The Science of Grapevines

Third Edition

Markus Keller

Irrigated Agriculture Research and Extension Center,
Washington State University, Prosser,
WA, United States

ACADEMIC PRESS

An imprint of Elsevier




Contents

ADOUL the AULROT c...euiiiiiiiiicrtctec ettt et s e st st e bt sat e st e be s st e st e smeenensess ix
Preface to the third @dition .....ccceiieiiii et sr e e e e e s e e s e e ae s e e eanennnes xi
CHAPTER 1 Taxonomy and anatomy ...........ccceevrvevenenennnnnensnisessesncsssssesssesssessnes 1
1.1 Botanical classification and geographical diStribution........c.ccceeceeirrerevecreerneneeaens 1

Domain EUKaryota....cccooueeieiiiieieeeneeteteeteete ettt ettt ettt e sa e s 3

Kingdom PIANLAC.......coeiiieirieieieer ettt ettt ettt see e b et 3

Division (synonym phylum) Angiospermae (synonym Magnoliophyta).................. 4

Class dicotyledoneae (synonym Magnoliopsida).......c.ecevereruercreenenreneeneneesersenereene 4

Order vitales (formerly Rhamnales)......cocovueeueereeiiniiiniennieieeeeceetet e 4

Family VIACEAC .....cccuiiiiriiiitieee ettt sttt e ste s se e s et s e e ere 5

Genus MUSCAINIA c...oovieiiiiiiiieceere ettt ettt et et esee s s 5

GEINMUS VITIS ettt ettt ettt et sse st sstebe st et et st s bt aseest st esassebasesssanensansansan 6

AINETICAN BIOUP .verveureurererenrertetesereenteteessestssteseesesensentestesestestenesstessasesesesssssersessenses 8

EUTASIAI BIOUD c.cieieiiiiiecreeet et eee et e et st et e e e st et sttt se e se e bt seens 10

1.2 Cultivars, clones, and TOOISTOCKS ....c.vicuiicreieiierieeeieneeeirereesiesseesseesneessseessesssessesssesenee 11

1.2.1 Variety VErsus CUIIVAT.....cocevteiieriinirriiieeetereetes et et e steseneseensetesenensansansanns 11

1.2.2 Cultivar classifIcation .........covcvivricniniiininiiticce ettt sens 20

1.2.3 CIOMES ..ttt et et e aes et bt s s s st e s ee e b se st sas b e se e e e ase e snes 22

1.2.4 ROOLSLOCKS .c.ueueiererueeieneietrterteeeeiteiteseesnee st s st e saesressnassessassnessansesssesnansassanssssaan 24

1.3 Morphology and QNALOMY ........cceurererirerereueenssesserererssssssesessssesssssssssesssesesssssssasens 26

1.3.1 ROOLS .ttt ettt ssesret et ee st sttt ee et e e se e e seseennens 28

1.3.2 Trunks and ShOOTS.......cceireeeieiierterte ettt ettt sae s 36

1.3.3 Nodes and Buds........c.cciivieimicviiinicinneenenee ettt seseeseseone 44

1304 LEAVES ettt ettt see sttt sve st ese e st e st et saenee 47

1.3.5 Tendrils and CIUSIETS....cc.cviviriirirmiiiiniiriiriecntcrecntncre et et eaeneae 53

1.3.6 Flowers and grape DEITIES .....cccecirvereectrrenienieientneneeseeseseseeserereess s e seessesesasns 56

CHAPTER 2 Phenology and growth CyCle...........cccoveevemvnrereeneireesenseceeeesessesenene 61
2.1 Seasons and day length ........ccccovvvrrreercnenrenens. e e 61

2.2 Vegetative CYCIe uunnrnrneierieriiieieereeieeeenennas ettt ettt r et s en et s en b rbnanes 65

2.2.1 Bleeding..o..cooeeveeeeeeerernan. et oo s e ses e seseeseres 65

2.2.2 BUADBIEaK .....cviiuiiiririiiincircii ettt ettt ens 66

2.2.3 ShOOt SIOWtH....ccviuieieiirircietectnteetete ettt et se s aer s s e sa e s sans 69

2.2.4 Growth cessation and SENESCEINCE .....ceererrerrerreereeeieerieneeeeriressessssssessserasases 76

2.2.5 Bud development and dOMMANCY .......eceveeriviereireeniiieeniereneenseneeresseesessessannas 78

2.2.0 ROOL BIOWLN .ttt se sttt esee it e et saeae s st e e saesansanans 82



vi Contents

23

CHAPTER 3
3.1
3.2
3.3

CHAPTER 4
4.1
4.2

4.3
4.4
45

CHAPTER 5
5.1

5.2

5.3

REPrOQUCHIVE CYCIE ...ttt ettt 86
2.3.1 Inflorescence and flower fOrMation ........ccevinrirmeniniennieneeniee e 86
2.3.2 Pollination and fertilization .........cceeveeeerereereeremenesinienisinesesesasesesesessones 89
2.3.3 FIUIL SEL.uiiiieiieiieeirerieriettetese et eetesecesesssessessesanerassssereesreer e et asbasasa s e basnsansaeanens 94
2.3.4 Berry and seed development ........cc.ovveeeiiiinieieismiinne e 97
Water relations and nutrient uptake.........ccoooevreeencncnnnccceee 105
Osmosis, water potential, and cell eXpansion.........ccovveveieeiesenieinesnierrreeeeens 105
Transpiration and stomatal aCtOM......c.cccvviiririeinierir et 110
Water and nutrient uptake and tranSport ......c.coeeerimerrerieieieeeese s et ete s 114
3.3.1 Driving forces and IE€SISIANCES ....cccvereeriieirermeiieienienestne s 114
3.3.2 ROOt WALEr UPLAKE....cirereerierirciiciiiteii sttt st ebs bt 119
3.3.3 Symplast and apoplast.......ccueeeiiiiniireriein e 120
3.3.4 Channels and tranSpOTLETS ......cccevieererrirriisiisieiiessiissiesrssesteessessscrresneeseresnes 122
3.3.5 Transpiration stream and growth ... 124
Photosynthesis and respiration...........cccoeerveeececnsninicrccsnscncenennnnn: 129
Light absorption and energy CapUIe .........coccccceiriiniiicniiierncsinsesesessessesesessesesns 129
Carbon uptake and assimilation .......cccoeevieiniinieniininice e 134
4.2.1 Gas XChANEZE ..c..ovviriiireiitieetntere ettt sttt sr e r s 134
4.2.2 Carbon assimilation ........cccceeevcrvcrnierenecieiiiiie et 135
4.2.3 Carbohydrate production .........ceccevereererervinineniesinienisecrnoseinssisessesressesees 137
PHOLOTESPITALION ...ttt ete ettt ettt sttt st eses e s e e sare s eassat e besansnnes 140
ReSpIration.......cocceeeeeevvcrvinnececniccrinienenncene ettt ettt s es e et bea e as e eaas 142
From cells 10 PlantS ...ttt 145
Partitioning of asSimilates .......ccccoeveeerrccccerccccerceecee e 149
Photosynthate transport and distribution ..........c.cccovceoonniinncniinr 149
5.1.1 SoUrCeS and SITKS ..eeecteerierreirieretesieeesierieeetereseesesessesseeseseesemeeneeteseenernens 149
5.1.2 ASSIMIlate tTanSPOTt....cceeereerererereriretrrereeeeeereriereseeeesesseseessesteseessesessnsnees 152
5.1.3 Loading, transport, and unloading ..........ccceeevveceeeniesinccrcneneseeseereeneeneenes 156
5.1.4 Allocation and PartitioNiNg........ceceevevmieeerinreisnnisnesrissiisntiesiessessessesseressenses 161
Canopy—environment INLETACLIONS......cevveererrrerersrerseersereseensessseseesseeseessessesereasensecs 168
5.2.1 LEBRE. ettt 170
5.2.2 TEMPEIALUTE ...ceouverueeereerrerreriereesrarseessassaesseessresssesssasssssssessssesstesssessneesssesnes 179
5.2.3 WINuooiiiiiiiiiiiicinieitet et ettt bttt eass st st sssas s et sne st snsssens 183
5.2.4 HUMIAILY ooeuieeierieiieeiiecreeeesveeseessseesnnsssesssesessasseasssessssessnesssassnnesseesensesasenne 184
5.2.5 The “Ideal” CANOPY ...ceverrieririereiniertitenesierreeeeseeeses s essesseesees e seseneessesnesases 185
Nitrogen assimilation and interaction with carbon metabolism.......cccceevvevcrins 188
5.3.1 Nitrate uptake and redUCHON ..c..coccevrreeerirreniereene e ereereeee e erennis 188
5.3.2 Ammonium assimilation..........eeiriorinnirinniensissnse s 190

5.3.3 From Cells tO PIANLS c..coccirireiiiiiereiiesenesiectesneseaesneseensessceeesasseesmeeneesanene 192



CHAPTER 6
6.1

6.2

6.3

CHAPTER 7
7.1
7.2

7.3

7.4

CHAPTER 8
8.1

8.2

Contents vii

Developmental phySiology ... 199
Yield fOrmation .....civiiiiiniiiiiniiee ettt et ae e s a e e s e aens 199
6.1.1 Yield components and COMPENSALION........ccecvrereererereenreereeereeereenseeeseeesseenns 199
6.1.2 Yield potential and itS T€AliZatiON ....eceevereeeierinierieieecireee et 203
Grape composition and fruit QUALILY ....ccoceeereiirennirecce e 211
6.2.1 Cell walls and MemMbIanes .........c.ccceouerireieinennrnereeeee e 211
6.2.2 WaALLT ..ottt sttt sttt ettt et et st st see s he e e e e e e e s s nea e s e srnenaesns 215
6.2.3 SUZATS.c.eiuiieerieeeceeetetrt ettt ettt se st s et st et et asessassensassenessensansaseas 219
6.2.4 ACIAS ..ttt bt a et san 223
6.2.5 Nitrogenous compounds and mineral NULHENS .......ccceeeeveereeereerercirennnrenens 226
6.2.6 PREnOliCS ....ouiuiieiireiicirieiieceere ettt st eas 230
6.2.7 Lipids and VOIALIES .....cceevtrirerreirireieiseeetree et e e e aeseeseevesseseseas 245
Sources of variation in fruit COMPOSILION c.ce.evvirieirereiriertrinerte et aenns 251
6.3.1 FIUIt MALUTILY eoviiieiiiiecietereeiee et ree e eesnestesses st esaes e e seessessseasessesseessessesens 254
0.3.2 LIZHtuuiiiiiiiiiiiciiieect ettt b st ettt ettt st et a e saneas 255
6.3.3 TEMPETALUTE ....cerurrireeeierireceet et e ete st ee e sset et sessnste e esee e sesseseesassassassasansons 259
6.3.4 WALET SLALUS ...eeviruerrireeereieeenreteessetesteseesessess et ssessestesseneesessastesessassassessesansans 264
6.3.5 NUITENE STAIUS .c.ceuiiuiruieiiereereenrerrertrerseeesteeesesiesteses e ssesteseeessessestesassesaesanns 268
0.3.6 CrOpP 1080 ..oveueeeieieieriecieece ettt e e st 272
6.3.7 ROOISLOCK weueveniiesiieiire ettt e bbb ne b saesenens 275
Environmental constraints and stress physiology .........ccocoeeuvuuee... 279
ReESPONSES 10 ADIOLIC SITESS . .eeterieriereeriereeniesteeeeterteseetessesestesssesessesbesssssseeensens 279
Water: Too much o1 t00 LEHE ....cceeiieirireieiete e 284
T.2.1 WaALET SUTPIUS ceentiiicieiirieetecectet ettt et et esssesaneresse s et eebesss s seeanssasnennanas 285
T7.2.2 WaLel defiCIl .cuiimiiiiiieieienie ettt sttt re e sb bbb ereene 287
Mineral nutrients: Deficiency and eXCess.......ccuvvveveveerenieiereeieeiereeeeeeeseeveeeeeenenes 301
7.3.1 MACTONULIIEIS «..veveririuirireieiestreereserteseesseseeetesessesteeeseeeassasssasssesassrsssassesanes 307
7.3.2 Transition metals and MICTONUITIENLS.......cce.evverreereererierereererresieeenesessesseses 322
7.3.3 SAHNILY ettt sttt e st n s nens 330
Temperature: Too hot Or t00 COld......coviiviiriirveriirieriiiieie et 335
7.4.1 Heat acclimation and damage ........co.cceveeveeeniitrieninnecree e 335
7.4.2 CRIllING SIESS .euveveriereerereentereinteretsteestetescres e st s reseesaesesessanssrssasssssssasensane 340
7.4.3 Cold acclimation and damage ........c.cececeerrrereerrerneerenenieresieseneresseeesesaenas 342
Living with other organisms..........ccocooemeererereresecee s 357
Biotic stress and evolutionary arms TACES ....e.ecveveerereecererieresreneressereesessesiesseeseses 357
8.1.1 Competitors, herbivores, and pathogens ........ccceceveveerrreririerenrenrsesssreeeseennnns 358
8.1.2 Defense SIrateIes ......ccviruerrrrireeiertrereeeee et saestestesesrerte st e e s e ssessesas st e teneenas 361
Pathogens: Defense and damage........occeevereeeeerinerceneneneneeenenesereesnevesienseneanens 366
8.2.1 BUNCR TOU ettt sttt e e s e sae e st st a b saenas 367



viii Contents

8.2.3 DOWNY MILAEW....uruerreuereirieieisirire sttt 374
8.2.4 BACIETIA cvuveeeereeeeeeeeereeeesessessessessassaeseessesasssesasaresss e sesrassaassasnsanse st ensa st esaens 376
8.2.5 VITUSES .ueereieeuriirreeeeenrensresrasseesseesssosseessesnesenesssassesassssanesnnsonnssontosassssasssnssnns 378
GIOSSATY «.evevaeeeeemcuereesessisisstsssss s e s ae s s s s s e Ea b s eSS e8RS 383
Abbreviations and SYMDBOLS ......cceceveeerreroriiiiiiiee st e 393
BIDLIOZTAPRY .oveeeucvevetrereenrceisisisnse ettt s st e e 395
TILEITIEE TESOUTCES ...eeeerirvrererrsrreeeessreeeaeiasneasaseeeseessntessasssesesssnseaassssaesssssneessssssetsssissintesiessataasesssasssasanns 519



