro (Salzman et al., 1998).
In the presence of 1M glucose (a physiological concentration for a ripe grape),
however, the toxicity of the grape chitinase was potentiated by as much as 70% and
the grape thaumatin-like protein became equally toxic as the chitinase at similar
concentrations (Salzman et al., 1998).

Despite their anti-microbial activity in vitro, there is little evidence to support a
potential role of PR proteins in effective plant disease resistance to B. cinerea. The
homologous or heterologous expression of PR proteins in transgenic plants, or the
infiltration of single PR proteins in leaves, has rarely led to any significant level of
protection against B. cinerea (Lawton et al., 1993; Datta et al., 1999; Neuhaus,
1999; Van Loon, 1997). Only the coordinated expression of members of different
PR protein families yielded some (though limited) degree of tolerance due to
synergistic effects (Zhu et al., 1994; Jach et al., 1995; Datta et al.,, 1999).
Additionally, treatments that stimulate the coordinate expression of a large array of
PR proteins in tomato leaves such as ethylene treatment (Diaz et al., 2002) or B.
cinerea primary lesion formation (Benito et al., 1998) did not prevent the
development of B. cinerea spreading lesions. To the contrary, a higher degree of
susceptibility (higher fungal growth as estimated by the level of fungal actin mRNA)
correlated with higher levels of PR proteins mRNAs (Diaz et al., 2002). In any case,
the commercial potential of plants exhibiting higher levels of PR proteins will be
hampered by the fact that PR proteins are associated with several undesirable effects
such as the formation of haze in grape juices (Waters et al., 1996) and allergenic
reactions (Breiteneder and Ebner, 2000; Hoffmann-Sommergruber, 2000).
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6. Conclusions

There are interesting perspectives for altering secondary metabolism in plants to
optimise the contents of antifungal compounds, either by transgenes or by classical
breeding. The example of enhanced Bofrytis resistance in transgenic tobacco
producing resveratrol (Hain et al., 1993) already provides evidence for its feasibility.
Now that the field of plant pathology and breeding has entered the genomics era, it
will be increasingly feasible to modulate the levels of secondary metabolites, such as
phenylpropanoids, to enhance defence (Dixon et al., 2002). The information on the
Botrytis genome will be a useful tool. When plants can be equipped with antifungal
metabolites for which Botrytis has no detoxifying enzymes, it is likely that these
metabolites will be more effective. Conversely, when Botrytis possesses enzymes
that may convert non-toxic metabolites into antifungal compounds (Schouten et al.,
2002) one can perhaps make use of these enzymes. When considering the options
for enhancing plant resistance to Botrytis by modulation of secondary metabolites, it
should be taken into serious account that it is often not required to achieve complete
resistance as conferred by the classical R-genes. Especially in the case of post-
harvest problems, it will be sufficient to delay the disease outbreak and attenuate
disease out-growth. We recommend the design of strategies that extend the latent
infection phase. Chapter 20 deals in more detail with novel approaches to reduce the
damage inflicted by Botrytis diseases.

7. Acknowledgements

The research of P. v. Baarlen is supported by the Dutch Technology Foundation
STW, applied science division of NWO and the technology programme of the
Ministry of Economic Affairs (project WEB.5564).

8. References

Adrian M, Jeandet P, Bessis R and Joubert JM (1996) Induction of phytoalexin (resveratrol) synthesis in
grapevine leaves treated with aluminium chloride (AICl;). Journal of Agricultural and Food
Chemistry 44: 1979-1981

Adrian M, Jeandet P, Douillet-Breuil A-C, Tesson L and Bessis R (2000) Stilbene content of mature Vitis
vinifera berries in response to UV-C elicitation. Journal of Agricultural and Food Chemistry 48:
6103-6105

Adrian M, Jeandet P, Veneau J, Weston LA and Bessis R (1997) Biological activity of resveratrol, a
stilbene compound from grapevines, against Botrytis cinerea, the causal agent for gray mold. Journal
of Chemical Ecology 23: 1689-1702

Adrian M, Rajaei H, Jeandet P, Veneau J and Bessis R (1998) Resveratrol oxidation in Botrytis cinerea
conidia. Phytopathology 88: 472-476

Ayran A, Wilson B, Strauss C and Williams P (1987) The properties of glucosides of Vitis vinifera and
the comparison of their B-D-glucosidase activity with that of exogenous enzymes. An assessment of
possible application of enology. American Journal of Enology and Viticulture 38: 182-188

Bachmann O and Blaich R (1979) Vorkommen und Eigenschaften kondensierter Tannine in Vitaceae.
Vitis 18: 106-116

Bais AJ, Murphy PJ and Dry IB (2000) The molecular regulation of stilbene phytoalexin biosynthesis in
Vitis vinifera during grape berry development. Australian Journal of Plant Physiology 27: 425-433

Ban T, Shiozaki S, Ogata T and Horiuchi S (2000) Effect of abscisic acid and shading treatment on the
levels of anthocyanin and resveratrol in skin of Kyoho grape berry. Acta Horticulturae No. 514: 83-
89



156 P. VAN BAARLEN, L. LEGENDRE AND J. VAN KAN

Bar-Nun N and Mayer AM (1989) Cucurbitacins - repressors of induction of laccase formation.
Phytochemistry 28: 1369-1371

Bar-Nun N and Mayer AM (1990) Cucurbitacins protect cucumber tissue against infection by Botrytis
cinerea. Phytochemistry 29: 787-791

Bavaresco L, Pezzutto S, Ragga A, Ferrari F and Trevisan M (2001) Effect of nitrogen supply on trans-
resveratrol concentration in berries of Vitis vinifera L. cv. Cabernet Sauvignon. Vitis 40: 229-230

Beijersbergen, JCM (1969) a-methylene-y-butyrolactone uit tulpen. Thesis, Leiden University (pp. 1-93)
Bronder-Offset, Rotterdam, The Netherlands

Beijersbergen, JCM and Lemmers CBG (1972) Enzymic and non-enzymic liberation of tulipalin A (a-
methylene-y-butyrolactone) in extracts of tulip. Physiological Plant Pathology 2: 265-270

Benito EP, ten Have A, van’t Klooster JW and Van Kan JAL (1998) Fungal and plant gene expression
during synchronized infection of tomato leaves by Botrytis cinerea. European Journal of Plant
Pathology 104: 207-220

Bergman, BHH, Beijersbergen JCM, Overeem JC and Kaars Sijpesteijn A (1967) Isolation and
identification of a-methylene-y-butyrolactone, a fungitoxic substance from tulips. Recueil des
Travaux Chimiques des Pays-Bas 86: 709-714

Breiteneder H and Ebner C (2000) Molecular and biochemical classification of plant-derived food
allergens. Journal of Allergy and Clinical Immunology 106: 27-36

Breuil AC, Adrian M, Pirio N, Meunier P, Bessis R and Jeandet P (1998) Metabolism of stilbene
phytoalexins by Botrytis cinerea: 1. Characterization of a resveratrol dehydrodimer. Tetrahedron
Letters 39: 537-540

Breuil AC, Jeandet P, Adrian M, Chopin F, Pirio N, Meunier P and Bessis R (1999) Characterization of a
pterostilbene dehydrodimer produced by laccase of Botrytis cinerea. Phytopathology 89: 298-302

Busam G, Junghanns KT, Kneusel RE, Kassemyer HH and Matern U (1997) Characterization and
expression of caffeoyl-coenzyme A 3-O-methyltransferase proposed for the induced resistance
response of Vitis vinifera L. Plant Physiology 115: 1039-1048

Cantos E, Espin JC and Tomas-Barberan FGA (2001) Postharvest induction modelling method using UV
irradiation pulses for obtaining resveratrol-enriched table grapes: a new “functional” fruit. Journal of
Agricultural and Food Chemistry 49: 5052-5058

Chiou RYY (2002) Resveratrol, a promising phytochemical in grape juices, wines and peanuts. Food
Science and Agricultural Chemistry 4: 8-14

Chung IM, Park MR, Chun JC and Yun SJ (2003) Resveratrol accumulation and resveratrol synthase
gene expression in response to abiotic stresses and hormone in peanut plants. Plant Science 164: 103-
109

Cichewicz RH, Kouzi SA and Hamann MT (2000) Dimerisation of resveratrol by grapevine pathogen
Botrytis cinerea. Journal of Natural Products 63: 29-33

Coertze S and Holz G (1999) Surface colonisation, penetration and lesion formation on grapes inoculated
fresh and after cold storage with single airborne conidia of Botrytis cinerea. Plant Disease 83: 917-
924

Creasy LL and Coffee M (1988) Phytoalexin production potential of grape berries. Journal of the
American Society for Horticultural Science 113: 230-234

Creasy LL and Creasy MT (1998) Grape chemistry and the significance of resveratrol: an overview.
Pharmaceutical Biology 36 (supplement): 8-13

Daniel M and Purkayastha RP (1995) Handbook of Phytoalexin Metabolism and Action. Marcel Dekker,
New York, USA

Datta K, Muthukrishnan S and Datta SK (1999) Expression and function of PR-protein genes in
transgenic plants. In: Datta SK and Muthukrishnan S (eds) Pathogenesis-related Proteins in Plants.
(pp. 261-278) CRC Press, Boca Raton, Florida, USA

Derckel JP, Audran JC, Haye B, Lambert B and Legendre L (1998) Characterization, induction by
wounding and salicylic acid, and activity against Botrytis cinerea of chitinases and beta-1,3-
glucanases of ripening grape berries. Physiologia Plantarum 104: 56-64

Derckel JP, Baillieul F, Manteau S, Audran JC, Haye B, Lambert B and Legendre L (1999) Differential
induction of grapevine defences by two strains of Botrytis cinerea. Phytopathology 89: 197-203

De Waard MA (1997) Significance of ABC transporters in fungicide sensitivity and resistance. Pesticide
Science 51: 271-275

Diaz J, Ten Have A and Van Kan JAL (2002) The role of ethylene and wound signalling in resistance of
tomato to Botrytis cinerea. Plant Physiology 129: 1341-1351



PLANT DEFENCE COMPOUNDS AGAINST BOTRYTIS 157

Dinan L, Whiting P, Girault JP, Lafont R, Dhadialla TS, Cress DE, Mugat B, Antoniewski C and
Lepesant JA (1997) Cucurbitacins are insect steroid hormone antagonists acting at the ecdysteroid
receptor. Biochemical Journal 327: 643-650

Dixon RA and Paiva NL (1995) Stress-induced phenylpropanoid metabolism. Plant Cell 7: 1085-1097

Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MSS and Wang LJ (2002) The phenylpropanoid pathway
and plant defence - a genomics perspective. Molecular Plant Pathology 3: 371-390

Dmitriev AP, Tverskoy LA, Kozlovsky AG and Grodzinsky DM (1990) Phytoalexins from onion and
their role in disease resistance. Physiological and Molecular Plant Pathology 37: 235-244

Douillet-Breuil A-C, Jeandet P, Adrian M and Bessis R (1999) Changes in the phytoalexin content of
various Vitis spp. in response to ultraviolet C elicitation. Journal of Agricultural and Food Chemistry
47: 4456-4461

Duncan KLK, Duncan MD, Alley MC and Sausville E (1996) Cucurbitacin E-induced disruption of the
actin and vimentin cytoskeleton in prostate carcinoma cells. Biochemical Pharmacology 52 1553-
1560

Elad Y (1997) Responses of plants to infection by Botrytis cinerea and novel means involved in reducing
their susceptibility to infection. Biological Reviews 72: 381-422

Fregoni C, Bavaresco L, Cantu E, Petegolli D, Vizzon D, Chiusa G and Trevisan M (2000) Advances in
understanding stilbene (resveratrol, epsilon-viniferin) — grapevine relationship. Acta Horticulturae
No. 526: 467-477

Friedman M (2002) Tomato glycoalkaloids: role in the plant and in the diet. Journal of Agricultural and
Food Chemistry 50: 5751-5780

Garrod, B, Lewis BG, Brittain MJ and Davies WP (1982) Studies on the contribution of lignin and
suberin to the impedance of wounded carrot root tissue to fungal invasion. New Phytologist 90: 99-
108

Gawel R (1998) Red wine astringency: A review. Australian Journal of Grape and Wine Research 4: 74-
96

Gomez-Miranda B, Ruperez P and Leal A (1981) Changes in chemical composition during germination
of Botrytis cinerea sclerotia. Current Microbiology 6: 243-246

Gonen L, Viterbo A, Cantone F, Staples RC and Mayer AM (1996) Effect of cucurbitacins on mRNA
coding for laccase in Botrytis cinerea. Phytochemistry 42: 321-324

Grimmig B, Schubert R, Fischer R, Hain R, Schreier PH, Betz C, Langebartels C, Ernst D and
Sandermann HJr (1997) Ozone- and ethylene-induced regulation of a grapevine resveratrol synthase
promoter in transgenic tobacco. Acta Physiologiae Plantarum No. 19: 467-474

Hain R, Reif H-J, Krause E, Langebartels R, Kindl H, Vorman B, Wiese W, Schmeltzer E, Schreider PH,
Stocker RH and Stenzel K (1993) Disease resistance results from foreign phytoalexin expression in a
novel plant. Nature 361: 153-156

Hart JH (1981) Role of phytostilbenes in decay and disease resistance. Annual Review of Phytopathology
19: 437-458

Haslam E (1966) Chemistry of Vegetable Tannins. Academic Press, London, UK

Haslam E (1974) Polyphenol-protein interactions. Biochemical Journal 139: 285-288

Heath MC (2000) Nonhost resistance and nonspecific plant defenses. Current Opinion in Plant Biology 3:
315-319

Heath MC (2002) Cellular interactions between biotrophic fungal pathogens and host or non-host plants.
Canadian Journal of Plant Pathology 24: 259-264

Hebert C, Charles MT, Willemot C, Gauthier L, Khanizadeh S and Cousineau J (2002) Strawberry
proanthocyanidins: biochemical markers for Botrytis cinerea resistance and shelf-life predictability.
Acta Horticulturae No. 567: 659-662

Hills G, Stellwaag-Kittler F, Huth G and Schlosser E (1981) Resistance of grapes in different
developmental stages to Botrytis cinerea. Journal of Phytopathology 102: 328-338

Hoffmann-Sommergruber K (2000) Plant allergens and pathogenesis-related proteins — what do they have
in common? International Archives of Allergy and Immunology 122: 155-166

Hoos G and Blaich R (1990) Influence of resveratrol on germination of conidia and mycelial growth of
Botrytis cinerea and Phomopsis viticola. Journal of Phytopathology 129: 102-110

Hung LM, Chen JK, Huang SS, Lee RS and Su MJ (2000) Cardioprotective effect of resveratrol, a natural
antioxidant derived from grapes. Cardiovascular Research 47: 549-555



158 P. VAN BAARLEN, L. LEGENDRE AND J. VAN KAN

Jach G, Gornhardt B, Mundy J, Logemann J, Pinsdorf E, Leah R, Schell J and Maas C (1995) Enhanced
quantitative resistance against fungal disease by combinatorial expression of different barley
antifungal proteins in transgenic tobacco. Plant Journal 8: 97-109

Jeandet P, Bessis R and Gautheron B (1991) The production of resveratrol (3,5,4’-trihydroxystilbene) by
grape berries in different developmental stages. American Journal of Enology and Viticulture 42: 41-
46

Jeandet P, Bessis R, Sbaghi M and Meunier P (1995a) Production of the phytoalexin resveratrol by grapes
as a response to Botrytis attack under natural conditions. Journal of Phytopathology 143: 135-139

Jeandet P, Sbaghi M, Bessis R and Meunier P (1995b) The potential relationship of stilbene (resveratrol)
synthesis to anthocyanin content in grape berry skins. Vitis 34: 91-94

Jeandet P, Adrian M, Breuil AC, Sbaghi M, Joubert JM, Weston LA, Harmon R and Bessis R (1998)
Chemical stimulation of phytoalexin synthesis in plants as an approach to crop protection. Recent
Research Developments in Agricultural Food Chemistry 2: 501-511

Jersch S, Scherer C, Huth G and Schlosser E (1989) Proanthocyanidins as basis for quiescence of Botrytis
cinerea in immature strawberry fruits. Journal of Plant Disease and Protection 96: 365-378

Kauffmann S, Legrand M, Geoffroy P and Fritig B (1987) Biological function of “pathogenesis-related”
proteins: four PR proteins of tobacco have 1,3-beta-glucanase activity. EMBO Journal 6: 3209-3216

Keller M, Viret O, and Cole FM (2003) Botrytis cinerea infection in grape flowers: defence reaction,
latency and disease expression. Phytopathology 93: 316-322

Kennedy JA, Hayasaka Y, Vidal S, Waters EJ and Jones GP (2001) Composition of grape skin
proanthocyanidins at different stages of berry development. Journal of Agricultural and Food
Chemistry 49: 5348-5355

Keukens EAJ, De Vrije T, Van den Boom C, De Waard P, Plasman HH, Thiel F, Chupin V, Jongen
WMF and De Kruijff B (1995) Molecular basis of glycoalkaloid induced membrane disruption.
Biochimica et Biophysica Acta 1240: 216-228

Kobayashi S, Ding CK, Nakamura Y, Nakajima I and Matsumoto R (2000) Kiwifruits (Actinidia
deliciosa) transformed with a Vitis stilbene synthase gene produce piceid (resveratrol-glucoside).
Plant Cell Reports 19: 904-910

Kowalski SP, Domek JM, Sanford LL and Deahl KL (2000) Effect of alpha-tomatine and tomatidine on
the growth and development of the Colorado potato beetle (Coleoptera: Chrysomelidae): studies
using synthetic diets. Journal of Entomological Science 35: 290-300

Langcake P (1981) Disease resistance of Vitis spp. and the production of the stress metabolites
resveratrol, epsilon-viniferin, alpha-viniferin and pterostilbene. Physiological Plant Pathology 18:
213-226

Langcake P and McCarthy WV (1979) The relationship between resveratrol production to infection of
grapevine leaves by Botrytis cinerea. Vitis 18: 244-253

Langcake P and Pryce RJ (1976) The production of resveratrol by Vitis vinifera and other members of the
Vitaceae as a response to infection or injury. Physiological Plant Pathology 9: 77-86

Langcake P and Pryce RJ (1977a) A new class of phytoalexins from grapevine. Experientia 33: 151-152

Langcake P and Pryce RJ (1977b) The production of resveratrol and the viniferins by grapevines in
response to ultraviolet irradiation. Phytochemistry 16: 1193-1196

Langcake P and Pryce RJ (1977¢) Oxidative dimerisation of 4-hydroxystilbenes i vitro: production of a
grapevine phytoalexin mimic. Journal of the Chemical Society, Chemical Communications 7: 208-
210

Langcake P, Cornford CA and Pryce RJ (1979) Identification of pterostilbene as a phytoalexin from Vitis
vinifera leaves. Phytochemistry 18: 1025-1027

Larronde F, Gaudillere JP, Krisa S, Decendit A, Deffieux G, Merillon JM (2003) Air-borne methyl
jasmonate induces stilbene accumulation in leaves and berries of grapevine plants. American Journal
of Enology and Viticulture 54: 63-66

Lawton K, Uknes S, Friedrich L, Gaffney T, Alexander D, Goodman R, Metraux JP, Kessmann H, Ahl
Goy P, Gut Rella M, Ward E and Ryals J (1993) The molecular biology of systemic acquired
resistance. In: Fritig B and Legrand M (eds) Mechanisms of Plant defence Responses. (pp. 422-467)
Kluwer Academic Publisher, Dordrecht, The Netherlands

Leckband G and Lorz H (1998) Transformation and expression of a stilbene synthase gene of Vitis
vinifera L. in barley and wheat for increased fungal resistance. Theoretical and Applied Genetics 96:
1004-1012



PLANT DEFENCE COMPOUNDS AGAINST BOTRYTIS 159

Link, KP and Walker JC (1933) The isolation of catechol from pigmented onion scales and its
significance in relation to disease resistance in onions. Journal of Biological Chemistry 100: 379-383

Lippmann B, Mascher R, Balko C and Bergmann H (2000) UV induction of trans-resveratrol
biosynthesis in the leaves of greenhouse- and in vitro-grown potatoes (Solanum tuberosum L.).
Journal of Applied Botany 74: 160-163

Liswidowati FM, Melchior F, Hohmann F, Schwer B and Kindl H (1991) Induction of stilbene by
Botrytis cinerea in cultured grapevine cells. Planta 183: 307-314

Magee JB, Smith BJ and Rimando A (2002) Resveratrol content of muscadine berries is affected by
disease control spray program. HortScience 37: 358-361

Mansfield JW (1980) Mechanisms of resistance to Botrytis. In: Coley-Smith JR, Verhoeff K and Jarvis
WR (eds) The Biology of Botrytis. (pp. 181-218) Academic Press, London, UK

Manteau S, Abouna S, Lambert B and Legendre L (2003) Differential regulation by ambient pH of
putative virulence factor secretion by the phytopathogenic fungus Botrytis cinerea. FEMS
Microbiology Ecology 43: 359-366

McClellan WD and Hewitt WB (1973) Early Botrytis rot of grapes: time of infection and latency of
Botrytis cinerea Pers. in Vitis vinifera L. Phytopathology 63: 1151-1157

McLusky, SR, Bennett MH, Beale MH, Lewis MJ, Gaskin P and Mansfield JW (1999) Cell wall
alterations and localized accumulation of feruloyl-3'-methoxytyramine in onion epidermis at sites of
attempted penetration by Botrytis allii are associated with actin polarisation, peroxidase activity and
suppression of flavonoid biosynthesis. Plant Journal 17: 523-534

Mellersh DG and Heath MC (2001) Plasma membrane-cell wall adhesion is required for expression of
plant defense responses during fungal penetration. Plant Cell 13: 413-424

Mitchell HJ, Hall JL and Barber MS (1994) Elicitor-induced cinnamyl alcohol dehydrogenase activity in
lignifying wheat (Triticum aestivum L.) leaves. Plant Physiology 104: 551-556

Montero C, Cristescu SM, Jimenez JB, Orea JM, Te Lintel Hekkert S, Harren FJM and Gonzalez Urena
A (2003) Trans-resveratrol and grape disease resistance. A dynamic study by high-resolution laser
based techniques. Plant Physiology 131: 129-138

Morales M, Alcantara J and Ros Barcelo A (1997) Oxidation of frams-resveratrol by a hypodermal
peroxidase isoenzyme from gamay rouge grape (Vitis vinifera) berries. American Journal of Enology
and Viticulture 48: 33-38

Morales M, Ros Barcelo A and Pedreno MA (2000) Plant stilbenes: recent advances in their chemistry
and biology. In: Hemantaranjan A (ed.) Advances in Plant Physiology. Vol. 3 (pp. 39-70) Scientific
Publishers, Jodhpur, India

Neuhaus JM (1999) Plant chitinases (PR-3, PR-4, PR-8, PR-11). In: Datta SK and Muthukrishnan S (eds)
Pathogenesis-related Proteins in Plants. (pp. 261-278) CRC Press, Boca Raton, Florida, USA

Noble AC (1990) Bitterness and astringency in wine. In: Rouseff RL (ed.) Developments in Food Science
25. Bitterness in Foods and Beverages. (pp. 145-158) Elsevier, New York, NY, USA

ONeill TM and Mansfield JW (1982) Mechanisms of resistance to Botrytis in narcissus bulbs.
Physiological Plant Pathology 20: 243-256

Paul B, Chereyathmanjiyil A, Masih I, Chapuis L and Benoit A (1998) Biological control of Botrytis
cinerea grey mould disease of grapevine and elicitation of stilbene phytoalexin (resveratrol) by a soil
bacterium. FEMS Microbiology Letters 165: 65-70

Pezet R (1998) Purification and characterization of a 32-kDa laccase-like stilbene oxidase produced by
Botrytis cinerea Pers.:Fr. FEMS Microbiology Letters 167: 203-208

Pezet R and Pont V (1988a) Mise en évidence de ptérostilbene dans les grappes de Vitis vinifera. Plant
Physiology and Biochemistry 26: 603-607

Pezet R and Pont V (1988b) Activité antifongique dans les baies de Vitis vinifera: effets d’acides
organique et du ptérostilbene. Revue Suisse de Viticulture et d’ Arboriculture Horticole 20: 303-309

Pezet R and Pont V (1992) Differing biochemical and histological studies of two grape cultivars in the
view of their respective susceptibility and resistance to Botrytis cinerea. In: Verhoeff K, Malathrakis
NE and Williamson B (eds) Recent Advances in Botrytis Research. (pp. 93-98) Pudoc Scientific
Publishers, Wageningen, The Netherlands

Pezet R and Pont V (1995) Mode of toxic action of Vitaceae stilbenes on fungal cells. In: Daniel M and
Purkayastha RP (eds) Handbook of Phytoalexin Metabolism and Action. (pp. 317-331) Marcel
Dekker Inc., New York, USA



160 P. VAN BAARLEN, L. LEGENDRE AND J. VAN KAN

Pezet R, Pont V and Hoang-Van K (1991) Evidence for oxidative detoxification of pterostilbene and
resveratrol by a laccase-like stilbene oxidase produced by Botrytis cinerea. Physiological and
Molecular Plant Pathology 39: 441-450

Pezet R, Pont V and Hoang-Van K (1992) Enzymatic detoxification of stilbenes by Botrytis cinerea and
inhibition by grape berries proanthocyanidins. In: Verhoeff K, Malathrakis NE and Williamson B
(eds) Recent Advances in Botrytis Research. (pp. 87-92) Pudoc Scientific Publishers, Wageningen,
The Netherlands

Pezet R, Perret C, Jean-Denis JB, Tabacchi R, Gindro K and Viret O (2003a) &-viniferin, a resveratrol
dehydrodimer: one of the major stilbenes synthesized by stressed grapevine leaves. Journal of
Agricultural and Food Chemistry 51: 5488-5492

Pezet R, Viret O, Perret C and Tabacchi R (2003b) Latency of Botrytis cinerea Pers.: Fr. and biochemical
studies during growth and ripening of two grape cultivars, respectively susceptible and resistant to
grey mould. Journal of Phytopathology 151: 208-214

Pont V and Pezet R (1990) Relationship between the chemical structure and the biological activity of
hydroxystilbenes against Botrytis cinerea. Journal of Phytopathology 130: 1-8

Pool RM, Creasy LL and Frackelton AS (1981) Resveratrol and the viniferins, their application to
screening for disease resistance in grape breeding programs. Vitis 20: 136-145

Porter WL and Schwartz JH (1962) Isolation and description of the pectinase-inhibiting tannins of grape
leaves. Journal of Food Science 27: 416-418

Prieur C, Rigaud J, Cheynier V and Moutounet M (1994) Oligomeric and polymeric procyanidins from
grape seeds. Phytochemistry 36: 781-784

Prusky D (1996) Pathogen quiescence in postharvest diseases. Annual Review of Phytopathology 34:
413-434

Punja ZK and Zhang Y'Y (1993) Plant chitinases and their roles in resistance to fungal diseases. Journal
of Nematology 25: 526-540

Quidde T, Osbourn AE and Tudzynski P (1998) Detoxification of alpha-tomatine by Botrytis cinerea.
Physiological and Molecular Plant Pathology 52: 151-165

Quidde T, Biittner P and Tudzynski P (1999) Evidence for three different specific saponin-detoxifying
activities in Botrytis cinerea and cloning and functional analysis of a gene coding for a putative
avenacinase. European Journal of Plant Pathology 105: 273-283

Roggero JP and Garcia-Parrilla C (1995) Effect of ultraviolet irradiation on resveratrol and changes in
resveratrol and various of its derivatives in the skins of ripening grapes. Sciences des Aliments 15:
411-422

Romero-Perez Al, Ibern-Gomez M, Lamuela-Raventos RM and de la Torre-Boronat MC (1999) Piceid,
the major resveratrol derivative in grape juices. Journal of Agricultural and Food Chemistry 47:
1533-1536

Roudet J, Prudet S and Dubos B (1992) Relationship between grey mould of grapes and laccase activity
in the must. In: Verhoeff K, Malathrakis NE and Williamson B (eds) Recent Advances in Botrytis
Research. (pp. 83-86) Pudoc Scientific Publishers, Wageningen, The Netherlands

Salzman RA, Tikhonova I, Bordelon BP, Hasegawa PM and Bressan RA (1998) Coordinate accumulation
of antifungal proteins and hexoses constitutes a developmentally controlled defence response during
fruit ripening in grapes. Plant Physiology 117: 465-472

Sandrock RW and VanEtten HD (1998) Fungal sensitivity to and enzymatic degradation of the
phytoanticipin a-tomatine. Phytopathology 88: 137-143

Savouret JF and Quesne M (2002) Resveratrol and cancer: a review. Biomedicine and Pharmacotherapy
56: 84-87

Sbaghi M, Jeandet P, Faivre B, Bessis R and Fournioux JC (1995) Development of methods using
phytoalexin (resveratrol) assessment as a selection criterion to screen grapevine in vitro cultures for
resistance to grey mould (Botrytis cinerea). Euphytica 86: 41-47

Sbaghi M, Jeandet P, Bessis R and Leroux P (1996) Degradation of stilbene-type phytoalexins in relation
to the pathogenicity of Botrytis cinerea to grapevine. Plant Pathology 45: 139-144

Schénbeck, F and Schroeder C (1972) Role of antimicrobial substances (tuliposides) in tulips attacked by
Botrytis spp. Physiological Plant Pathology 2: 91-99

Schonbeck F and Schlosser E (1976). Preformed substances as potential protectants. In: Heitefuss R and
Williams PH (eds) Physiological Plant Pathology. (pp. 653-678) Springer-Verlag, Berlin, Heidelberg,
New York



PLANT DEFENCE COMPOUNDS AGAINST BOTRYTIS 161

Schoonbeek H, Del Sorbo G and de Waard MA (2001) The ABC transporter BecatrB affects the
sensitivity of Botrytis cinerea to the phytoalexin resveratrol and the fungicide fenpiclonil. Molecular
Plant-Microbe Interactions 14: 562-571

Schoonbeek H, Raaijmakers JM and de Waard MA (2002) Fungal ABC transporters and microbial
interactions in natural environments. Molecular Plant-Microbe Interactions 15: 1165-1172

Schouten A, Wagemakers L, Stefanato FL, Van der Kaaij RM and Van Kan JAL (2002) Resveratrol acts
as a natural profungicide and induces self-intoxication by a specific laccase. Molecular Microbiology
43: 883-894

Shimizu S, Kataoka M, Shimizu K, Hirakata H, Sakamoto K and Yamada H (1992) Purification and
characterization of a novel lactonohydrolase, catalyzing the hydrolysis of aldonate lactones and
aromatic lactones, from Fusarium oxysporum. European Journal of Biochemistry 209: 383-390

Simmons CR (1994) The physiology and molecular biology of plant 1,3-beta-D-glucanases and 1,3:1,4-
beta-D-glucanases. Critical Reviews in Plant Sciences 13: 325-387

Souquet JM, Cheynier V, Brossaud F and Moutounet M (1996) Polymeric proanthocyanidins from grape
skins. Phytochemistry 43: 509-512

Staples RC and Mayer AM (1995) Putative virulence factors of Botrytis cinerea acting as a wound
pathogen. FEMS Microbiology Letters 134: 1-7

Stewart A and Mansfield JW (1985) The composition of wall alterations and appositions (reaction
material) and their role in the resistance of onion bulb scale epidermis to colonisation by Botrytis
allii. Plant Pathology 34: 25-37

Stintzi A, Heitz T, Prasad V, Wiedemann-Merdinoglu S, Kauffmann S, Geoffroy P, Legrand M and Fritig
B (1993) Plant ‘pathogenesis-related’ proteins and their role in defence against pathogens. Biochimie
75: 687-706

VanEtten HD, Mansfield JW, Bailey JA and Farmer EE (1994) Two classes of plant antibiotics:
Phytoalexins versus 'phytoanticipins'. Plant Cell 9: 1191-1192

Van Loon LC (1985) Pathogenesis-related proteins. Plant Molecular Biology 4: 111-116

Van Loon LC (1997) Induced resistance in plants and the role of pathogenesis-related proteins. European
Journal of Plant Pathology 103: 753-765

Van Loon LC (1999) Occurrence and properties of plant pathogenesis-related proteins. In: Datta SK and
Muthukrishnan S (eds) Pathogenesis-related Proteins in Plants. (pp. 1-20) CRC Press, Boca Raton,
Florida, USA

Verhoeff K and Liem JI (1975) Toxicity of tomatine to Botrytis cinerea, in relation to latency.
Phytopathologische Zeitschrift 82: 333-338

Viterbo A, Yagen B and Mayer AM (1993a) Cucurbitacins, 'attack' enzymes and laccase in Botrytis
cinerea. Phytochemistry 32: 61-65

Viterbo A, Yagen B, Rosenthal R and Mayer AM (1993b) Dependence of activity of cucurbitacin in
repression of Botrytis laccase on its structure. Phytochemistry 33: 1313-1315

Viterbo A, Staples RC, Yagen B and Mayer AM (1994) Selective mode of action of cucurbitacin in the
inhibition of laccase formation in Botrytis cinerea. Phytochemistry 35: 1137-1142

Waterhouse AL and Lamuela Raventos RM (1994) The occurrence of piceid, a stilbene glucoside, in
grape berries. Phytochemistry 37: 571-573

Waters EJ, Shirley NJ and Williams PJ (1996) Nuisance proteins of wines are grape pathogenesis-related
proteins. Journal of Agricultural and Food Chemistry 44: 3-5

Waters EJ, Hayasaka Y, Tattersall DB, Adams KS and Williams PJ (1998) Sequence analysis of grape
(Vitis vinifera) berry chitinases that cause haze formation in wines. Journal of Agricultural and Food
Chemistry 46: 4950-4957

Weinges K, Béhr W, Ebert W, Goritz G and Marx HD (1969) Konstitution, Entstehung und Bedeutung
der flavonoid- Gerbstoffe. Forschung Chemische Organische Naturstoffe 27: 158-259

Zhu Q, Maher EA, Masoud S, Dixon RA and Lamb CJ (1994) Enhanced protection against fungal attack
by constitutive co-expression of chitinase and glucanase genes in transgenic tobacco.
Bio/Technology 12: 807-812



CHAPTER 10

PHYTOHORMONES IN BOTRYTIS-PLANT
INTERACTIONS

Amir Sharon', Yigal Elad®, Radwan Barakat® and Paul Tudzynski*

lDepartment of Plant Sciences, Faculty of Life Sciences, Tel Aviv University, Tel Aviv 69978, Israel;
Department of Plant Pathology, The Volcani Center, Bet Dagan 50250, Israel; *Department of Plant
Production and Protection, College of Agriculture, Hebron University, P.O. Box 40, Hebron, Palestinian
Authority; *Institut fiir Botanik und Botanischer Garten, Westfilische Wilhelms-Universitit 3, D-48149
Miinster, Germany

Abstract. Several lines of evidence suggest that plant hormones are involved in mediating Botrytis
interaction with plants. External treatments with some plant hormones such as auxins and gibberellins can
suppress disease development, while ethylene and abscisic acid seem to enhance the disease. Increased
ethylene levels by Botrytis infection are well documented. Not only the plant, but also the fungus is
capable of producing different hormones and fungal development may be influenced by these hormones.
Little direct evidence is available on the involvement of plant hormones in vegetative and pathogenic
Botrytis development. Most of the data come from studies on the production of ethylene in infected
plants, on its possible effect on the disease and on ethylene production by Botrytis. Production of other
plant hormones by Botrytis and their possible role in disease and fungal development have hardly been
studied. The production of various plant hormones in Botrytis, and the effect that they may have on
disease and fungal development are reported.

1. Introduction

Plant hormones (phytohormones) are naturally occurring substances that at low
concentration control various stages of plant growth and development. The
important plant hormones are auxins, gibberellins, cytokinins, ethylene and abscisic
acid. All classes of plant hormone have also been found in microorganisms
(Tudzynski, 1997; Tudzynski and Sharon, 2002). The physiological condition of
plant tissue affects susceptibility to infection and disease development. Plant
hormones are involved in mediating a plant’s susceptibility to pathogens. Hormone
biosynthesis, transport, metabolism and action, as well as host tissue sensitivity to
hormones, all contribute to the hormonal homeostatic balance of the tissue. This
balance affects plant susceptibility to pathogen development and infection, and may
change hormonal levels in the host tissue. Furthermore, pathogen susceptibility to
plant hormones may affect its behaviour before and after infection of the plant (Elad
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and Evensen, 1995; Elad, 1997). This chapter will describe the involvement of plant
hormones in the interaction of Botrytis cinerea with plants. Ethylene is described in
detail compared with the other hormones because of the much larger extent of
published data that is available on its biosynthesis, the effect on pathogen
development, and association with Botrytis-incited diseases. We will summarize the
current knowledge on the biosynthesis and influence of the three major plant
hormones: the auxin indole-3-acetic acid (IAA), gibberellic acid (GAj3), abscisic acid
(ABA) and cytokinins in Botryfis.

2. Biosynthesis of plant hormones by B. cinerea

2.1. Ethylene

Qadir et al. (1997) have shown that B. cinerea produces ethylene in shake cultures.
They also found that ethylene production was methionine-dependent, but were
unable to determine which enzymes were involved in ethylene biosynthesis. In
higher plants ethylene is produced from methionine through the intermediate S-
adenosyl methionine (AdoMet or SAM) and 1-aminocyclopropane-1-carboxylic acid
(ACC) (Adams and Yang, 1981; Johnson and Ecker, 1998). This pathway is
uncommon in microorganisms and has been described in only a few fungal species
(Amagai and Maeda, 1992; Jia et al., 1999). Two other ethylene biosynthetic
pathways are known in bacteria and fungi. In the first pathway, 2-oxoglutarate is
converted to ethylene by a multi-function enzyme called ethylene-forming enzyme
(EFE). In the other pathway methionine is deaminated to produce o-keto y-
methylthiobutyric acid (KMBA) and ethylene is produced by spontaneous or
enzymatic oxidation of KMBA (Yang, 1969). Chagu¢ et al. (2002) and Cristescu et
al. (2002) showed that in B. cinerea ethylene was produced from methionine
through KMBA, but not through the ACC pathway. Ethylene production was light
dependent: when the fungus was grown in the dark no ethylene was produced, but
when the dark-grown cultures or culture filtrates were exposed to light they released
large amounts of ethylene (Chagué et al., 2002). These and other results showed in
B. cinerea that ethylene is released by photo-oxidation of KMBA produced from
methionine and then secreted to the medium.

2.2. Auxins

Auxins are probably the most important group of plant growth regulators.
Biosynthesis and function of the major auxin in plants, IAA, has been intensively
studied for almost a century. In most plant species IAA is produced from tryptophan
through the intermediate indole-3-pyruvic acid (IPA) but IAA can also be
synthesized through additional pathways including tryptophan-independent
pathways. Despite intensive efforts, none of the suggested pathways of IAA
biosynthesis has been unequivocally established in plants. One reason for that is the
complexity by which IAA levels are regulated in plants, which involves multiple
pathways of IAA biosynthesis, conjugation of IAA to larger molecules, hydrolysis
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of IAA conjugates by a variety of specific enzymes, and IAA oxidation (Bartel,
1997; Normanly and Bartel, 1999).

Four IAA biosynthesis pathways have been characterized in bacteria (Patten and
Glick, 1996). Activities of the enzymes that compose these pathways were
confirmed and the corresponding genes cloned from several bacterial species. The
two primary IAA pathways identified in bacteria are the indole-3-pyruvic acid (IPA)
pathway and the indole-3-acetamide (IAM) pathway, which is rare in plants. Most
fungal species have the capacity to produce IAA, but relatively little information is
available on the metabolic pathways of IAA biosynthesis in fungi. The IPA pathway
has been identified in a few species, but only two IAA biosynthesis genes from
Ustilago maydis have been analysed so far (Basse et al., 1996). Furukawa et al.
(1996) found that fungi belonging to the genus Rhizoctonia converted tryptophan to
IAA. Feeding experiments using indole precursors confirmed the activity of the IPA
pathway in Rhizoctonia. No other IAA biosynthesis pathways were identified in this
fungus. The bacterial pathway (through IAM) has been reported so far only in
Colletotrichum (Robinson et al., 1998).

Tapani et al. (1993) reported that the mycelium of B. cinerea contained 128 ng/g
IAA while less than 1 ng/ml was detected in the medium. However, we analysed
IAA production by 30 B. cinerea isolates and found that most of the IAA was
secreted to the medium (S. Haskin and A. Sharon, unpubl.). As was found in other
species, IAA biosynthesis in B. cinerea requires tryptophan as a precursor. It has
been suggested that IAA is produced via the IPA pathway, but the precise
biosynthetic pathway is still unclear.

IAA biosynthesis in B. cinerea was studied by feeding with various [AA
intermediates in vitro (S. Haskin and A. Sharon, unpubl.). To test the activity of the
IPA pathway enzymes we used tryptophan, IPA, or indole-acetaldehyde (IAL) as
precursors and then measured IAA production. Only low levels of IAA were
produced in tryptophan-amended medium. Addition of IPA to the medium resulted
in high levels of TAA, but similar levels also accumulated in the control treatment
that included only medium without the fungus. Further analyses showed that IPA is
spontaneously converted to IAA in the growth medium. Similar results were
obtained by in vitro enzymatic assays using B. cinerea protein extracts under
conditions specific for the activity of the enzyme indole pyruvic acid decarboxylase.
These results indicated that IPA was not used as a precursor for IAA synthesis under
these experimental conditions. The addition of indole-3-acetaldehyde (IAD), on the
other hand, resulted in production of high levels of IAA an order of magnitude
higher than the amounts of IAA that were produced with tryptophan. No [AA was
detected in the control flasks that contained only culture medium without the fungus.
These results suggested that the IPA pathway might not be active in B. cinerea
under the experimental conditions, or that it is not a main pathway of IAA
biosynthesis in the fungus. It also showed that B. cinerea was capable of producing
high levels of IAA, but under the experimental conditions it could not use
tryptophan efficiently and required an intermediate precursor such as IAD. These
results suggested that pathways other than the IPA that lead to IAD and then to IAA
production might be used for IAA synthesis.To test this possibility we added to the
medium tryptamine,an intermediateof another microbial pathwayin which tryptophan is
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first decarboxylated to tryptamine, which is then deaminated to produce IAD. The
addition of tryptamine to the medium resulted in high levels of IAA that was
completely dependent on the presence of the fungus. These results showed that in B.
cinerea the major pathway of IAA biosynthesis is probably the tryptamine pathway,
and not the IPA as was previously suggested. Once the intermediate precursors
tryptamine or IAD are provided to the fungus, it can produce high amounts of IAA,
but it is still unknown why only low levels are produced from tryptophan.

2.3. Gibberellic acid

The best investigated fungal phytohormone system, and the only one in which all the
biosynthetic genes involved have been identified, is the production of GA by
Gibberella fujikuroi: members of the mating population C (causing the so-called
Bakanae disease in rice, characterized by an en