AT\ Max-Planck-Institut fiir molekulare
VA ) )

I &2 Pflanzenphysiologie

AN A 2/

-

Max-Planck-Institut — e—

Arbeitsgruppe Stitt fiir Molekulare Pflanzenphysiologie

Metabolic interactions in leaf development in
Arabidopsis thaliana.

Dissertation
zur Erlangung des akademischen Grades “doctor rerum naturalium®
(Dr. rer.nat.)

in der Wissenschaftsdisziplin ,,Molekulare Pflanzenphysiologie*

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultat

der Universitat Potsdam

von
Alexander Ivakov

Potsdam, den 04.10.2011



This work is licensed under a Creative Commons License:
Attribution - Noncommercial - Share Alike 3.0 Germany
To view a copy of this license visit
http://creativecommons.org/licenses/by-nc-sa/3.0/de/

Published online at the

Institutional Repository of the University of Potsdam:
URL http://opus.kobv.de/ubp/volltexte/2012/5973/

URN urn:nbn:de:kobv:517-opus-59730
http://nbn-resolving.de/urn:nbn:de:kobv:517-opus-59730



Eidesstattliche Erklirung

Die vorliegende Dissertationsschrift ist das Ergebnis meiner eigenen praktischen Arbeit. Sie wurde
von Januar 2008 bis Juli 2011, am Max-Planck-Institut fiir molekulare Pflanzenphysiologie in
Potsdam, in der Arbeitsgruppe von Prof. Dr. Mark Stitt durchgefiihrt. Ich erklére, dass ich die
vorliegende Arbeit selbststandig und ohne unerlaubte Hilfe angefertigt habe. Es wurden keine anderen
als die angegebenen Quellen und Hilfsmittel benutzt. Die verwendeten Quellen sind als solche im Text
kenntlich gemacht. Die Arbeit wurde zuvor noch an keiner anderen Stelle eingereicht.

Potsdam, den 03.09.2011

Alexander Ivakov






Table of Contents.

SUINIMIATY. 1..etiieiiee ettt ettt e et e et e e sttt e s bt e e tteesateesseeesabeeensteeanseesasteessseesaseeeasseesasaeesnseesnseesasseesnseeanns 11
ZUSAMMENTASSUNG. ... .eecivieiiiieeiie ettt eeteeeteeerteesbeeebeeesebeeesseeessseessseeessseessssesssseasssesassseesssessssesansseesssenns 13
ACKNOWIEAGEIMENLS. ...c.eviieiieiieiiiiciie ettt ettt et et e st e e eb e et e esbeesbeestaestbeesbeesbeesbeesseessessseseseesseessenssens 15
LSt OF @DDIEVIALIONS. ... eeueetieiieierteeteste sttt ettt st ettt eh et b e e st et s bt et e st e estebesbe e e e nbeeseenee 16
Chapter 1. General INtrodUCHION...........ccuiiviiiriieiicieeciecee ettt ettt esebeeebeebeebeesteesreesaneesveens 18
1.1. INEEOAUCTION. 1.ttt ettt ettt et est et e et entesbeeseenseeseennenseeneennas 18
1.2, LUBAVES. eeentieiieriieie ettt ettt ettt st sttt st e b e be e bt ettt et e bt e sheesaeesaneea 18
130 PLant GTOWTR. ..ottt ettt sttt et s b et e b et 19
1.4. Genetic analysis 0f 1€af GrOWth. ........coooiiiiiiiiiiiccc e s e 20
1.5. Genetic analysis of 1eaf MOIPROLOZY . ....c..ciiiviiiiiiiiieieeie ettt st s 22
1.5.1. SPECIfiC LEaf Ar€a. ....eevviereiieiieiieiecieee ettt ettt e e e e e e staesreesnaesnne e 22
1.5.2. Leaf thiCKIESS. . .eeiueeuieiiriieetee ettt sttt sttt et saeeneens 22
15,30 STOIMALA. ..ottt ettt et et e b e bt e bt e s bt e s bt e e a et et e e beenbeesbeesatesabeeas 22
1.5.4. Genetic and molecular regulation of leaf number. ............ccccoevierciirciicieieeece e, 23

1.6. Metabolic effects on plant SroWth..........ccccveiieriieiiiieie e seesenesene e 24
ATMS OF the thESTS. .eeueieieieiieee ettt ettt et e e be e st etesaeenaesseeneesesseennans 25
Chapter 2. Materials and mMEthodS. .......c.cccviiiieiiiiiiieiiecie ettt e r e v e eveesteesreesareeaveens 27
2.1 PIant MAterial. .....coeoviiiiiieieeieee ettt sae et 27
2.2, PIANE CUITUTE. ...eoniiiiiiiieeee ettt ettt st b e et e st sbeetesaeeaeens 28
2.2.1 TIradiance trEAtIMENES. .......c.eeueeierieeieierieeeeeteete et e ste et e e seeesteteeseentesseeneensesseensenseeneensesseensans 28
2.2.2. Drought trEatMENTS. .....ccccuiiieerieiiiiecieeetie et e ereeesireesveeestreessbeeesseeessseessseeessseesssesesssesssseeanes 28
2.2.3. SAMPLINE. ©ouvviieiieiieiieiiereeste ettt ettt et e st e st e ssbeesseesseestaessaessseasseasseenseenseessseassennseenseenses 28

2.4. Gas exchange and chlorophyll fluorescence measurements ...........c.cccveeeveevreenreeseeseeseesneeneens 28
2.5. MorphologiCal @NalySiS .......cccuiiviieiieiieiieiieitiesie et cte e e vt teestresaesebeeaseesbeebeesreesseesaneesneens 29
2.5.1. Clearing for determination of cell size and nUMDET ............cccceviivininiiininieeecee 29
2.5.2. Fixation and emMbedding ..........cceevveriverierienierieeieeieeieesteesee e sreebeeseesseessaesssessseenseensens 29
2.5.3. Leaf thickness and the number of Cell Iayers. .........cccevvierieiieiiieiiee e 30
2.5.4. Specific Leaf Area and Dry Matter CONtent. ........c.ccccveeeriieriiieeiieeeieeeeiieeeveeereeesveeevee e 30

5



2.5.5. Leaf number determiNation ...........ooovviiiiiiiiiiiiiiiieeeeeeeeeeeee e 30

2.6, MEtabOlite ANalySiS....cueervierieiieriieiieeieesieeseeste e sereebeebeesseestaessaessseesseasseesseesseesssesssesnsennseensens 30
2.6.1. SAMPIE PIPATATION. .. ..eeevireeerieesireeiieesteeesteeereeestreesseeessseessseasssseesssessssseessseesssesessseessseeaes 30
2.60.2. SOIUDIE SUGATS. ...eviivviiiieirieiiieeiie ettt ettt et eteetreeveebeesteestaeetbeesbeesbeesbeebeasssessseesseesseenses 30
2.6.3. SHATCH.....oiiiiii e 31
2.6.4. Visualisation of guard cell Starch. ...........cccevvviriiiiiiiiieieie e 32
2.6.5. Trehalose-0-PROSPNALE. .........cccvieiieiiieciieciiectecte ettt et e steeetreeabeebeebeesbeestseseseesseesseeares 32
2.6.6. Dry matter carbon iSOtOPE aNalYSIS. ....c..ccverriiiieiierierteenieeseeereereesveesreesseessseseneesseeseensees 33

2.7. Gene eXPreSSION ANALYSIS. ...cccieiiiieiiieriieiiestesiertesteeteeseesseesseessaesssessseasseesseesseesssesssessessseensees 33
2.7. 1. RINA EXIFACHION. ..ottt ettt st 33
2.7.2. CDNA SYNTNESIS. .uviiiiiiiiiieiiiieeiie et estee et e et e e rtaeesbeeestaeessbeeessaeessseessseeessseessseeesssesssseeenes 33
273 RT-PCR. ettt st 33
274 QRT-PCRL .ttt 34

2.8. Isolation Of tranS@ENiC PLANLS........ccueeevieviieriieiiieieeetieeeeete e eete et e strestaesereerreesbeeseesseesseeseneesneens 34
2.8.1. CloNINg Of CONSLIUCES. ..viiviiiiiiiiieiieitieeieecteeetesteereeveeteesteestaestbeesbeesbeesbeesseesssessseesseesseenses 34
2.8.2. Plant transformation. ..........cceoiiiiiriiiiiiiiiiieieieeereee e 35
2.8.3. Screening Of tranSfOrMANTS. .........c.eeriierierierierierie et eieereeseeseeebeebeebeesseessaesssesnseesseensens 35
2.8.4. Histochemical GUS STAINING. .......cceeiierieiieiriiteeereereesteesteesteeetreesseeseeseesseesssesssesssessesnsens 35

2.9, WEStEIN BLOTHINE. ...oooviiiiiiiiieiiiiciiiciecie ettt e steesteeetaeetbeeveebeebeestaeseseseseesseesseeseasseessnesssessneens 35

2.10. StatiStiCAl ANALYSIS. 1..veervieriiiireiieie et et eseeste e sre st ebeesteesteessaesssessbeanseesseesseesseessseenseanseensans 36
2.10.1. ANAlysis Of VATTAINCE. ......ccccueiiiiiiiiiieiiieecieeeieeeiteesieeesiteesveeeteeesebeeesbeeessseesssesenssesssseeenes 36
2.10.2. MUItIPIE COMPATISONS. ...veeivveeereeerieteesieesteesireeereeereereesseesteessaessseesseeseesseassessssessseasseesesnsens 36
2.10.3. LiNGAr TEEIESSION. ...eeveerveererrrieeieeteesteesttesstesteesseeseesseesseessaesssesssessessseessessssesssesssessseensens 36
2.10.4. TEStING TEGTESSIONS. 1..veevrerrrrrreereeteesteesseessressessseaseesseessaesseesssesssesssessseessessssesssesssessseensens 37
2.10.5. Testing differences DEtWeen SIOPES. ......cc.cvviiiiiiieiieiteerieecie e ere et ettt ereeveeres 37
2.10.6. RODUSE TEZIESSION. ..uvieiiiiiieiieiiireiiieesteeesteeeveeessreeseseeessseessseessseeesssesssseessseessesesssessseeanes 37
2.10.7. Cross VAIAAtION. ......c..ccuiiiiiiiiiiicicecee et 37
2.10.8. Re-SAMPIING STALISTICS. ...vvervrrireieesiiesieestiesresteeteereesseessaessaesssessseesseesseesseesssesssesssesssesnsees 37
2.10.9. Relative IMPOTTANCE. ... ccuviiiieiieirieiteeeteecteeettesereeereeveeteesteestaestseesseesbeesseesseesssessseesseessessens 37
2.10.10. Principal Components ANALYSIS. ........cccerveriirierriierieeseesiesreereesseesseesseesssesssessessseenses 38

6



2.10.11. Exploratory factor analySis.........cccuecieiieiiiiiieiieieeieeeteesieeetreereeveesveesteeseseseseesveesveenses 38
2.10.12. Similarity and hierarchical CIUSTETING...........c.eecvireiieriierierie et 38

Chapter 3. Transgenic modulation of trehalose-6-phosphate levels and its effect on leaf development

AN FUNCHION. ...ttt ettt et e sttt et ene e 39
3.1 INETOAUCTION. ...ttt 39
3.1.1. AImS O the ChaPLEr. ...coeiiiiiiieciie ettt et e e be e e e e e ebeeeeaeenens 41
3.2 RESUIES. ettt ettt ettt 42
3.2.1. Isolation and characterisation Of lINES. .........ccceoeeriiririiniinieiereeee e 42

R IV T i 10100 4 o) 110 (0 oy 2RSS 44
3.2.3. Correlations between morphological traits..........c.cccueevuieviieiienieniecie e esreesree e ere e ens 51
3.2.4. Growth in different daylengths............ccocverieiiiiiiiiii it 54
3.2.5. Trehalose-0-PhoSPRAte. ........cccvieiiiciieiieieeie ettt ettt et e e s e esseebaessaessaessnesnnenns 56
3.2.6. Metabolic PRENOLYPE. ...ccvviiviiieiiceiieiieiieteetee sttt ettt et ste et e sebe e veeabeebeesbeesrneeaneenneens 57
3.2.7. SOIUDIE SUZATS.....ccviiiieiieiieciiecite ettt ettt e st e et e etaeeabeebeebeesbaastseseseesseesbeesseesseesssesssessneens 60
32080 SHATCH. ¢ttt 64
3.2.9. OTZANIC ACIAS. ..eevvieirieiietieriesteete ettt et et e s e steessaessbeesbeesseesseesssesssessseanseensaessessseesssensseans 65
3.2.10. Carbomn tUIMIOVET .....ccueruiieieiieiieieete sttt ettt ettt sttt ettt be bt e bt st sae et et eaeebeeaeebesaens 65
3.3. DISCUSSION. ..uiiiiiitiiet ettt sttt et ettt e et et ea e ee 68
3.4, CRAPLET SUMIMIATY. ...c.veevievieseierereereereeseeseesseesseessaesssessseasseesseesseesssesssesssesssesssesssesssesssesssnesssenns 73
Chapter 4. Transgenic modulation of Tre-6-P in guard cells affects stomatal function........................ 74
4.1, INEEOAUCTION. ..ttt sttt ettt b et sttt et bt e e b e eae et e sbeennenaeemnens 74
4.1.1. Stomatal MOVEIMENLS. ...c..ceiuiiiiiiiiiiiiirieietetee ettt 74
4.1.2. Metabolism in UArd CEILS. .........cocveriierierierieriieie ettt ettt eenseenseas 74
412,10 MalALe. ..o 74
4.1.2.2. SUCTOSE. ettt ettt sttt et e s et e s e e e e sane e 75
41230 SEATCH. (. e e 75
4.1.3. Stomatal light TESPOMNSE. ....cceerieeiiieriieiierierierte ettt steeseesaeebeesbeebeesseesseesssesnseenseensens 76
4.1.4. Stomatal COy TESPONISEC. ...veeviereieereetiesieerttestesteeeteaseesseesseessaesssesssessseesseessessssesssessessseensees 76
4.1.5. Possible role of trehalose and/or Tre-0-P..........cccoiviviiiiiiiiiiiiinincccccceeeee e 77
4.1.6. ATMS OF the ChaPLET. ..oveiiiiiiieiecece ettt ettt e enreensaenreas 78
4.2 RESUILS. ..ottt sttt 78



4.2.1 SCTEENING OF [INES. ..eecviiiiiieeiie ettt eetee et et e et e esve e s be e e tbeessbeessteeesseessseeessseesssaeessseensses 78

4.2.2. MYBO0:(GUS ©XPICSSION. ..evvierierieirerererereereenseesseesseessaesseesssesssessessseesseessesssesssesssassssesssenns 79
4.2.3. GUArd Cell STATCR. ....c..ouiiiiiiiiiiitccc ettt 80
4.2.4. Stomatal fUNCHION. ...oo.eiiiiiiiiiiiiiiiteteer ettt sttt sttt sreeaeens 81
4.2.4.1. Stomatal opening in saturating light............c.ccceeviiiiiiiiiiii e 81
4.2.4.2. Response t0 LoW COg..cuvieiiiiiiieiieeiie ettt ettt 83
4.2.5. Dry Matter Carbon ISotope Fractionation. ...........ccccceerceereeriesiieesieeieeseeneeseeseeesenesnesneens 83
4.2.6. GENE CXPIESSION. ..euvvrrireeuieeiresriesteesstessterssesssesseeseesseessaesseesseesssessseassessseesseessesssesssesssesssenns 85
4.2.7. DIOUZNt TOLETANCE.......vieviiiieiiectieetteeiiecte e e ereeteesteesteesteestaesebeeebeerseesseeseesseesseesssessneens 87
4.3, DISCUSSION. .euveutentinieetenttriteste st et ettt et et ebe et s bt et e be s b eeatesbeebe et e sbeeseenstebeesnenaesueemtesbeemeennesreenne 90
4.3.1. Stomatal StAICR. ......cc.ccuiiiiiiiiiii e 90
4.3.2. Stomatal fUNCHION. .....coeiiiiiiiiiiiiiiiiieeee ettt 91
4.3.3. Carbon ISotope Fractionation. .........c.cccueevieiieriieiieeniiesieesieecreereereereesveesseesseesseesrneesseesneens 93
4.3.4. Drought TOLETANCE. .......eeveeiieriieriertiesierteete et eteeieesteesteesteessresssesnseenseesseensaessaesseesssessnenns 94
4.4, Chapter SUIMITIATY. .......eeoveeteerreerreerteesseesseessressesseesseesseessaesseesseesssesssesssesssesssesssesssesssessseesssesssenns 95
Chapter 5. The role of endogenous sugar levels in developmental light acclimation.............c..ccveeuie.n. 96
5.1 TNEFOAUCTION. ...ttt ettt sttt et sb et ettt se bt ebeebenaens 96
5.1.1. Developmental light aCCIMAtioN...........cccvervieriiiieiiieieeie ettt ere e e e e seaesene e 96
51,2, PROTOTECEPLOTS. . .veevieeiieiieiiesieesereeteereete e teesaeesssessaessseesseessaesseesssesssessseasseenseessesssessseesseenns 96
5.1.3. Plastid SIZNAIS. ..c.viiiiiiieiieiiiiiie ettt ettt ettt et eab e e v et e e te e s tbestbesebeeabeerbaeteestaesraesaaeens 97
5.1.4. SYStEMIC SIZNALS. ....viiiieiieiiiiiiie ettt ettt ettt e et e ebeebeeteesteestbesebeseveesbeesseeseesseesssessnaens 98
5.1.5. Assimilates as a possible Systemic SigNal..........ccccvecierieeriieriierienie e 98
5.1.6. Advantages of SUZAT SIGNALS. .........cceeviieriieiiieiieieeeie e ere e ste et esere s v e e reebeebeesteesrnesaneees 99
5.1.7. AImS Of the ChaPLT. ...ccviiiiiiecie et eeabeeeens 101
5.2 RESULLS .ttt 101

5.2.1 Leaf development in different light environments in Arabidopsis thaliana Heynh. Col-0 101

5.2.1.1. Leaf mOrpholOgy. ....cccviiiiiiiiieiieie et e 101
5.2.1.2. SOIUDBLE SUZATS. .....vieeeiieeiiieeiieeeiee ettt et eee e aee e s e e ebeeenseeeaaeeenns 103
5.2.1.3. Relationship of leaf morphology with sugar levels. .........c.cccceevieniincieninns 104
5.2.2. Leaf morphology in metabolic mutants of Arabidopsis thaliana with altered levels of
SULZATS. 1. euvveeeereeesereesereeasseeessseessseessseeesssasasseeassseassasassssanssesssseeassssenssassssesansssessseesssseessseesssesnssseensens 104
5.2.2.1. Leaf MOTPhOLOZY ..ooovvieeiiieeieeeeee ettt e e e 104
5.2.2.2. SUGAT LEVEIS. ..viiiiiiieiiie ettt et e 106

8



5.2.3. Leaf morphology and sugar levels in the starch-deficient adg! and pgm mutants. .......... 108

5.2.3.1. Leaf MOTPhOLOZY. ..oooeiieeiiieeiieeee ettt e 108
5.2.3.2. SUEAr LEVEIS. .eoiiiiieiiieiiee e et 109
5.2.4. Effect of daylength on leaf morphology in the pgm mutant............ccceeevvrvevevveneenvennnne, 110
5.2.4.1. SUGAT LEVEIS. .eiiiiiiiiiieiiee e s et 110
5.2.4.2. Leatf MOTPhOLOZY. ..eocviieeiiieciieecie ettt e 111
5.2.5. Photosynthetic properties of the pgm mutant. ............cccceeeveeeviivienienie e 111
5.2.5.1. PhOtOSYNERESIS ....veeueiiiiiieiieciieiie ettt ettt te e esaaeesaeeene e 112
5.2.5.2. HeX0S€ PhOSPRALES. .....cccviiiiiiieciieeciie ettt eaee e 112
5.2.5.3. Chlorophyll flUOTESCENCE. .......cccuieriiiiiieiieie ettt 112
5.3, DISCUSSION. ...ueeutieieuieiteeitete et ettt et ste et et sh e eat e bt es e e teebe e st e sbeestebesbeemtenbeeueenteabeeabetesmtensesbeennens 115
5.3.1. Irradiance, sugars and leaf morphology in Arabdiopsis wild type Col-0.............cc..cu....... 115
5.3.2. Metabolism and leaf morphology in mutants with altered sugar levels. ............cccuveueeee. 115
5.3.3. Plastid function in the starch-deficient pgm mutant.............ccccccvevieriverciencieereereeeeeene 117
5.4, CRAPLET SUIMIMATY. ....veeitieriierireeteeteesieeteeteesteesssesssessseesseessaesseesssesssesssessseesseesseesssesssessessseensens 119
Chapter 6. Natural variation in leaf morphology, its relationship to growth, leaf function and plant
PEITOTIMIANICE. ...evveeeeeieieeiie et et et et e st et e seteeeseesseesseesseessaessaessseanseesseessaesseesssesssessseanseensaeseesseesssenssenns 120
6.1, INEFOAUCTION. ...ttt ettt ettt et e bt e sbeesatesateeabeebeenbeene 120
6.1.1. Leaf MmOrpholOgy traits. .....ccvieiiieiiieciieeciee ettt eetee et e eteeeee e e e etae e seaeesaaeeeveessvnaenes 120
6.1.2. Cell AIVISION. c.tetieuiitieiieiiet ettt ettt ettt e b st e e b e st et ebe e e enteebeenees 120
6.1.3. Cell EXPANSION. 1..veeurieiieieieetieiieieeseerteeseestesteesbeesteesseesssessseasseesseessaesseesssessseasenssessseennes 121
6.1.4. Leaf thiCKNESS. . ..uiitiiiieie ettt sttt 121
6.1.5. Leaf MUMDET. .......ooitiiiiiie ettt b e sttt b et e s 122
6.1.6. AIMS OF the ChAPLEL. ....eeviiiiieiieiieeeee ettt e st e s e sraeeabe e e eseenns 123
6.2 RESUILS. ..ottt ettt b e bt e s bt ettt e et e e bt e she e sate et e et e bt e nbeeaes 124
6.2.1. Leaf morphological trait variation in Arabidopsis aCCESSIONS.........ccvervverreereerreerreerreennns 124
6.2.2. Principal Components ANALYSIS. .....cccccvereueriireiiieriiesiienienresreeieesseesseesseessnessneaseesseesseennns 127
6.2.3. FaCtOT @NALYSIS....uiiiieiieiiiiiieiieieeie et e st e st e et ettt e e s seessseesseesseesaesseesasessseansaesseenseennns 130
6.2.4. Morphology and rosette size — a modelling approach..........c.ccccvevveeveeiiecieccie e 131
6.2.5 Leaf size — more cells or bigger CElIS? ......ooviiiiiiiiiiiieieciecte e 136
6.2.6 Leaf thiCKINESS. ... ceouiitiiieiieiieert ettt st b e st b e sbe s 139
6.2.7. Leaf FTESh IMaSS. «..cccuiiiiiiiiieieee ettt sttt sttt et 140
6.2.8. Rosette Fresh Weight .......cccvoiiiiiiiiiicc ettt 141



6.2.9. Leaf SiZ€ VS. Leaf MUIMDET ... ... ssnenes 142

6.2.10. Photosynthesis and dark reSpiration. .........c..ecvecvierierierieesiesieeseesee e see e ereeeeesseenes 145
6.3 DISCUSSION. ..ttt ettt ettt ettt et e bt e steeshteeateeabe e bt e bt e bt e eseeeaeeeateembeesbeesbeesatesabesabeebeenbeennes 149
6.3.1 Sources of variation in TOSELE SIZE.......ueruierieriiieiiieiieniie ettt et e sttt e s 150
6.3.2. SPECIfIC LEAf ATCA. ....eevvieeiiieiicieeeeeeee ettt et b e e e nnes 151
6.3.3Net Assimilation Rate and Leaf overlap. ........ccccoecvveviiniiniiiiicieeeece e 151
6.3.4. Leaf MASS TALIO. ..eetiitiiiiieiie ettt ettt ettt e sbe e sate st et e b e bt e nas 152
6.3.5 Cell Number and Cell SiZe. ........cerueririeieiieieieeeetete ettt et eneas 153
6.3.6. Leaf MUMDET ....c..oooiiiiiiiiiee ettt sttt 155
6.4, CRAPLET SUIMIMATY . ......eeitiereieeieereeieesieesieesteestesseasseesseeseesseessseassessseesseessessseesssesssessseesseesseessns 157
Chapter 7. Relationship between leaf production and growth ...........c.cccvevvieviiniieiiic e 158
7.1 INETOAUCTION. 1.ttt ettt sh et e at et b et esbees e bt sbe et e beeaeeteebeenees 158
7.1.1. AIMS OF the ChaPLET .....eeeiiiiieiieiieeeee ettt e st esreeseaeeabeesseeseennns 160
7.2 RESUILS. ..ttt ettt e e st e e et et e et e et e st eae e s e e st et e et e eneenseeseenteeneeneenseeneeneas 160
7.2.1. Leaf initiation is allometric with respect to biomass growth. .........ccccceevevvviiviievieneenneenne. 160
7.2.2. Leaf size is a balance between whole-plant growth rate and leaf production. .................. 164

7.2.3. Leaf production rates vary in concert with the rate of growth in different environments. 165

7.2.4. The allometry of leaf production varies with the rate of growth in different light
CTIVITOTITICIIES. ...t eutenteteenteteetteteeteeateste et e eatesheestebeeheese e bt eateneeebeeaseseeese et e sbeemtenbeeneemee bt ensensesneenees 167

7.2.5. The allometry of leaf production varies with the rate of growth in different accessions.. 168
7.3 DASCUSSION. 1.ttt ettt ettt ettt ettt bt e sb e e sttt eateeabe e bt e bt e bt e saee e st e eateembeebeesbeesatesabesabeebeenbeennes 169

7.3.1. Development of a model and estimation of the allometric coefficient for leaf initiation in

ATADIAOPSIS ..veevvieiieiiiiciie ettt ettt e et e et e et e eteete e bt e beeseseetbeesbeerbe e beesbeesteeetbeeabeeabeenbeenraenreenns 169
7.3.2. Possible functional consequences of allometric scaling of leaf size ...........cccceevvervennnnnee. 172

7.4, CRAPLET SUIMIMATY . .....ueeiuiereieeereereeteesteeseesteestesssessseesseeseesseessseassessseessesssessseesssesssensseessessseessns 172
Chapter 8. General DISCUSSION. ......ccviiiiiirieitierieitieeteereereesteesteestaesereeseeseesseesseestsessseesseeseesessseensns 173
BiDIIO@IAPNY . ..c.vtiieiieitieieee ettt ettt ettt e e b e et e e e ta e etbeetbe e be e be e ba e tbestbeerbeeabeebeeataeetaeerreen 176

10



Summary.

Plant growth and survival depend on photosynthesis in the leaves. This involves the uptake of carbon
dioxide from the atmosphere and the simultaneous capture of light energy to produce organic
molecules, which enter metabolism and are converted to many other compounds which then serve as
building blocks for biomass growth. Leaves are organs specialised for photosynthetic carbon dioxide
fixation. The function of leaves involves many trade-offs which must be optimised in order to achieve
effective use of resources and maximum photosynthesis. It is known that the morphology of leaves
adjusts to the growth environment of plants and this is important for optimising their function for
photosynthesis. However, it is unclear how this adjustment is regulated.

The general aim of the work presented in this thesis is to understand how leaf growth and morphology
are regulated in the model species Arabidopsis thaliana. Special attention was dedicated to the
possibility that there might be internal metabolic signals within the plant which affect the growth and
development of leaves. In order to investigate this question, leaf growth and development must be
considered beyond the level of the single organ and in the context of the whole plant because leaves do
not grow autonomously but depend on resources and regulatory influences delivered by the rest of the
plant.

Due to the complexity of this question, three complementary approaches were taken. In the first and
most specific approach it was asked whether a proposed down-stream component of sucrose
signalling, trehalose-6-phosphate (Tre-6-P), might influence leaf development and growth. To
investigate this question, transgenic Arabidopsis lines with perturbed levels of Tre-6-P were generated
using the constitutive 35S promoter to express bacterial enzymes involved in trehalose metabolism.
The plants were grown under standard experimental conditions on soil and their metabolic function
and leaf morphology analysed. Analogous plants were also created in the phosphoglucomutase mutant
(pgm) background. The results confirmed the proposed role of Tre-6-P as a signal of sucrose status
and a feedback regulator of starch biosynthesis and degradation. In addition, it was found that Tre-6-P
may also be involved in regulating sucrose synthesis. The effects of perturbed Tre-6-P levels on plant
and leaf growth were inconsistent with a function of Tre-6-P as a regulator of leaf development in
response to sugar supply. High Tre-6-P consistently inhibited biomass growth. The results of
morphological analysis of leaves in the plants suggest that Tre-6-P may regulate leaf size by
controlling cell size through cell expansion. It is concluded that clear effects of Tre-6-P on leaf
development are difficult to resolve using an ectopic over-expression approach.

These experiments also led to an unanticipated project concerning a possible role for Tre-6-P in
stomatal function, which is another very important function in leaves. The levels of Tre-6-P were
specifically perturbed in stomatal guard cells using the guard cell-specific MYB60 promoter. The
results of this approach indicate that Tre-6-P may be involved in starch metabolism in guard cells, and
may promote starch degradation there. This is the opposite of its function in leaf mesophyll cells.
Analysis of stomatal function using gas exchange and dry matter carbon isotope fractionation revealed
some impairment in stomatal opening. The results suggested that trehalose, and not Tre-6-P, may be
responsible for altered stomatal function in these plants. Plants with altered Tre-6-P levels in guard
cells did not show improved growth under controlled mild drought. It is concluded that altering Tre-6-
P specifically in guard cells affects starch metabolism in these cells and has a small but discernable
effect on stomatal function.
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In a second and more general approach it was investigated whether changes in sugar levels in plants
affect the morphogenesis of leaves in response to light. For this, a series of metabolic mutants
impaired in central metabolism were grown in one light environment and their leaf morphology was
analysed. The results indicate that phenotypes resembling high-light-adapted leaves are present in
some metabolic mutants with high sugar levels. This phenotype appears not to be caused by high sugar
levels and was only observed in mutants which lack starch. A possible interaction of altered
metabolism with a known plastid redox signal (plastoquinone) in these starchless mutants was
investigated. Using chlorophyll fluorescence measurements, it was found that this also cannot explain
the observed morphological phenotype, as no alteration in plastoquinone redox state was observed.

In a third and even more general approach the natural variation in leaf and rosette morphological traits
was investigated in a panel of wild Arabidopsis accessions with the aim of understanding how leaf
morphology affects leaf function and whole plant growth and how different traits relate to each other.
The analysis included measurements of leaf morphological traits as well as the number of leaves in the
plant to put leaf morphology in a whole plant context. The variance in plant growth could not be
explained by variation in photosynthetic rates and only to a small degree by variation in rates of dark
respiration. There were four key axes of variation in rosette and leaf morphology — leaf area growth,
leaf thickness, cell expansion and leaf number. These four processes were integrated in the context of
whole plant growth by models that employed a multiple linear regression approach. The relationships
between the parameters were then explored further in order to partition the variance in leaf size, cell
size, leaf thickness and plant size between their components and to identify further relationships
between traits. The relationship of leaf number to whole plant growth and leaf size was further
investigated by normalising leaf number on rosette fresh weight to estimate a parameter termed leafing
intensity. Leafing intensity integrates leaf number, leaf size and whole rosette growth in a series of
trade-off interactions, which seem to result in a growth benefit when plants make fewer but larger
leaves per unit biomass. This led to a theoretical approach in which a simple allometric mathematical
model was constructed, linking leaf number, leaf size and plant growth rate together in a whole plant
context in Arabidopsis.
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Zusammenfassung.

Das Wachstum und Uberleben von Pflanzen basiert auf der Photosynthese in den Blittern. Diese
beinhaltet die Aufnahme von Kohlenstoffdioxid aus der Atmosphére und das simultane Einfangen von
Lichtenergie zur Bildung organischer Molekiile. Diese werden nach dem Eintritt in den Metabolismus
in viele andere Komponenten umgewandelt, welche die Grundlage fiir die Zunahme der Biomasse
bilden. Blitter sind Organe, die auf die Fixierung von Kohlenstoffdioxid spezialisiert sind. Die
Funktionen der Blitter beinhalten vor allem die Optimierung und Feinregulierung vieler Prozesse, um
eine effektive Nutzung von Ressourcen und eine maximale Photosynthese zu gewéhrleisten. Es ist
bekannt, dass sich die Morphologie der Blétter den Wachstumsbedingungen der Pflanze anpasst und
eine wichtige Rolle bei der Optimierung der Photosynthese spielt. Trotzdem ist die Regulation dieser
Art der Anpassung bisher nicht verstanden.

Die allgemeine Zielsetzung dieser vorliegenden Arbeit ist das Verstindnis wie das Wachstum und die
Morphologie der Blitter im Modellorganismus Arabidopsis thaliana reguliert werden. Besondere
Aufmerksamkeit wurde hierbei der Moglichkeit geschenkt, dass es interne metabolische Signale in der
Pflanze geben konnte, die das Wachstum und die Entwicklung von Bléttern beeinflussen. Um diese
Fragestellung zu untersuchen, muss das Wachstum und die Entwicklung von Blattern oberhalb des
Levels des einzelnen Organs und im Kontext der gesamten Pflanze betrachtet werden, weil Blétter
nicht eigenstindig wachsen, sondern von Ressourcen und regulatorischen Einfliissen der ganzen
Pflanze abhingig sind.

Aufgrund der Komplexitit dieser Fragestellung wurden drei komplementire Ansétze durchgefiihrt. Im
ersten und spezifischsten Ansatz wurde untersucht ob eine flussabwirts liegende Komponente des
Zucker-Signalwegs, Trehalose-6-Phosphat (Tre-6-P), das Blattwachstum und die Blattentwicklung
beinflussen kann. Um diese Frage zu beantworten wurden transgene Arabidopsis-Linien mit einem
gestorten Gehalt von Tre-6-P durch die Expression von baktericllen Proteinen die in dem
metabolismus von trehalose beteiligt sind. Die Pflanzen-Linien wurden unter Standard-Bendingungen
in Erde angebaut und ihr Metabolismus und ihre Blattmorphologie untersucht. Des Weiteren wurden
analoge Pflanzen im Hintergrund der Phosphoglucomutase-Mutante (pgm) generiert, der keine
Féhigkeit besitzt Stiarke zu aufbauen. Die Ergebnisse bestitigen die vermutete Rolle von Tre-6-P als
Signal des Sucrose-Status und Feedback-Regulators der Stirkebiosynthese und -degradation.
Weiterhin wurde gefunden, dass Tre-6-P auch in der Regulation der Sucrose-Synthese involviert ist.
Die Effekte des gestorten Tre-6-P Gehalts auf Pflanzen- und Blattwachstum waren inkonsistent mit
der aufgestellten Funktion von Tre-6-P als ein Regulator der Blattentwicklung als Antwort auf den
Gehalt von Zucker. Die Ergebnisse der morphologischen Analyse von Blittern in den Pflanzen deuten
darauf hin, dass Tre-6-P die Blattgrofle regulieren konnte durch die Kontrolle der ZellgroBe. Aus
diesen Befunden wurde geschlossen, dass eindeutige Effekte von Tre-6-P auf die Blétterentwicklung
mittels eines ektopischen Uberexpressionsansatzes nicht einfach nachzuweisen sind.

Diese Experimente fiihrten auch zu einem unerwarteten Projekt hinsichtlich einer méglichen Rolle von
Tre-6-P in der Regulation der Stomata. Die Funktion der Stomata ist eine weitere wichtige
Komponente der Funktion der Blétter. Durch einen SchlieBzellen-spezifischen MYB60-Promotor
wurde der Gehalt von Tre-6-P spezifisch in Schliezellen der Stomata gestort. Die Ergebnisse dieses
Ansatzes deuten darauf hin, dass Tre-6-P im Stidrkemetabolismus der SchlieBzellen involviert sein
konnte und dort die Degradation von Stédrke fordert. Dies ist das Gegenteil der Funktion von Tre-6-P
in Blatt-Mesophyllzellen. Die Analyse der Funktion von Stomata mittels Gasaustausch-Messungen
und Kohlenstoff-Isotopenfraktionierung offenbarte Beeintrichtigungen in der Offnung der Stomata
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und deutet darauf hin, dass Trehalose, und nicht Tre-6-P, fiir die verdnderte Funktion der Stomata in
diesent Pflanzen verantwortlich sein konnte. Pflanzen mit verdndertem Tre-6-P-Gehalt in den
SchlieBzellen zeigten kein verbessertes Wachstum unter kontrollierten milden Trockenbedingungen.
Aus diesen Befunden wurde geschlossen, dass ein verdnderter Tre-6-P-Gehalt geringe Auswirkungen
auf die Funktion der Stomata ausiibt.

In einem zweiten, allgemeineren Ansatz wurde untersucht, ob Anderungen im Zucker-Gehalt der
Pflanzen die Morphogenese der Blitter als Antwort auf Licht beeinflussen. Dazu wurden eine Reihe
von Mutanten, die im Zentralmetabolismus beeintrachtigt sind, in derselben Lichtbedingung
angezogen und beziliglich ihrer Blattmorphologie analysiert. Die Analyse ergab, dass die Phianotypen
einiger Mutanten mit hohem Zuckergehalt denen von Starklicht adaptierten Blittern d&hneln. Trotzdem
basieren die Phanotypen scheinbar nicht auf dem Zucker-Gehalt und wurden nur in Starkemangelnden
Mutanten beobachtet. Eine mogliche Interaktion des verdnderten Metabolismus mit einem bekannten
plastiddiren Redox-Signal (pastoquinon) in diesen Stirkemangelnden Mutanten wurde mittels
Chlorophyll-Fluoreszenz untersucht und konnte nicht den beobachteten morphologischen Phénotyp
erkléren.

In einem dritten noch allgemeineren Ansatz wurde die natiirliche Variation von morphologischen
Ausprigungen der Blitter und Rosette anhand von wilden Arabidopsis Okotypen untersucht, um zu
verstehen wie sich die Blattmorphologie auf die Blattfunktion und das gesamte Pflanzenwachstum
auswirkt und wie unterschiedliche Eigenschaften miteinander verkniipft sind. Die Analyse beinhaltete
sowohl Messungen von morphologischen Eigenschaften des Blattes als auch die Anzahl der Blatter
einer Pflanze um die Blattmorphologie in den Kontext der gesamten Pflanze zu bringen. Die Variation
im Pflanzenwachstum zwischen den Okotypen konnte nicht durch Variationen in der
Photosyntheserate erklart werden und nur zu einem kleinen Teil durch Variation in der Rate der
Nachtrespiration. Es gab vier Hauptaxen fiir die Variation der Rosetten- und Blattmorphologie —
Blattflichenwachstum, Blattdicke, Zellwachstum und Blattanzahl. Mithilfe von Modellen, die auf
multiplen linecaren Regressionsansidtzen beruhen, wurden diese vier Prozesse in den Kontext des
Gesamtwachstums der Pflanze integriert. Die Bezichungen zwischen diesen Parametern wurden
weiterhin untersucht um Variationen in der BlattgroBe, Zellgrofle, Blattdicke und Pflanzengrof3e
zwischen ihren Komponenten weiter zu unterteilen und weitere Beziehungen der morphologische
Eigenschaften zu identifizieren.

Das Verhiltnis der Blattanzahl zum Gesamtwachstum der Pflanze und BlattgroBe wurde gesondert
weiter untersucht mittels Normalisierung der Blattanzahl auf das Frischgewicht der Rosette, um den
Parameter ,,leafing Intensity* abzuschitzen. Leafing Intensity integriert Blattanzahl, Blattgroe und
gesamtes Rosettenwachstum in einer Reihe von Kompromiss-Interaktionen, die in einem
Wachstumsvorteil resultieren, wenn Pflanzen weniger, aber grofere Blatter pro Einheit Biomasse
ausbilden. Dies fiihrte zu einem theoretischen Ansatz in dem ein einfaches allometrisch
mathematisches Modell konstruiert wurde, um Blattanzahl, Blattgrole und Pflanzenwachstum im
Kontext der gesamten Pflanze Arabidopsis zu verkniipfen.
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List of abbreviations.

Abbreviation Definition

Aarca
Amass

AGPase
ANOVA
Cell area
CellNo
CO,

df

DW
EpiAb

EpiAd

F
F6P
FBP
FW

g

G6P
HXK
INV

LA
Layers
LC/MS-MS
LDMC
LI

LN

LT

MD
NADP"
NADPH
NAR
PCA
PCR
PGI
PGM

ppm

PSI
PSII
qL

qRT-PCR

oL

-arca

=

mass

rate of net CO, assimilation on a leaf area basis

rate of net CO2 assimilation on a rosette fresh weight basis
ADP-glucose pyrophosphorylase

analysis of variance

surface area of cells

number of cells per leaf

carbon dioxide

degrees of freedom

dry weight

density of epidermal pavement cells per area of leaf on the
abaxial (lower) side

density of epidermal pavement cells per area of leaf on the
adaxial (upper) side

variance ratio

fructose-6-phosphate

fructose-1,6-bisphosphate

fresh weight

stomatal conductance

glucose-6-phosphate

hexokinase

invertase

leaf area

number of cell layers in a leaf cross section

liquid chromatography coupled to tandem mass spectrometry

leaf dry matter content

leafing intensity

leaf number

leaf thickness

density of mesophyll cells per area of leaf

nicotinamide adenine dinucleotide phosphate

reduced nicotinamide adenine dinucleotide phosphate
net assimilation rate

principal components analysis

polymerase chain reaction

glucose phosphate isomerase

phosphoglucomutase

parts per million

plastoquinone

photosystem I

photosystem II

photochemical quenching assuming a lake model of light-
harvesting complex connectivity

quantitative reverse-transriptase polymerase chain reaction
Pearson correlation coefficient

coefficient of determination

rate of dark respiration (CO, release) on a leaf area basis

rate of dark respiration (CO, release) on a rosette fresh
weight basis

Unit or range
(where appropriate)

umol CO, m?2s’!

pumol CO, g’ FW d”

pm’
cells
parts per million

g ormg
cells mm™

cells mm™

nmol g"' FW
nmol g FW
g or mg

mmol m~ s
nmol g FW

mm

gDW g' FW
leaves g' FW

leaves
um
cells mm™

Oto1l

Oto1
Otol

umol CO, m?2s’!
pumol CO, g’ FW s™
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RGR relative growth rate gg'd’

RLI rate of leaf initiation leaves day’!

RT-PCR reverse transcriptase polymerase chain reaction

SLA specific leaf area m’ kg DW

SPP sucrose phosphatase

SPS sucrose-6-phosphate synthase

StAb density of stomata per area of leaf on the abaxial (lower) side Stomata mm”

StAd density of stomata per area of leaf on the adaxial (upper) side stomata mm™

StindAb stomatal index on the abaxial (lower) side of the leaf

StindAd stomatal index on the adaxial (upper) side of the leaf

Suc-6-P sucrose-6-phosphate nmol g FW

t variance ratio

TPP trehalose-phosphatase

TPS trehalose-6-phosphate synthase

Tre-6-P trehalose-6-phosphate nmol g FW

3"C carbon isotope composition relative to Pee Dee Belemnite per mil (%o)
standard

ONPQ quantum yield of regulated thermal energy dissipation at PSII 0 to 1

oPSII quantum yield of electron tranport at PSII in the light Otol



Chapter 1. General Introduction

1.1. Introduction.

Plant growth and survival depend on the photosynthetic assimilation of carbon dioxide from the
atmosphere. Photosynthesis occurs primarily in the leaves and results in the production of
carbohydrates. The carbohydrates can be used to provide energy through respiration in the leaves or
can be exported as sucrose to other plant parts e.g. the roots, where they drive the uptake and
assimilation of inorganic nutrients to produce other compounds such as amino acids and nucleotides.
Carbohydrates and many other metabolites are then used as building blocks to allow growth and the
formation of new leaves, roots and reproductive organs.

Growth depends on the supply and efficient use of these metabolic resources within the plant. The
supply of these resources depends on the efficient absorption of CO, and light during photosynthesis
in the leaves and the efficient uptake of nutrients in the roots. The effectiveness of these processes
obviously depends, among other things, on the structure of the cells and organs which perform them —
on their morphology. The efficient absorption of light requires extensive leaf area and absorption
capacity for carbon dioxide while at the same time avoiding shading from other leaves and minimising
the loss of water through transpiration.

Furthermore, different plants grow in different environments, and these environments are often
changing. The morphology allowing the most efficient resource acquisition is different depending on
the availability of these resources in the environment. Therefore plants have evolved to adjust their
morphology in response to the environment in order to acquire resources efficiently and achieve more
growth (Terashima et al., 2001; Oguchi et al., 2003).

1.2. Leaves.

Leaves are specialised lateral appendages produced by the vast majority of land plants. Strictly
speaking, leaves of various shapes and sizes serve a diverse array of functions in different plants.
However, the main function of the vast majority of plant leaves is photosynthesis. Leaves evolved by
developmental modification of lateral branches in the simple body plan of early land plants (Beerling,
2005). The majority of photosynthetic leaves have a flat laminar structure, which allows efficient
interception of light. The internal structure of leaves is specialised for maximal gas exchange, with a
network of intercellular air spaces that are connected to the outside atmosphere through adjustable
stomatal pores. This increases the internal cell surface area in contact with air and facilitates the
absorption of CO, (Syvertsen et al., 1995). Another very important constraint on terrestrial leaves is
the loss of water to transpiration (Yoo et al., 2009). This must be tightly controlled as water is often
scarce and, given the high surface area of leaves, plants would rapidly desiccate if water loss were not
controlled. Leaves thus have an impermeable cuticle barrier, which is punctuated by stomatal pores
that open and close to regulate water loss.

Leaves must achieve efficient use of resources while performing their photosynthetic function. The
optimisation of leaves for photosynthesis involves a fundamental trade-off between the modes of
acquisition of the two resources involved — light and CO,, while also minimising the loss of water
through transpiration. The trade-off arises because the modes of acquisition of the two resources are
largely incompatible, one requiring high leaf area to intercept more light, the other needing a high
internal surface area for gas absorption, for which expensive thick leaves are required (Roderick et al.,
1999). Leaf morphology serves to fine-tune the properties of leaves in order to optimise their
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photosynthetic function for their environment.Morphogenesis is the process through which organs
acquire their morphology during growth and development. Morphogenesis is a result of differential
growth (Fleming, 2007). It may be assumed that the morphology displayed by a population growing in
a particular environment is an evolved characteristic which maximises the functional utility of the leaf
in the particular environment which has shaped its selection. The growth and efficient function of
leaves is essential in order for plants to obtain the resources that they require to grow. In addition,
most plants are not mobile and growth is also the process through which plants explore and make use
of their environment. Growth thus has its own benefits and allows plants to acquire more resources
and continue growing.

1.3. Plant Growth.

Growth has been extensively used as an indicator of plant performance. The growth of plants as
photosynthetic organisms carries with it a return on investment akin to compound interest in finance.
The production of more biomass creates the capacity for more photosynthetic carbon fixation, nutrient
absorption etc and therefore more growth. The absolute growth rate thus increases with the size of the
plant, resulting in exponential growth. The rate of plant growth is therefore normalised relative to
existing biomass and expressed as relative growth rate (RGR; g biomass per g existing biomass per
day, where the measure of biomass can be fresh weight (FW), dry weight (DW), or leaf area).

There is a large body of literature addressing the methodology of measuring relative growth rates
(Evans, 1972; Hunt, 1982; Poorter and Garnier, 1996; Hoffmann and Poorter, 2002). The methods can
broadly be divided into two approaches. In the classical approach RGR is calculated by dividing the
difference in log-transformed biomass at two harvests by the time interval in which growth had
occurred. This gives an average RGR across the time period. Other approaches attempt to resolve
variations in RGR with time by fitting more complicated growth curves to biomass data from many
harvests (e.g. sigmoidal functions or polynomial curves).

In order to understand the variation in growth rates between species, genotypes of a given species or
between different conditions, relative growth rate (RGR) is often factorised into physiological,
morphological and allocation components according to the following equation:

RGR = NAR* SLA* LMR

where NAR (net assimilation rate) is total biomass growth per unit leaf area, SLA (specific leaf area)
is the leaf area displayed per unit leaf biomass and LMR (leaf mass ratio) is the proportion of plant
biomass in leaves (Hunt, 1982). Several equivalent factorisations exist, one of them is:
RGR=NAR*LAR, where LAR (leaf area ratio) is leaf area per plant biomass. Much research has been
dedicated to the question, which component of these equations determines relative growth rate among
and within species.

SLA is a morphological parameter which essentially expresses the amount of light that a unit of leaf
biomass will intercept and therefore, potentially, the amount of photosynthesis and the return on
biomass investment. SLA has been found to be the best predictor of RGR across many species,
functional types, ecosystems and biomes (Poorter and Remkes, 1990; Reich et al., 1997; Reich et al.,
1998; Wright and Westoby, 2000; Wright and Westoby, 2001; Rees et al., 2010). Its relative
importance increases in low light environments (Poorter and Nagel, 2000; Shipley, 2006). SLA is also
one of a set of inter-correlated traits forming the so-called ‘leaf economics spectrum’ and influences
many leaf traits, including photosynthetic rates, leaf longevity and leaf nitrogen content (Wright et al.,
2005; Wright et al., 2005).
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LMR is an allocation parameter which reflects the plants investment strategy in leaves. The
contribution of LMR to growth rates has usually been found to be low in cross-species studies. Reich
et al. (1998) found almost no variation in LMR in seedlings of a set of tree species and little
contribution to RGR, with similar results in a much broader range of species by Wright and Westoby
(2001). Poorter and Nagel (2000) found LMR to be relatively constant in different light environments
and to contribute little to RGR, with similar results by Shipley (2006). LMR does depend on the
nutrient supply with plants growing in a limiting nutrient (e.g., N, P) supply typically having a lower
LMR, and having a larger root system (Poorter and Nagel, 2000).

NAR has been interpreted as a physiological parameter related to photosynthesis on a leaf area basis.
In contrast to SLA and LMR, NAR is not directly measured during growth analysis; instead, it is
inferred from measurements of biomass growth and leaf area at different time points. NAR from
growth analysis should not be confused with rates of net assimilation measured by gas exchange
analysis. Nevertheless, NAR has often been interpreted as a “physiological” variable (Loveys et al.,
2002) and assumed to be broadly comparable with net daily CO, exchange rates. Various
factorisations of NAR are possible, revealing NAR to be a complex variable, related not only to
photosynthesis and respiration but also to chemical composition parameters and resource use
efficiencies (Poorter and van der Werf, 1998; Wright and Westoby, 2000). Variation in NAR can be
seen, in a way, as the residual variation not directly explained by SLA and LMR and is therefore not
always easy to interpret. Although SLA has usually been found to be the major factor determining
RGR, studies have shown NAR to also be a good determinant of variation in RGR, its importance
increasing in high irradiance environments, as well as under CO, enrichment (Li et al., 1998; Poorter
and Nagel, 2000; Shipley, 2006).

1.4. Genetic analysis of leaf growth.

Much research has been conducted on the molecular mechanisms behind the growth and development
of leaves. Leaves arise at the shoot apical meristem as microscopic leaf primordia. The initiation of
leaf primordia at the shoot apical meristem involves pattern-forming processes, which include the
spatial patterning of gene expression (Gordon et al., 2007) and localised accumulation of auxin
(Heisler et al., 2005).

Leaf primordia are produced at the shoot apex in a highly ordered spatial pattern, which is called
phyllotaxy. This is thought to be driven by the asymmetric localisation of auxin transport proteins and
the subsequent development of localised auxin sinks at sites of primordium initiation (Reinhardt et al.,
2003). This redistributes the auxin concentration and automatically leads to new primordia being
formed at sites of auxin minima, which are most distal to existing primordia on the meristem
(Fleming, 2005). This results in a very defined and very conserved spatial organisation of leaf
primordia and, as a consequence leaves, in a given species (Adler et al., 1997). Phyllotaxy is a self-
organised process which resembles physical processes where order and organisation arise out of a self-
stabilising requirement for energy minimisation in dynamic systems (Douady and Couder, 1992).
Phyllotaxy is evident in purely physical systems such as in growing crystals, where it arises out of an
energetic requirement for efficient spatial packing of atoms (Hauck and Mika, 2003). It has been
suggested that phyllotaxy is important in plants for similar reasons — it increases the efficiency with
which plants can use available space by optimising the packing of organs on the cylindrically-
symmetric primary axis (Ridley, 1982).

The subsequent outgrowth of the leaf primordium from the meristem depends on a tight coordination
between the rates and orientations of cell division (Reddy et al., 2004) as well as cell expansion, with a
strong involvement of cell-wall and cytoskeleton-related processes (Fleming et al., 1997, Hamant et
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al., 2008). After initiation, the growth of leaf primordia follows a temporal progression of stages
culminating in maturity. During the early stages the primordium expands through purely cell-division-
driven growth, which is later followed by a progressive arrest in cell division and a transition to cell
expansion (Beemster et al., 2005). This gradual arrest in cell division activity to give way to cell
expansion occurs in the form of a front originating at the tip of the leaf and gradually moving towards
the base (Donnelly et al., 1999). The subsequent expansion of cells is associated with endo-
reduplication, an alternative cell cycle resulting in endo-polyploidy, the degree of which has been
associated with final cell size (Inzé and De Veylder, 2006).

How these processes are related to one another and how they regulate leaf size is much investigated
but still poorly understood. Recent genetic studies reveal that the regulation of leaf size is complex and
involves many genes, the genetic factors are somewhat redundant and affect leaf size in different ways
and at different developmental stages (Gonzalez et al., 2010; Johnson and Lenhard, 2011). The early
processes of leaf development are largely correlated with one another and with the final cell number in
the leaf, as well as with leaf size, indicating that leaf size is determined early through the control of
cell division (Cookson et al., 2005). Consequently, genetic alterations in the temporal and spatial
pattern of cell-division arrest in growing leaves often lead to changes in leaf size and leaf shape, for
example in the jaw mutant, where proliferation arrest is delayed and this results in substantially larger
leaves (Palatnik et al., 2003; Efroni et al., 2008). AINTEGUMENTA, an E2F/AP2 transcription factor,
has been shown to be involved in maintaining cells in a proliferative state and also regulates leaf size
(Mizukami and Fischer, 2000). Genetic manipulation of cell cycle genes to alter cell division rates
often, but not always, results in compensation for altered cell number by reciprocal changes in final
cell size, which can keep leaf size unaltered within some limits, although this compensation is not
always total, and changes in leaf size also often result (Tsukaya, 2003; Horiguchi et al., 2006; Tsukaya
and Beemster, 2006). It has been suggested that this phenomenon may be brought about by
compensatory variation in the duration of leaf expansion at the later stages of leaf growth (Cookson et
al., 2005).

An involvement of so-called cytoplasmic growth in leaf size control has been proposed based on
observations of altered leaf size and developmental patterning in mutants of genes encoding cytosolic
ribosomal proteins (Byrne, 2009; Szakonyi and Byrne, 2011). Ribosomes are, ultimately, essential for
cell growth as they constitute the biosynthetic machinery which produces new proteins. Factors
affecting leaf size have been shown to affect the expression and/or regulation of ribosomal proteins
e.g. TARGET OF RAPAMYCIN (TOR) (Deprost et al., 2007; Ren et al., 2011) as well as the
processing and abundance of ribosomal RNA, for example nucleolin-1 (Kojima et al., 2007).
Cytoplasmic growth must be coordinated to cell division and cell expansion. The TCP20 protein may
be involved in co-ordinating ribosome biogenesis with cell cycle progression, thus linking ribosome
biogenesis with cell division (Li et al., 2005) while TOR may coordinate ribosome abundance with
cell wall synthesis (Leiber et al., 2010), thus linking it with cell expansion.

Phytohormones have a strong involvement in leaf growth control. Auxin, apart from its role in the
spatial patterning processes of leaf initiation at the meristem (Heisler et al., 2005), also promotes leaf
expansion through increased cell division and cell expansion, mediated by AUXIN RESPONSE
FACTOR2 (Okushima et al., 2005; Horiguchi et al., 2006). This protein also integrates an input from
brassinosteroids (Vert et al., 2008), another hormone which promotes leaf growth. Brassinosteroids
have been shown to control both cell division (Nakaya et al., 2002) and cell expansion in leaves
(Azpiroz et al., 1998). Cytokinin is known to promote cell division through activation of CyclinD
expression (Riou-Khamlichi et al., 1999; Devvitte et al., 2007) and cytokinin-deficient plants show
decreased cell proliferation in leaf primordia and smaller leaves (Werner et al., 2003). Gibberellin is
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also a growth-promoting hormone and regulates leaf size through DELLA proteins (Harberd et al.,
2009).

1.5. Genetic analysis of leaf morphology.

1.5.1. Specific leaf area.

Leaf morphological traits have attracted much less attention in molecular studies and the genetic
analysis of leaf morphology is much less comprehensive than that of leaf size. There have been
various attempts to identify genetic bases for morphological traits such as specific leaf area (SLA) in
crop species using quantitative genetic methods (Yin et al., 1999; Jiang et al., 2000) however few
molecular mechanisms have been elucidated. SLA is a complex trait which responds to many
environmental conditions (Poorter et al., 2009). In particular it plays an important part in the
optimisation of leaves to the prevailing irradiance regime (Evans and Poorter, 2001). It may be
hypothesised that SLA may be related to cell expansion, however it is not routinely analysed in
molecular studies of leaf development and little is known about how it may vary in various leaf
development mutants. SLA is altered in gibberellin-deficient mutants (Nagel and Lambers, 2002)
supporting a role for cell expansion. SLLA is also altered in plants with severe photosynthetic
impairments (Stitt and Schulze, 1994), pointing to a possible metabolic input.

1.5.2. Leaf thickness.

Very little is currently known about the molecular mechanisms regulating leaf thickness. The
difficulty inherent in measuring leaf thickness has precluded attempts to identify QTL’s for this trait.
Arabidopsis phytochrome B over-expressors and cytosolic invertase mutants in Lotus japonicus
exhibit thicker leaves suggesting that light and metabolic signalling may be involved in its regulation
(Thiele et al., 1999; Welham et al., 2009). Leaf thickness is a major component of developmental
acclimation of leaves to the light environment and leaves developed in high light are thicker and have
more cell layers within the leaf (Terashima et al., 2001; Oguchi et al., 2003). The regulatory basis for
this acclimation is poorly understood. Its adjustment in response to light seems to involve a systemic
signal from mature leaves (Yano and Terashima, 2001). It has been suggested that the delivery of
sugars to developing leaves may be a metabolic signal involved in regulating leaf thickness indirectly
in response to light (Coupe et al., 2006; Terashima et al., 2006). Increased leaf thickness has also been
associated with genetic factors which increase water use efficiency (Masle et al., 2005; Karaba et al.,
2007).

1.5.3. Stomata.

The formation of the stomata in the leaf upper and lower epidermis is a special case. The development
of the stomatal lineage is well investigated and involves meristematic cells undergoing a progressive
differentiation process of asymmetric cell divisions and cell-to-cell signalling to generate a one-cell
spacing rule between stomata (Bergmann and Sack, 2007). As stomata are essential in regulating water
use, there have been many efforts to identify genetic factors regulating stomatal numbers and various
mutants have been identified which show improved water use efficiency, most of which have been
determinants of stomatal numbers (Yoo et al., 2009)
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1.5.4. Genetic and molecular regulation of leaf number.

While the pattern-forming processes determining the initiation of single leaf primordia at the shoot
apical meristem are well understood, less is known about what regulates the speed with which the
meristem initiates these leaf primordia. This will determine one potentially important axis of variation
in plant growth — the rate of leaf production and the number of leaves.

The rate of cell division at the shoot apical meristem has been implicated as a gross determinant of the
rate of leaf production (Cockcroft et al., 2000; Poethig, 2003). Other factors act on this to regulate this
rate. Cytokinin has been shown to accelerate leaf production through effects on cell division activity
(Riou-Khamlichi et al., 1999) while cytokinin-deficient plants produce fewer leaves (Werner et al.,
2003). Evidence exists for regulation of leaf initiation rates by plant age through the interaction of
miR156 with SPL genes (Wu and Poethig, 2006; Wang et al., 2008). Studies have shown changes in
leaf initiation in response to environmental factors - irradiance (Cookson and Granier, 2006),
daylength (Cookson et al., 2007; Clerget et al., 2008) and temperature (Granier et al., 2002) in
Arabidopsis.

A regulatory input from nutrition and metabolism appears plausible as the meristem is essentially a
heterotrophic sink while the subsequent growth of initiated leaf primordia requires considerable
metabolic resources. Leaf initiation rates are decreased under low nitrogen nutrition (Steer and
Hocking, 1983) and in the starchless pgm mutant (Caspar et al., 1985). A number of possible
metabolic factors in the organogenesis of leaves at the shoot apical meristem have been identified
(Fleming, 2006). The interaction of cytokinin with sucrose in controlling the cell cycle is a promising
mechanism (Richard et al., 2002). Incidentally, the rate of leaf initiation is not only important for
biomass formation during vegetative growth. It may also affect developmental processes. In
Arabidopsis the time taken until flowering correlates strongly with the number of leaves at bolting and
genetic bases affecting flowering time also affect the rates of leaf production (Koornneef et al., 1991;
Pouteau et al., 2004; Méndez-Vigo et al., 2010). An example is phytochrome B, which is involved in
photoperiod sensing (Koornneef et al., 1995).

It appears plausible that there may be an interdependency between the rate of leaf initiation and the
subsequent growth of leaf primordia. On the one hand, the meristem is very small. The growth that is
required in the process of initiating new primordia presumably requires only a very small proportion
of the total resources that are invested in growth. On the other hand, subsequent growth of initiated
leaf primordia requires considerable metabolic resources, i.e., each leaf primordium represents a future
demand, which must be balanced with supply. It can be hypothesised that the control of the rate of leaf
initiation at the meristem must play a part in this balance, however little is known about how this is
achieved, especially on a whole plant level. Unlike roots, which develop in an indeterminate manner,
leaves are formed and grow in a determinate fashion. This means that they must stop growing at some
stage and new leaves must be produced in order for growth to continue. We know little about how
resources are partitioned between growth of the meristem to initiate new leaves, and growth of the
existing primordia and leaves.
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1.6. Metabolic effects on plant growth.

While much research has been dedicated to the molecular and genetic mechanisms regulating leaf
growth and morphogenesis, less attention has been given to carbon status as an input in the regulation
of growth and development. As already mentioned, plants are autotrophic organisms and their rate of
growth ultimately depends on carbohydrates, which are formed during photosynthesis in the light in
leaves, and nutrients that are acquired by the roots. Environmental conditions in nature are highly
variable and plants may find themselves with more or less available carbon (or nutrients) at different
times if, for example, changes in the light environment or temperature affect the rate of
photosynthesis. In many conditions, the supply of carbohydrate or nutrients will restrict growth (Gibon
et al., 2009). Growth is subject to tight regulation in response to available carbon supply (Smith and
Stitt, 2007). Plants respond to conditions of low carbon availability by decreasing growth in order to
conserve resources and avoid starvation (Stitt et al., 2007; Gibon et al., 2009). In high carbon and high
sugar situations growth rates increase (Walter et al., 2009; Yazdanbakhsh and Fisahn, 2009, 2011).

Further, the life history of plants as autotrophic organisms is punctuated on a daily basis by
interruptions in carbon supply during the night. In order to maintain growth and metabolic function
during the night, plants must ensure that they store enough carbon reserves during the day. For this
they synthesise starch during the day and break it down at night (Smith and Stitt, 2007; Zeeman et al.,
2007). During the day photosynthate in leaves must be partitioned between sucrose export for growth
and starch synthesis for storage, ensuring that enough starch is produced in order to avoid resource
exhaustion during the night (Stitt, 1990; Stitt et al., 2007). The use of stored reserves for growth and
metabolism at night must also be precisely regulated and timed in order to ensure that the reserves are
not exhausted prematurely (Smith and Stitt, 2007; Stitt et al., 2007). On the other hand, stored reserves
must also be used efficiently to generate growth, as maintaining un-used pools of reserves is an
inefficient use of resources (Cross et al., 2006; Sulpice et al., 2009). Plants which are impaired in the
ability to synthesise starch during the day exhaust their carbon at night and this leads to starvation and
decreased growth (Caspar et al., 1985; Gibon et al., 2004; Wiese et al., 2007). Plants which are unable
to mobilise their starch reserves are also strongly inhibited in growth (Zeeman and Rees, 1999; Rasse
and Tocquin, 2006). The degradation of starch and its use for growth must be precisely timed so as not
to run out of reserves prematurely and the rate of starch degradation is tightly adjusted depending on
the length of the night (Gibon et al., 2004; Zeeman et al., 2007). Starch degradation exhibits
anticipatory behaviour and is immediately adjusted when plants are placed in a premature night or if
the day is extended (Gibon et al., 2004; Lu et al., 2005). This precise timing of starch degradation is
linked to the circadian clock (Graf et al., 2010). The circadian clock has also been implicated in the
regulation of plant growth as growth rates exhibit diurnal rthythms (Walter et al., 2009). The diurnal
rhythms of plant growth can be modified by metabolic status (Wiese et al., 2007; Yazdanbakhsh and
Fisahn, 2011), suggesting that metabolism also has regulatory inputs into the regulation of growth
along with the clock.

In order to coordinate the use of available sugar and other metabolites with growth and development
plants must be able to sense the metabolic resources at their disposal (Smeekens et al., 2010). We have
only a poor understanding of the molecular mechanisms that plants use to sense sucrose or other
sugars. Addition of sucrose to starved seedlings elicits changes in the expression of 1700 genes within
three hours (Osuna et al., 2007) There is mounting evidence that TOR may regulate metabolism and
cellular growth in response to the resource status of the plant (see above). Work by Smeekens and
colleagues has implicated translation regulation of ATB2, a bZIP transcription factor, as one element
of the sucrose-signalling pathway (Rook et al., 1998; Wiese et al., 2004). Hexokinase has been
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implicated as a sensor of glucose levels in plants and in Arabidopsis /xk/ and gin2 hexokinase
mutants are inhibited in growth (Moore et al., 2003; Cho et al., 2006). Trehalose-6-phosphate (Tre-6-
P) is a novel signalling metabolite which has a proposed function as a specific signal of sucrose status
in plants (Yadav, 2009; Lunn et al., 2006)., Current evidence indicates strongly that Tre-6-P is
synthesised by trehalose-phosphate-synthase 1 (TPS1) (Vandesteene et al., 2010). There are extended
gene families of TPS-like proteins in plants that probably lack catalytic functions and have another
unknown function, and trehalose phosphate phosphatases (Lunn, 2007). The basic evidence for the
importance of Tre-6-P in the regulation of plant metabolism and growth comes from the finding that
tps] mutants are embryo lethal (Eastmond et al., 2002; Gomez et al., 2010). Furthermore, over-
expression of heterologous 7PS and TPP in plants leads to a marked and opposing phenotype that
affects starch levels, leaf size and morphology, flowering time and branching of the inflorescence stem
(Schluepmann et al., 2003; Pellny et al., 2004; Raines and Paul, 2006; Paul, 2007). This makes it an
attractive candidate for a link between metabolism and development, however its effects on
development beyond the level of leaf size are still quite unclear, as only superficial descriptions of
plants have been presented. Furthermore, Tre-6-P has been widely implicated as a regulator of whole
plant growth, which may be due to its demonstrated effect of inhibiting SnRK1 (Zhang et al., 2009),
an AMP-activated kinase which functions as a metabolic sensor and a central transcriptional regulator
of multiple metabolic pathways and serves to conserve energy in carbon-limited conditions by
decreasing growth (Ghillebert et al., 2011).

Tre-6-P is also known to induce tolerance to various stresses, including drought stress (Almeida et al.,
2007). It is also a known feedback regulator of starch metabolism (Kolbe et al., 2005). Apart from
being vitally important for plant growth in diurnal cycles, starch metabolism is also vital for stomatal
function (Lasceve et al., 1997). This leads to the question whether Tre-6-P is also involved in the
regulation of stomatal function. This regulation is crucial to the function of terrestrial plants, as
photosynthesis is subject to a trade-off with the loss of water through transpiration. Up to 1000
molecules of water are lost to fix just one molecule of CO, in photosynthesis. An optimal function of
stomata is thus a vitally important component of the overall function of leaves.

Aims of the thesis.

The general question investigated in this thesis is how leaf growth and morphology are regulated in
Arabidopsis. There has been considerable research into how leaf size is regulated at the organ level by
regulation of cell division and cell expansion. It is also well known that environmental treatments e.g.
irradiance, exert a morphogenetic influence on leaf development. In this thesis, special attention was
dedicated to the possibility that there might be internal metabolic or physiological signals that regulate
leaf growth and development. In order to investigate this question, leaf growth and development must
be considered beyond the level of the single organ and in the context of the whole plant, because
leaves do not grow in an autonomous manner, but depend on resources and regulatory influences that
are delivered by the rest of the plant, at least during their early growth and development when many
morphogenetic decisions are made.

Due to the complexity of this question, three complementary approaches were taken. In the first and
most specific approach it was asked whether a proposed down-stream component of sucrose
signalling, namely Tre-6-P, might influence leaf development and growth. This would be the most
direct way to establish a link between metabolic status and leaf development and growth, but is also
the most risky, if the initial hypothesis is not true. These experiments also led to an unanticipated
project concerning a possible role for this metabolite in stomatal function, which is another very
important process in the function of leaves. In a second and more general approach, it was attempted

to manipulate sugar levels at the whole plant level using environmental or genetic treatments and
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asked whether this affected leaf morphology and growth. In the third and even more general approach,
the variation of many traits associated with leaf development and growth was investigated in a panel
of 20 wild Arabidopsis accessions. Multivariate approaches and mathematical modelling was then
used to search for dependencies between different leaf traits, leaf growth and whole plant growth and
understand how they are interrelated how variation in leaf morphology contributes to leaf function and

plant growth.

The specific aims of this thesis are:

1)

2)

3)

4)

5)

To gain a further understanding of the effects of Tre-6-P on the development of leaves by
examining in more detail the leaf developmental phenotypes of plants with constitutively
altered Tre-6-P levels, which have been described previously

To investigate whether modulation of Tre-6-P levels in guard cells has effects on stomatal
starch metabolism and stomatal physiology

To investigate the hypothesis that endogenous sugar levels regulate the developmental
program of the leaf during developmental light acclimation

To investigate leaf morphology and leaf function in a whole plant context and establish
relationships between morphological traits, leaf functional indicators and whole plant growth

To gain a mathematical understanding of variation in leaf number as whole organism process
influencing the growth and development of leaves and whole plant growth
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Chapter 2. Materials and methods.

2.1. Plant material.

Arabidopsis thaliana (L.) Heynh accession Col-0 seeds were obtained from common institute Col-0
seed stock of Dr. Karin Kéhl (MPI for Molecular Plant Physiology, Golm). Starchless pgm mutant was
obtained from Dr. Yves Gibon. Starchless adg! mutant was obtained from Dr. John Lunn. f2kp-1 and
[f2kp-2 mutants were a gift from Dr. Tom Hamborg-Nielsen (Copenhagen University). The cinvicinv?2
double mutant was obtained from Prof. Alison Smith (John Innes Centre). The list of mutants used in
this thesis is presented in Table. 2.1.

Mutant Type Line Construct

pgm EMS

adgl EMS

fkp-1 T-DNA SALK 028529 pROK2

fkp-2 T-DNA SALK 016314 pROK2
cinvlcinv2 T-DNA SALK 095807, SAIL 518 D02 pROK2, pDAP101

Table 2.1. List of mutants used in the thesis.

The list of wild Arabdopsis accessions used in this study is presented in Table 2.2.

Accession Country City altitude latitude longitude
Ang0 Belgium Angleur 1-100 50.37 5.35
Blal1 Spain Blanes/Gerona 1-100 41.41 2.48
Bsch2 Germany Buchschlag/FFM 1-100 50.01 8.40

Bu2 Germany Burghaun/Rhon 260 50.42 9.43
C24 Unknown Unknown
Col0 USA Columbia unknown
Cape Verde
Cvil Islands Cape Verdi Islands 1100-1200 16.00 -24.00
Dal Germany Darmstadt 100-200 49.52 8.38
Ei4 Germany Eifel 400-500 50.15 6.45
Hi3 Germany Holtensen 200-300 51.50 09.50
K10 Germany Koeln? 1-100 50.55 6.57
Kn0 Lithuania Kaunas 1-100 54.54 23.54
Lerl Germany Landsberg
Lip0 Poland Lipowiec/Chrzanow 400-500 50.09 19.24
Mh1 Poland M?en (OstPr) 100-200 53.31 20.12
Old1 Germany Oldenburg 1-100 53.1 8.10
Petergof Russia Petergof 100-200 59.53 29.53
North Liberty (Midwest -
RRS7 USA Indiana) 221 41.32 86.25
Van( Canada U. of British Columbia 1-100 49.16 -123.07
Weil Switzerland Weiningen 400-500 47.25 8.25

Table 2.2. List of wild accessions of Arabidopsis used in this study.
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2.2. Plant culture.

Seeds were germinated on soil in 10cm diameter (500cm’) pots in controlled environment growth
chambers (Percival Scientific Inc., Perry, IA). Seedlings were pricked after 14 days to individual 6cm
diameter pots (140cm’). Plants grown for whole-plant gas exchange analysis were grown in long
RLC4 Cone-tainer pots which had a volume of 115cm’ (Hummert International, Earth City,
MO,USA). The plants were grown in controlled environment growth chambers with different
daylengths (as stated in the text). The chambers were equipped with dimmable fluorescent lighting.
The output of the lamps was adjusted for a photon irradiance of 160 uE m™ s™ at plant level, unless
otherwise stated. Photosynthetically-active irradiance was determined using an LI-250A
spectroradiometer (Li-Cor, Lincoln, NE). Plants were watered daily from above with tap water.

2.2.1 Irradiance treatments.

Irradiance regimes were imposed by 1) adjusting the light output of the fluorescent lamps (allowing
two light levels per chamber) and 2) using four layers of white shade-cloth placed over the trays of
plants, supported approx. 6¢cm above the plants by plastic supports (allowing two more light levels).

2.2.2. Drought treatments.

Pots with soil were prepared and weighed. The dry weight of soil in the pots was determined by drying
a representative sample of pots in an oven at 70°C. Soil field capacity was determined by weighing
saturated soil. Field capacity was 2.05 g water g dry soil. Plants were pricked into the pots at field
capacity. Drought-treatment pots were not watered and were allowed to dry to 30% of field capacity.
This level was maintained by daily gravimetric watering on a balance until harvest. Control pots were
watered every few days but were not at field capacity all the time.

2.2.3. Sampling.

The plants used for combined metabolite and morphological analysis were pricked 5 plants to one
10cm pot. Four plants were harvested for metabolite analysis at the age of 25-28 days. Rosettes were
cut at ground level, placed in plastic scintillation vials and frozen in liquid nitrogen for metabolite
analysis. End of day (ED) samples were collected in the last half-hour of the light period while in the
light. End of night (EN) samples were collected in the last half-hour of the dark period in the presence
of low-intensity green light. Plants were sampled and pooled in such a way that five rosettes coming
from different, randomly-picked pots were collected in one vial. One plant was left in each pot and
was allowed to grow until subsequent harvest for leaf morphology analysis, which was typically at the
age of 35-39 days, and longer in some conditions where growth was very slow, e.g. very short days.

2.4. Gas exchange and chlorophyll fluorescence measurements

Rates of photosynthesis and dark respiration were measured using the LI-6400XT Photosynthesis
System fitted with the 6400-40 Leaf Chamber Fluorometer (Li-Cor, Lincoln, NE).

Chlorophyll fluorescence was measured using the PAM-2100 Portable Chlorophyll Fluorometer (Walz
GmbH, Effeltrich, Germany). For dark-adapted measurements specially-designed leaf-clips were
applied at the end of the day and kept on the leaf until measurement the next day to maintain a dark-
adapted state. @NPQ, the fraction of excitation energy absorbed by PSII antennae and dissipated
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through regulated thermal dissipation was assessed as derived in (Hendrickson et al., 2004) using the
formula:

F. F
NPQ = —5— <
(DQF,m F

where F — chlorophyll fluorescence yield under actinic illumination, F’;, - maximal fluorescence yield
under actinic illumination, F,, — maximal fluorescence yield in a dark adapted leaf. Photochemical
quenching assuming a lake model of light-harvesting antenna connectivity (equivalent to the fraction
of open PSII centres and the redox state of Qa) was assessed as derived in (Kramer et al., 2004) using
the formula:
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where parameters are as described above and F’, — minimal fluorescence yield in a light-adapted leaf
during a brief dark period in the presence of far-red illumination. The quantum yield of linear electron
transport at PSII was determined as derived in (Genty et al., 1989) using the formula:
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2.5. Morphological analysis

2.5.1. Clearing for determination of cell size and number

Sixth leaves were harvested 35-39 days after germination. Leaves were cut along the mid-vein and
then into 2mm strips perpendicular to the mid-vein. Leaf strips obtained from the middle-portion of
the leaf were placed in 2mL Eppendorf tubes containing a 12.5% solution of glacial acetic acid in
ethanol and spun on a rotary shaker until the leaves were cleared of chlorophyll (approx. lh). Strips
were washed with 50% ethanol for 20 mins followed by water. The strips were re-suspended in 1M
KOH solution and stored until observation. Leaf strips suspended in 1M KOH were placed under a
cover-slip and observed under a light microscope with differential interference contrast optics fitted
with a digital camera. Stomata were counted in 10 random locations on the leaf for both sides of the
leaf in fields of view which were 0.168mm’ in area. Images were taken in random portions of the leaf
strip, staying in the middle portion of the leaf. Five images per sample were taken of epidermal layers
and the palisade mesophyll layer. Five images per leaf sample were taken 168mm’. Cells were later
counted and measured in the images using ImageJ.

2.5.2. Fixation and embedding

Leaf strips were placed in 2mL Eppendorf tubes containing fixative solution (4% paraformaldehyde,
0.25% glutaraldehyde, 10 mM phosphate buffer, pH 7.4). Samples were vacuum infiltrated at 100mbar
for 4-6 hours until the strips sank to the bottom of the tube. All handling and wash steps were
performed using thin glass Pasteur pipettes to avoid damaging the strips. Samples were washed in 1X
phosphate buffer 3 times for 15 minutes. Samples were de-hydrated in the ethanol series: 30%, 50%,
70%, 80%, 90% and 4-times 100% for 40 minutes at each step, using freshly-opened 100% ethanol for
the final steps. Samples were infiltrated with a 50% Technovit 7100 resin:ethanol mixture for 4 hours
and then in 100% Technovit 7100 (Heraeus-Kulzer GmbH, Wehrheim, Germany) for 24 hours.
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Samples were polymerised to hardness in Technovit 7100 resin with 1g hardener I/100mL and 0.5mL
hardener II/7 mL in conical plastic moulds. The resin blocks were cut to 3um thickness on a
microtome (Leica, Wetzlar, Germany) and collected on poly-lysine-coated glass slides (Sigma
Aldrich). Once a set of sections was collected, a 100um depth of sections was cut through and
discarded before collecting a second set of sections. Slides were stained with 0.1% Toluidine Blue in
Tris-Borate buffer and observed under a light microscope at 200X magnification. Images were taken
for subsequent analysis.

2.5.3. Leaf thickness and the number of cell layers.

Images of leaf cross sections were rotated in ImageJ to display the cross section vertically. The screen
was obscured by a piece of cardboard. Random perpendicular transects were drawn across the leaf by
hand. There were twenty transects drawn on four different sections for each leaf sample. Leaf
thickness was measured directly. The number of cell walls crossing each transect was counted. The
number of cell layers was determined as half the number of cell walls.

2.5.4. Specific Leaf Area and Dry Matter Content.

After sampling leaf 6 for morphological analysis, between four and six mature leaves on the rosette
were sampled, weighed and photographed. Leaves were placed in paper bags and dried in an oven at
70°C for three days and the dried leaves weighed. Leaf area was calculated in ImageJ from images
calibrated with a ruler. Specific leaf area was calculated as the leaf area per unit dry weight in m” kg™
Dry matter content was calculated as dry weight per unit fresh weight as g DW g FW.

2.5.5. Leaf number determination

Visibly emerged leaves were counted on multiple occasions during growth.

2.6. Metabolite analysis.

2.6.1. Sample preparation

Frozen rosettes were homogenised at very low temperature by vigorous shaking in plastic vials with
steel balls using the Cryogenic Grinder System (Labman Automation, Stokesley, UK) or in a ball mill
(Retsch, Haan, Germany).

2.6.2. Soluble sugars.

Frozen tissue powder was weighed and aliquoted (18-22mg) into 1.5mL srew-cap Eppedorf tubes.
Samples were mixed with 250uL ice-cold 80% ethanol in water (v/v), shaken vigorously and
incubated for 20 minutes at 80°C. Samples were centrifuged and the supernatant was transferred to a
cold 96-deep-well plate. The pellets were extracted a second time by re-suspending and heating with
150uL 80% ethanol (v/v) and a third time with 250uL ice-cold 50% ethanol (v/v) and the supernatants
added to the same 96-deep-well plate.

50uL aliquots of the extracts were used for soluble sugar determination. Soluble sugars (glucose,
fructose and sucrose) were determined using a previously published method (Stitt et al., 1989) relying
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on the quantitative enzymatic reduction of nicotinamide adenine dinucleotide phosphate (NADP") and
spectrophotometric detection of NADPH by absroptance at 340nm. Extracts were added to 160uL of
determination solution containing 100 mM Hepes/KOH pH 7.0, 3mM MgCl12, ImM NADP", 2.5mM
ATP and 0.5U glucose-6-phosphate dehydrogenase (G6PDH, Grade II, Roche GmbH) in 96-well
plates. Absorption at 340nm was measured every 60 seconds in a robotised plate reader. 1 puL of the
enzymes hexokinase (HXK, 1U, Roche GmbH), phosphoglucoisomerase (PGI, 0.2U, Roche GmbH)
and invertase (INV, 10U, Roche GmbH) were added to each well successively after a stable
absorptance was reached.

Sucrose
INV INV
Fructose Glucose
HXK HXK
PGI v

F6P > G6P

NADP+
G6PDH
NADPH
6-phosphogluconic acid

Fig 2.1 Determination of glucose, fructose and sucrose by enzymatic NADP" reduction. (F6P-
fructose-6-phosphate, G6P — glucose-6-phosphate, G6PDH — glucose-6-phosphate dehydrogenase,
HXK - hexokinase, PGI — phosphoglucose isomerase, INV — invertase, NADP" — oxidised
nicotinamide adenine dinucleotide phosphate, NADPH — reduced nicotinamide adenine dinucleotide
phosphate).

2.6.3. Starch.

The pellets from ethanolic extraction (above) were re-suspended in 400 uL. 0.1M NaOH and heated at
95°C for 30 minutes. The samples were neutralised with 65uL neutralisation solution containing 0.5M
HCI and 0.1M acetate buffered to pH 4.9 with NaOH. 40uL aliquots of the neutralised suspension
were transferred to 96-well plates and mixed with 60uL starch degradation mix containing S0mM
acetate/NaOH buffer pH 4.9 and a-amyloglucosidase (6U, Roche GmbH) and a-amylase (0.5U, Roche
GmbH) and incubated at 37°C for 16 hours. Plates were centrifuged at 1200g for 5 minutes. Aliquots
of 50uL were taken for glucose determination using hexokinase as described above.
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a-amyloglucosidase

a-amylase Hexokinase G6PDH
Starch 7-.—> Glucose r » G6P » 6-phosphogluconic acid
H,0 ATP @

NADP* NADPH

Fig 2.2 Enzymatic determination of starch.

2.6.4. Visualisation of guard cell starch.

Epidermal peels were prepared from the abaxial side of mature leaves by making a small incision in
the adaxial side, attaching tape to the leaf and peeling off the epidermis. Epidermis was quenched in
80% ethanol (v/v) and heated briefly to 80°C. Epidermal pieces were washed with 50% ethanol (v/v)
and then re-suspended in water. To visualise, the epidermal pieces were placed in Lugol iodine
solution for 2 minutes and placed on a microscope slide under a cover slip (in Lugol solution). Strips
were photographed at 100X magnification.

2.6.5. Trehalose-6-phosphate.

Aliquots of ground tissue powder (18-20mg) were transferred to pre-cooled 2mL Safe-lock
microcentrifuge tubes. Frozen samples were quenched with 350uL ice-cold chloroform/methanol
mixture (3:7, v/v) and incubated at -20°C for 2 hours. Samples were mixed with 300uL ice-cold de-
ionised water and shaken vigorously. Samples were centrifuged at 14000 rpm for 5 min at 4°C. The
upper aqueous phase was removed and retained at 4°C. The chloroform phase was re-extracted with
300uL ice-cold water and the aqueous phase added to the first. The aqueous extract was evaporated to
dryness in a centrifugal vacuum lyophiliser. The dry pellets were re-suspended in 350uL de-ionised
water. High-molecular weight compounds were removed from the extracts by centrifugation through
Multiscreen Ultracel-10 (Millipore).

Tre-6-P was determined in the extracts as described in Lunn et al., (2006). Tre6P was determined in
plant extracts as described in Lunn et al. (2006), using anion-exchange liquid chromatography (LC)
coupled to triple quadruple mass spectrometry (MS-Q3). Samples (100 ul) of the extract, spiked with
deuterated Tre6P as internal standard, were injected on to a 2x50 mm AG11-HC pre-column (Dionex,
Sunnyvale, CA, USA), before separation of anionic compounds on a 2x250 mm Ion Pac AS11-HC
column (Dionex) at 25°C, connected to a Dionex HPLC system. The column was equilibrated with a
mixture of 95% solution A [5% (v/v) methanol] and 5% solution B [100 mM NaOH in 5% (v/v)
methanol] for 15 min before each sample run. Solutions were gassed with helium. Anionic compounds
were eluted with a multi-step gradient as follows: 0-5 min, 5% B; 5- 25 min, 5-29% B; 25-26 min, 29-
100% B; 26-31 min, 100% B; 31-32 min, 5% B, at a flow rate of 0.2 ml-min-1. Peak detection in the
eluate from the Dionex system was made with suppressed conductivity (ASRS-Ultra, 2 mm, 50 mA,
external water mode), after which the eluate entered directly into a Finnigan TSQ Quantum triple
quadrupole mass spectrometer (Thermo Finnigan, Waltham, MA, USA). The MS-Q3 was operated in
multiple reactions monitoring mode, with an electrospray ionization source in negative ionization
mode, and centroid data acquisition. Nitrogen was used as a sheath and auxiliary gas, and the second
quadrupole (Q2) collision gas (argon) was set to 1.1 mTorr. The capillary voltage ranged from -1 to -
56 V, the capillary temperature was 320 °C and the scan time was 0.2 ms. The Q1 and Q3 peak widths
were 0.5 and 0.7 m/z, respectively. Tre-6-P was selected using a parent ion of 421.1 m/z in the first
quadrupole, a collision energy of 46 ¢V, and a product ion of 79 m/z (metaphosphate PO;") in the third
quadrupole. Metabolites were quantified by comparison of the integrated MS-Q3 signal peak area with
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a calibration curve obtained using authentic standards. The concentration of Tre6P in the standard
stock solution was determined enzymatically using phosphotrehalase as described in Lunn et al.
(2006). The internal standard, deuterated Tre-6-P, was used to correct for matrix and ion suppression
effects in the LC-MS/MS analysis. Other metabolites, including - organic acids and hexose
phosphates, were determined in parallel with Tre-6-P by LC-MS/MS, but in most cases their
quantification has not yet been validated by corresponding internal standards, therefore the values
obtained for these other metabolites must be regarded as estimates.

2.6.6. Dry matter carbon isotope analysis.

Plants were grown in a greenhouse away from artificial CO, sources and harvested after 35 days.
Mature leaves were taken and dried in an oven at 70°C in paper bags. Samples were ground to a fine
powder using mortar and pestle. Samples were sent to Cornell University Isotope Laboratory for
measurements '°C and "°C abundance using isotope-ratio mass spectrometry (IR-MS).

2.7. Gene expression analysis.

2.7.1. RNA Extraction.

Total RNA was extracted from ground tissue powder using 1mL TriZol reagent (Invitrogen). RNA
was precipitated with isopropanol and the pellet was washed with 70% ethanol. The pellet was
resuspended in 50uL distilled water and re-precipitated with 3M sodium acetate and 100% ethanol.
After re-suspension in 30ulL distilled water, RNA concentration was determined
spectrophotometrically by measuring absorbance at 260nm wusing NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies). RNA was stored at -80°C in all cases 0.5ug RNA was
separated on a 1% agarose non-denaturing gel to assess RNA integrity.

2.7.2. cDNA Synthesis.

RNA concentration was adjusted to 100 ug/mL by dilution. RNA was treated for 30mins using the
Turbo DNA-free Kit (Ambion) to remove residual genomic DNA. First strand cDNA was synthesised
from 0.5ug DNA’se treated total RNA with SuperScript III (Invitrogen) reverse transcriptase using a
mixture of random hexamer and oligo-dT primers.

2.7.3. RT-PCR.

cDNA was diluted 1:12.5 with distilled water. SulL of template cDNA was used in 20 uL. PCR
reactions containing 2.5mM Mg*" and 0.1uL HotStar Taq polymerase (Qiagen). Gene-specific primer-
pairs were designed using Primer3 software to achieve primer melting temperatures of 60+2°C and a
length of 20-24bp. Primers were present at 500nM per reaction. Reactions were started with 15min at
95°C to activate the hot-start Taq polymerase. Primer annealing was 58°C for 10 seconds. PCR
products were separated on 1.5% agarose gels in TAE buffer at 60V. Gels were imaged using GelRed
fluorescence.
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2.7.4. qRT-PCR.
Table. 2.3 lists al primer sequences used for gene expression analysis using RT-PCR and qRT-PCR.

Gene Forward primer 5' - 3' Reverse primer 5' - 3'

OtsA CGGGATGAACCTGGTAGCAAA CTCCCGCAAATTGCGAAAG

OtsB TGCATTATCGTCAGGCTCC TCTCGACAACACACTTTCCCT
ABF4 AACAACTTAGGAGGTGGTGGTC CTTCAGGAGTTCATCCATGTTC
Rab18 CAGCAGCAGTATGACGAGTA CAGTTCCAAAGCCTTCAGTC

ABII AGAGTGTGCCTTTGTATGGTTTTA CATCCTCTCTCTACAATAGTTCGCT
ABI2 GATGGAAGATTCTGTCTCAACGATT  GTTTCTCCTTCACTATCTCCTCCG
ABI4 GGGCAGGAACAAGGAGGAAGTG ACGGCGGTGGATGAGTTATTGAT
ABIS CAATAAGAGAGGGATAGCGAACGAG CGTCCATTGCTGTCTCCTCCA
OSTI ACGATAACACGATGAC TCCTGTGAGGTAATGG

Actin GGTAACATTGTGCTCAGTGGTGG AACGACCTTAATCTTCATGCTGC

Table 2.3. List of primer sequences used for RT-PCR and qRT-PCR.

Real-time quantitative reverse-transcriptase PCR was performed on a ABIPRISM® 7900 HT
Sequence Detection System (Applied Biosystems, USA), using SYBR® Green fluorescence to
monitor double-stranded product synthesis. Each reaction contained 2.5ul 2x Power SYBR Green
PCR Master Mix (Applied Biosystems), Sng cDNA and 50 nM of each primer in a reaction volume of
SuL. Reactions were dispensed into optical 384-well plates using a Janus pipetting robot (Perkin-
Elmer, Zaventem, Belgium). Fluorescence traces were analysed using SDS v2.2.1 software (Applied
Biosystems). The cycle threshold (C,) is the value at which the fluorescence signal in a reaction rises
above the background. The background threshold was automatically determined in SDS software
using log-slope optimisation (the minimum intensity where there was a linear increase in log-
transformed fluorescence intensity in PCR reactions). C; values were the cycle numbers where the
fluorescence crossed the threshold. C; data were analysed using the Relative Expression Software
Tool-384 (Pfaffl et al., 2002). In this method gene expression ratios relative to control samples,
normalised relative to the expression of a reference gene (Actin) are derived using the formula:

E ( thontrol _Ctsample )

R= gene
E (thontrol _Ctsample )
Actin

where R is the expression ratio of the gene of interest between treatment and control samples, E is the
primer efficiency, gene — gene of interest-specific primers. Actin-specific primers (Actinl0) were used
as a reference gene for normalisation. Primer efficiencies were not determined and were assumed to be
1.8 for all calculations. Standard errors were derived using Taylor series with statistical analysis using
Pairwise Fixed Reallocation Randomisation Test, a non-parametric probability model relying on
random re-sampling and re-allocation to derive p-values.

2.8. Isolation of transgenic plants.

2.8.1. Cloning of constructs.

The MYB60 promoter was obtained in a plasmid vector from Prof. Massimo Galbiati. The MYB60
promoter was excised from the plasmid at flanking HindIIl and BamHI restriction endonuclease sites,
generating a 1291 base-pair fragment. The promoter fragment was ligated into a modified pGreen
Gateway ™ destination vector obtained from Dr Vanessa Wahl. The transgenes OtsA4, encoding E.coli
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trehalose-6-phosphate synthase (7PS), OtsB, encoding E.coli trehalose phosphatase (7PP) and nptl]
encoding E. coli B-glucoronidase (Gus reporter) were recombined into AttR sites downstream of the
MYBG60 promoter in the pGreen vector using Gateway' " LR Clonase (Invitrogen) from pJLBlue entry
vectors obtained from Dr. Vanessa Wahl. Positive recombinants were selected in Gateway-
incompatible E. coli DH5a cells on spectinomycin medium. The presence of the trans-genes in the
recombinant plasmids was confirmed by the observation of gene-specific restriction fragment patterns.
The recombinant pGreen vectors were electroporated into competent Agrobacterium tumefaciens
strain GV3101 in the presence of pSOUP helper plasmid. The cells were selected on YEB medium
containing spectinomycin, gentamycin and rifampicin. Presence of recombinant plasmids in colonies
was confirmed by PCR. In this approach one primer was designed within the gene of interest and a
second primer within the promoter. A product could only be produced when the right promoter-gene
fusion was present.

2.8.2. Plant transformation.

The recombinant Agrobacterium strains were inoculated from a pre-culture grown for 48 hours into
400mL YEB medium with spectinomycin (100mg/L), gentamycin (25mg/L) and rifampicin (50mg/L)
and grown overnight. Cultures were centrifuged at 4000rpm in a Beckman centrifuge for 30 minutes.
Cells were re-suspended in inflitration medium containing 5% sucrose (w/v), 0.22% MS Salts (Sigma
Aldrich, w/v), 0.005% MES (w/v) and 10uL benzylaminopurine in DMSO per litre of medium.
Arabidopsis thaliana wild type Col-0 was transformed by floral dip transformation.

2.8.3. Screening of transformants.

The seeds from transformed plants were germinated on soil and screened by spraying with BASTA
solution five times every two days. Large numbers of PPT-resistant transformants were obtained and
20 were kept from each of the OtsA, OtsB and Gus constructs. Lines were screened by segregation of
progeny for the selectable marker on Murashige and Skoog (MS) agar plates containing
phosphinothricin (25mg/L). The plants were selected on the basis of Mendelian segregation of
progeny with a 3:1 ratio of resistant:susceptible plants. Lines with a single segregating locus were
retained to T, generation. The seeds of T, plants were screened for homozygosity (100% resistant
progeny). Three MYB60:OtsA and two MYB60:OtsB lines were brought to homozygosity.

2.8.4. Histochemical Gus staining.

Tissues (leaves) were immersed in staining solution, which contained the following ingredients: 0.1 M
Na;PO, pH 7.0, 10 mM EDTA, 0.1% Triton X-100 (v/v), 1 mM K;Fe(CN)s, 2 mM 5-bromo-4-chloro-
3-indolyl glucuronide (X-Gluc). Tissues were infiltrated under low vacuum (100 kPa) for 1 hour and
transferred to an incubation room at 37°C. Staining was stopped and leaves were cleared of
chlorophyll using successive washes in 50% ethanol (v/v).

2.9. Western Blotting.

Protein expression was detected in transgenic lines using immunoblotting. Protein was extracted from
aliquots (20mg) of ground tissue powder by mixing with 400uL sample buffer (65mM Tris-HCI, 10%
glycerol (v/v), 2% SDS, 0.01% bromophenol blue (w/v) and 5% B-mercaptoethanol (v/v)). Samples
were heated at 95°C for 5 minutes, centrifuged at 14000rpm for 1 minute and kept on ice.
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10% polyacrylamide gels were prepared as follows: 4.1 ml H,O, 2.5ml 1.5 M Tris-HCI pH 8.8, 3.3 ml
30% Rotiphorese30 (Carl-Roth GmbH, Karlsruhe), 0.1ml 10% SDS in water (w/v), 50ul 10%
ammonium persulphate in water (w/v, Sigma Aldrich), 5 pl N,N,N’,N’-tetramethylethylenediamine
(TEMED, Carl-Roth). Gels were cast to Imm thickness between glass plates in a BioRad SDS-PAGE
electrophoresis module (Bio-Rad, Hercules, CA, USA). A stacking gel (4% acrylamide) was prepared
as follows: 6.1ml H,0, 2.5 ml 0.5M Tris-HCI pH 6.8, 1.3 ml Rotiphorese30 (Carl-Roth), 0.1ml 10%
SDS in water (w/v), 50ul 10 % ammonium persulphate in water (w/v), 10 upl TEMED. The stacking
gel was cast on top of the gel and a well-comb inserted.

10uL was loaded onto the polyacrylamide gels and separated at 200V for 45 minutes. The gels were
transferred onto PVDF membranes by electro-blotting at 100V for 1h in 25mM Tris 192mM glycine
with 20% methanol (v/v). Membranes were blocked for 1h in blocking buffer (25mM Tris pH 7.5,
150mM NacCl, 0.2% Tween-20 (v/v, Sigma-Aldrich), 0.2% fat-free milk powder (w/v)). Membranes
were incubated for 1h with primary antibody (against OtsA or OtsB) diluted 1:40000 in blocking
buffer. Membranes were washed four times for 20 minutes with blocking buffer. Membranes were
incubated with secondary antibody (goat anit-rabbit alkaline-phosphatase IgG, Promega) diluted
1:5000. Membranes were washed 5 times for 20 minutes with blocking buffer. Membranes were
developed with alkaline-phosphatase buffer (100mM Tris-HCL, pH 9.8, 4mM MgCl,) containing
130uM nitroblue tetrazolium (Sigma Aldrich) and 160uM bromochloroindolyl phosphate (Sigma
Aldrich).

2.10. Statistical analysis.

2.10.1. Analysis of Variance.

Analysis of variance was performed in SigmaPlot for Windows version 11.0 (Systat Software Inc).
Adjusted means (LS Means) were derived from the ANOVA output in Sigma Plot.

2.10.2. Multiple comparisons.

Differences between ANOVA groups were tested using the sequentially rejective Holm-Sidak
procedure in Sigma Plot. This method controls for Type I error in multiple comparisons. Type I error
is the conditional probability of finding a significant difference when none exists, and is therefore the
probability of finding a false positive result by chance (0.05 in most tests with 5% significance
threshold). Type I errors add up in multiple tests and increase the probability of false positive results.
The test is based on the Holm-Bonferroni test (Holm, 1979). It begins by computing p-values using
pairwise T-tests and then adjusts the significance threshold a sequentially according to the number of
tests n using the formula a/n. It also adjusts the p-value according to the Sidak correction for p-values
using the formula 1-(1-unadjusted p-value)" (Sidak, 1967). The test is thus more conservative than the
Student’s T-test and is less likely to find spurious differences.

2.10.3. Linear regression.

Ordinary least squares linear and multiple linear regression was performed using the Im() function in
R version 2.13.0 (The R Foundation for Statistical Computing) and using the LINEST function in
Excel 2003 (Microsoft Corporation).
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2.10.4. Testing regressions.

Regression fits (r*) were tested for statistical significance by computing the F variance-ratio between
the mean square of the regression and the error mean square. The F statistic was tested on F
distributions using the FDIST function in Excel 2003 with degrees of freedom n-df-1 and df, where df
is the degrees of freedom of the regression and n is the number of samples. Regression coefficients
were tested for significanct differences from 0 by computing the t variance-ratio between the
coefficient estimate and the coefficient standard error. The t-statistic was tested for significance on a
T-distribution using the TDIST function in Excel 2003 with the degrees of freedom of the regression.

2.10.5. Testing differences between slopes.

Differences between regression slope coefficients were tested by computing the difference between
the coefficients, adding the standard errors of the coefficients using the formula (SE,*+SE,*)"* and
computing the t-statistic as the ratio of the difference in slopes to the summed standard error. The t-
statistic was tested on a t-distribution using TDIST in Excel 2003 with degrees of freedom df;+df;,
where df] is the degrees of freedom of regression 1 and df; the degrees of freedom of regression 2.

2.10.6. Robust regression.

Least squares regression is prone to being influenced by irregular data, e.g. by outliers. Robust
regression was performed to control for this. Robust regression using fitting criteria based on M-
estimation (Huber, 1964) was conducted using the rlm() function in the MASS package in R
(Venables and Ripley, 2002).

2.10.7. Cross validation.

Regression models were tested for their performance on an independent dataset using 5-fold cross
validation, performed using the cv.Im() function in the DAAG package in R (John Maindonald,
Australian National University).

2.10.8. Re-sampling statistics.

Regression coefficients were validated by non-parametric bootstrap re-sampling (1000 times) using
the boot() function in the boot package in R. 95% confidence intervals were derived using boot.ci().

2.10.9. Relative importance.

The variance in a dependent variable explained by predictor variables was assessed using five
methods. Marginal effects were computed as correlation coefficients (r*) of bivariate associations. The
“Importance” metric was from (Rees et al., 2010). It is a variance decomposition method which
partitions the variance in a variable into variance and covariance components of component variables
according to the formula: var(a) = var(b) + var(c) + 2cov(bc) and taking the absolute values of all
covariances The method was extended to five component variables by computing covariance matrices.
The importance of a variable was the sum of its variance and its covariances with all other variables,
divided by the sum of absolute values of all variances and covariances. n° (Eta-square) is the ANOVA
effect size. It was computed from multiple linear regression fits by obtaining the sums of squares of
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each regression coefficient and of the error variance using the anova() function on linear regression
fits in R. n° was each predictor’s explained percentage of the total sum of squares. The Img statistic
was computed using the calc.relimp() function in the relaimpo package in R (Gromping, 2006). It is an
application of the hierarchical partitioning technique (Chevan and Sutherland, 1991). It computes the
average n° for all possible permutations of sequential parameter ordering in multiple regression
models. Log-log scaling slope analysis was performed on log-transformed data in Excel 2003. The
slopes of regressions between a log-transformed variable and its log-transformed components are the
variances explained by each component (Renton and Poorter, 2011).

2.10.10. Principal Components Analysis.

Datasets were standardised for principal components analysis by subtracting the grand mean of a trait
from each sample and dividing it by the standard deviation. Principal component analysis was
performed on the correlation matrix using the prcomp() function in R. Rescaled coefficients were
obtained using loadings(). Principal component scores of each sample were obtained using scores().
Biplots were generated using biplot().

2.10.11. Exploratory factor analysis.

Principal components were rotated by Varimax rotation (Kaiser, 1958) using principal() in the psych
package in R.

2.10.12. Similarity and hierarchical clustering.

Multivariate Euclidean distance matrices were calculated from standardised data using the dist()
function in R. Hierarchical clustering was performed on Euclidean distance matrices using the Ward
criterion with bootstrap re-sampling (1000 times) using the pvclust() function in the pvclust package in
R.
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Chapter 3. Transgenic modulation of trehalose-6-phosphate levels and its
effect on leaf development and function

3.1. Introduction.

Trehalose is a neutral sugar which is involved in the remarkable ability of some species to survive
severe desiccation and functions by stabilising membranes, preventing protein denaturation and as a
compatible solute (Ingram and Bartels, 1996; Wingler, 2002). Trehalose is synthesised in two steps
(Fig 3.1), first trehalose-6-phosphate (Tre-6-P) is synthesised from glucose-6-phosphate and UDP-
glucose by the enzyme trehalose 6-phosphate synthase (TPS), which is then broken down to trehalose
by trehalose phosphatase (TPP). Trehalose itself can be broken down to glucose by trehalase. The
levels of trehalose normally found in higher plants are very low and often undetectable (Goddijn et al.,
1997; Almeida et al., 2007; Miranda et al., 2007) and not consistent with a role as a compatible solute,
although it may participate in osmotic adjustment as part of a combination of substances with
compatible-solute properties (Kaplan et al., 2004).

TPS TPP

Glc6P 7T> Treb6P 7Y trehalose

UDPG  UDP H,0 P,

trehalase

glucose

Fig 3.1 Trehalose biosynthesis pathway in plants.

Plants contain a multitude of genes encoding TPS and TPP enzymes (Lunn, 2007). Arabidopsis has
been found to contain 11 TPS and /0 TPP genes. The 11 TPS genes have been sub-divided into two
phylogenetic classes (Leyman et al., 2001), one of which may be specific to Brassicacea only (Lunn,
2007). Only one of the TPS proteins (TPS1) encoded by Arabidopsis has been shown to have catalytic
activity (Blazquez et al., 1998; Vandesteene et al., 2010). The remaining TPS genes lack catalytic
activity and show extensive expression regulation and tissue specificity (Ramon et al., 2009).
Interestingly, plant TPS enzymes possess N-terminal domains with high sequence similarity to TPP
which have no known catalytic activity (Vogel et al., 2001) and also exhibit high sequence relatedness
to sucrose phosphatase (Lunn et al., 2000). The function of the non-catalytic TPS proteins as well as
the TPP-like domains that they possess is unclear, however they have been proposed to have
regulatory functions and may be involved in Tre-6-P binding (Lunn, 2007). At least some Arabidopsis
TPP iso-forms have been shown to have catalytic activity (Vogel et al., 1998) and conservation of
active site residues suggests that all the TPP enzymes may be active (Lunn, 2007).

Trehalose-6-phosphate is a metabolic regulator in yeast, where it regulates the entry of carbon into
glycolysis by inhibiting hexokinase (Blazquez et al., 1993). Hexokinase is also involved in sugar
sensing in plants (Moore et al., 2003). However, in contrast to yeast, plant hexokinases are not
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inhibited by Tre-6-P (Gonzali et al., 2002), however there is evidence that Tre-6-P modulation in
plants has effects on sugar utilisation and glycolytic activity analogous to those in yeast (Schluepmann
et al., 2003). Much broader metabolic control by Tre-6-P has been suggested (Paul, 2007) due to its
demonstrated role in regulating the Snfl-related protein kinase 1 (SNRK1), a central transcriptional
regulator of multiple metabolic pathways (Zhang et al., 2009). It was subsequently shown that plants
with high Tre-6-P show extensive coordinated up-regulation of anabolic pathways and downregulation
of catabolic ones which is consistent with an effect of Tre-6-P on SNRK 1 (Paul et al., 2010).

The tissue localisation pattern of the only active TPS enzyme in Arabidopsis (TPS1) suggests that the
capacity to produce Tre-6-P may not be present throughout the plant (Bae et al., 2009; Vandesteene et
al., 2010). The expression patterns of most TPS genes exhibit strong specificity to shoot and root
apical regions, with localisation to the shoot apical meristem or developing leaf primordia as well as
the meristematic zones of roots, suggesting functions in the regulation of meristem growth and
morphogenesis (Ramon et al., 2009; Vandesteene et al., 2010). Similar patterns of expression have
been found for TPP genes (Lopez, 2010).The expression patterns of many of the genes are consistent
with a possible role in responses to abiotic stress (lordachescu and Imai, 2008; Li et al., 2008) and
trehalose accumulation is also triggered by stress (Fernandez et al., 2010), for example under drought
stress in wheat (El-Bashiti et al., 2005). Many of the genes are strongly sugar-responsive, in fact the
genes encoding 7PS7 and TPSY9 show some of the strongest expression responses to sugar of all
Arabidopsis genes (Blasing et al., 2005).

Tre-6-P has been shown to regulate starch synthesis during the day through effects on both the
expression and the redox regulation of chloroplast AGPase (Kolbe et al., 2005; Lunn et al., 2006). In
particular, it was shown to stimulate the redox-activation of AGPase in isolated chloroplasts and also
correlates with AGPase activation in intact seedlings. It has thus been suggested that it may function in
a negative feedback loop regulating the metabolism of starch according to downstream sucrose
demand (Stitt et al., 2007). Further evidence suggests that it may also regulate starch degradation at
night in accordance with sucrose demand downstream (Martins, 2011).

Levels of Tre-6-P correlate strongly and specifically with the sugar status of plants (Lunn et al., 2006)
and there is further evidence that trehalose-6-phosphate is a specific signal of the availability of
sucrose in the cell (Yadav, 2010). According to this hypothesis, plants with artificially-perturbed Tre-
6-P levels may thus experience a false sugar signal, which is inappropriate to their actual sugar status.
Plants with increased Tre-6-P levels show increased growth on high sugar media and this has been
interpreted as an increased ability to utilise sugars, while plants with low Tre-6-P grew slower
(Schluepmann et al., 2003; Paul et al., 2010). The situation is reversed when the plants are grown on
soil — plants with high Tre-6-P grow very slowly while plants with low Tre-6-P grow faster
(Schluepmann et al., 2003). The results suggest that Tre-6-P may coordinate carbon supply and plant
growth.

As mentioned above, another proposed role of Tre-6-P is as a developmental regulator. Knockout of
the TPSI gene in Arabidopsis results in embryo arrest at the torpedo stage (Eastmond et al., 2002;
Gomez et al.,, 2005). The developmental arrest can be overcome by dexamethasone-inducible
expression of 7PS1, making it possible to obtain homozygous seeds. The resulting plants show stunted
growth and vegetative development and fail to flower unless 7PS/ is induced (van Dijken et al.,
2004). In maize, the ramosa3 mutation has been shown to be in an active TPP gene and to be involved
in the regulation of inflorescence branching (Satoh-Nagasawa et al., 2006). In Arabidopsis
overexpression of TPS and TPP enzymes also has effects on flowering time and inflorescence
architecture (Schluepmann et al., 2003).
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There have also been implications for regulation of leaf development. Early attempts to perturb
trehalose levels in plants for biotechnological purposes often yielded “undesirable” and “pleiotropic”
developmental effects on plant and leaf development (Romero et al., 1997; Pilon-Smits et al., 1998;
Cortina and Culiafiez-Macia, 2005). Plants with artificially-elevated Tre-6-P levels in various species
produce small leaves with alterations in leaf shape while plants with low Tre-6-P have been shown to
have larger leaves (Schluepmann et al., 2003; Pellny et al., 2004). A mutation affecting pavement cell
shape in Arabidopsis leaves has been mapped to the TPS6 gene, which encodes a catalytically-inactive
TPS (Chary et al.,, 2008). Over expressing TPS and TPP in tobacco also led to altered leaf
photosynthetic rates, which led to suggestions that Tre-6-P may also regulate leaf function (Paul et al.,
2001; Pellny et al., 2004). In spite of many reports of altered leaf morphology in plants with altered
Tre-6-P levels (Romero et al., 1997; Schluepmann et al., 2003), the descriptions have been scant and
often limited only to pictures. There is yet no information about the cellular and morphological
changes underlying the developmental and growth phenotypes of plants with altered Tre-6-P levels
and thus little understanding of what drives them.

Previous reports indicate that plants with increased Tre-6-P levels exhibit stunted growth on soil but
grow faster than the wild type on sugar-containing media. Based on the hypothesis that Tre-6-P is a
signal of sugar status, such plants are proposed to experience a continuous high-sugar signal,
regardless of their actual sugar status. The observation of increased growth on high sugar suggests that
the effects of the perturbed Tre-6-P signal may be alleviated in conditions which are more appropriate
to the endogenous Tre-6-P signal they experience. On the other hand, the phenotype may become
more severe when the actual sugar status is very different from the Tre-6-P signal the plants
experience. Variation in the length of the day is a manipulation which affects the amount of carbon
plants are able to fix during the diurnal cycle and thus directly affects the availability of carbon (Gibon
et al., 2004). Varying the length of the day allows the above hypothesis to be tested.

As pointed out in the introductory chapter, sugar levels have also been implicated as developmental
signals regulating the morphogenesis of leaves in response to the light environment. As Tre-6-P is a
proposed sugar signalling metabolite and is implicated in the regulation of leaf development, it is an
attractive candidate for this possible link between sugar and developmental light acclimation. Analysis
of leaf morphology in plants with perturbed Tre-6-P levels should reveal whether Tre-6-P is involved.

3.1.1. Aims of the chapter.

In this chapter, it will be attempted to obtain a deeper understanding of these phenotypes by examining
the leaf morphology in plants with constitutively altered Tre-6-P levels in more detail. The processes
behind the growth, developmental and metabolic alterations in these lines will also be investigated by
using a series of daylength conditions to induce variation in metabolic and developmental traits.
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3.2. Results.

3.2.1. Isolation and characterisation of lines.

Arabidopsis thaliana wild type Col-0 and the starchless pgm mutant were transformed by floral
dipping with Agrobacterium tumefaciens carrying a pGreen binary vector containing bacterial OtsA or
OtsB genes downstream of the constitutive 35S promoter and a bar selectable marker conferring
resistance to phosphinothricin (PPT). Ots4 encodes a TPS enzyme cloned from E. coli and is expected
to have high Tre-6-P levels. OtsB encodes a TPP enzyme cloned from E. coli and is expected to have
lower Tre-6-P levels. Ty seed was screened by germination on soil and spraying with a BASTA
solution. Resistant T;-transformants were screened by western blotting of OtsA and OtsB proteins in
leaves. Lines found to express the foreign proteins were retained for seed production. The progeny
(T,) of the expressing lines was screened by segregation for PPT resistance on sterile MS-agar plates
containing 2% sucrose and 25 mg/L phosphinothricin (PPT). Lines exhibiting Mendelian segregation
consistent with the presence of one or two transgenic loci (3:1 and 15:1 of resistant:susceptible plants
respectively) were retained for seed production. The progeny (70-120 seedlings) were screened for
PPT resistance in a similar way. T, lines whose progeny were 100% PPT-resistant were judged to be
homozygous for the transgenic locus. Lines with two-locus segregation were screened several times to
confirm no susceptible progeny.

No 35S:0tsA lines in the wild type background could be established by direct transformation of wild-
type Col-0 due to poor seed yields and viability of primary transformants. The problem was overcome
by back-crossing a pgm 35S:0tsA line (line #4) to the wild type and isolating the homozygous
expressor by screening for PPT resistance. The presence of starch was then confirmed by iodine
staining (not shown), demonstrating the loss of the null pgm allele.

Fig. 3.1 shows the visual phenotype of the 35S over-expressing lines in the wild type and the
starchless pgm backgrounds, grown in 16-hour days for 35 days. The 35S:0tsA line in the wild type
background was isolated subsequently and is shown separately with a wild type plant (Fig. 3.1b),
grown in the same conditions as the remaining lines. The phenotypes were essentially the same as
those published previously by Schluepmann et al. (2003). 35S:0tsA plants were severely stunted and
flowered early. 35S:TPP plants were larger than wild type and flowered late. Expression in the pgm
background gave similar phenotypes as those seen in the wild type background.
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Fig 3.1. Effect of constitutive modulation of trehalose-6-phosphate levels on plant growth and
development.

Phenotypes of plants over-expressing trehalose-metabolism genes under the 35S promoter grown in
16-hour days at a irradiance of 160 uE m™ s and a constant temperature of 20°C. In b) the phenotype
of the pgm 35S:0tsA line back-crossed into wild type is shown in plants grown separately in identical
conditions to the plants in a).

OtsA or OtsB protein expression in the 100%-resistant lines was re-confirmed by western blotting
(Fig. 3.2)

anti-OtsA anti-OtsB
pgm pgm pgm  pgm
pgm  OtsA4  OtsA5 Col 35S:0tsB pgm (OtsB5 OtsB6
54kDa 37kDa —_— I ——

Fig. 3.2 Western blotting of bacterial OtsA and OtsB proteins in transgenic Arabidopsis thaliana
wild type Col-0 and starchless pgm mutant expressing these proteins under the control of the
constitutive 35S promoter.

Tre-6-P levels were measured in the lines using anion-exchange chromatography and mass-
spectrometric detection. Fig. 3.3 shows the content of Tre-6-P in the lines grown in parallel in 16-hour
days, sampled at the end of the day after 21 days of growth. Tre-6-P levels in the wild type were 0.294
nmol g' FW. The pgm mutant had double the Tre-6-P levels of the wild type, with 0.585 nmol g' FW,
however this was not significantly higher than wild type (P=0.126, Holm-Sidak Test).
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35S:0tsA plants in the pgm background had highly elevated levels of Tre-6-P. The level of Tre-6-P
was somewhat dependent on the number of transgenic loci in the genome. Line #4 (one transgenic
locus) had 78% higher Tre-6P levels than the pgm mutant (P=0.029) while line #5 (two transgenic
loci) had almost 4-fold higher levels of Tre-6-P than the pgm mutant control (P<0.001).

35S:0tsB plants in the wild type background did not have significantly altered levels of Tre-6-P
(P=0.834). In the pgm mutant background 35S:0tsB plants had slightly lower Tre-6-P levels than the
pgm control, however the differences were not significant. Line #5 (single transgenics locus) had 28%
lower levels (P=0.411) while in line #6 (single trangenic locus) it was reduced by 31% (P=0.329).
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Fig. 3.3. Trehalose-6-phosphate levels in transgenic lines expressing OtsA and OtsB proteins
driven by the constitutive 35S promoter in wild type Col-0 and starchless pgm background.
Levels of trehalose-6-phosphate in rosettes of transgenic Arabidopsis thaliana wild type Col-0 and
starchless pgm mutant expressing bacterial OtsA and OtsB proteins under the control of the
constitutive 35S promoter, grown in 16-hour days at a irradiance of 160 uE m™ s and a constant
temperature of 20°C and sampled at the end of the day. N=5. Bars are standard deviations. Significant
differences (t-test with Holm-Sidak correction) from the relevant control are shown as * P <0.05, ** P
<0.01, *** P <0.001.

3.2.2. Leaf morphology.

In order to examine the growth phenotypes of the 35S over-expressing lines in more detail, an
investigation of cellular and leaf morphological properties was undertaken in the 35S lines in the wild
type and the starchless pgm background grown in 16-hour days. The 35S:OtsA line in the wild type
background was not available at the time and was grown in a separate experiment at a later date and in
identical conditions. It is presented separately, with its own wild type control, which was grown in
parallel. Leaf 6 was chosen as a representative leaf and was sampled when the plants were 35 days old,
at which stage leaf 6 was mature and assumed to be fully expanded. Data of both datasets were
analysed using analysis of variance with multiple comparisons using the Holm-Sidak step-down
method. Comparisons are presented relative to the relevant background.
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The changes in rosette size were reflected in the size of individual leaves (Fig. 3.4). 35S:OtsA plants
had much smaller leaves in both backgrounds. In the wild type background the 35S:0tsB plants had
larger leaves in the wild type background (P=0.016) but when expressed in the pgm mutant
background, the 35S:0tsB plants had smaller leaves than the pgm mutant (P=0.003).
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Fig 3.4 Effects of constitutive modulation of trehalose-6-phosphate levels on the area of leaf 6.
Leaf 6 area in transgenic Arabidopsis thaliana wild type Col-0 and starchless pgm mutant expressing
bacterial OtsA and OtsB proteins under the control of the constitutive 35S promoter, grown in 16-hour
days at a irradiance of 160 uE m™ s™ and a constant temperature of 20°C and sampled after 35 days of
growth. In b) the phenotype of the pgm 35S:0tsA line back-crossed into wild type is shown, in plants
grown separately in identical conditions to the plants in a). Bars are standard deviations. Significant
differences (t-test with Holm-Sidak correction) from the relevant control are shown as * P <0.05, ** P
<0.01, *** P <0.001. N=5 leaves.

A comprehensive morphological analysis was carried out to investigate cellular changes underlying
the alterations in leaf size in the lines. The growth of a leaf is determined by the combined action of
cell division and cell expansion. Thus the number and the sizes of cells in a mature, fully expanded
leaf are indicators of the relative contribution of these two factors to leaf growth, integrated over the
whole duration of leaf expansion.

The density of cells in the leaf (cells per leaf area, inversely proportional to cell size) exhibited
coordinated changes in the over-expression lines depending on the gene being over expressed (Fig.
3.5). 35S:0tsB plants had significantly fewer cells per unit area, and therefore larger cells, compared
to the wild type. The density of adaxial epidermal cells was reduced by 35% relative to wild type
(P=0.002), with an almost identical reduction in the palisade mesophyll cells (P<0.001). 35S:0tsA
plants in the wild type background had almost double the cell density of the wild type, and therefore
much smaller cells. The differences were highly significant for both adaxial epidermis and palisade
mesophyll (P<0.001). In the starchless pgm background the phenotypes were less severe. The
35S:0tsA (pgm) plants had 36% more epidermal cells per area relative to the pgm mutant (P=0.006),
however mesophyll cells were not significantly different. The 35S:0tsB (pgm) plants did not differ
significantly from the pgm mutant in cell densities.
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Fig. 3.5 Effects of constitutive modulation of trehalose-6-phosphate levels on leaf cell densities.
Densities of cells (in cells per mm?®) of adaxial epidermis and palisade mesophyll cells in transgenic
Arabidopsis thaliana wild type Col-0 and starchless pgm mutant expressing bacterial OtsA and OtsB
proteins under the control of the constitutive 35S promoter, grown in 16-hour days at a irradiance of
160 uE m” s and a constant temperature of 20°C and sampled after 35 days of growth. In b) the
phenotype of the pgm 35S:0tsA line back-crossed into wild type is shown, in plants grown separately
in identical conditions to the plants in a). Bars are standard deviations. Significant differences (t-test
with Holm-Sidak correction) from the relevant control are shown as * P<0.05, ** P<(.01, ***
P<0.001. N=5 leaves.

Knowing the number of cells per unit area, the total number of cells in the leaf can be calculated by
multiplying by leaf area, assuming a constant density of cells throughout the leaf. Fig. 3.6 shows the
number of palisade mesophyll cells in the sixth leaf of the over-expressing lines. While the 35S:0tsB
plants had larger leaves than the Col-0 wild type, the number of cells per leaf was not significantly
altered (P=0.564). 35S:0tsA plants had 40% fewer cells in the leaf than the Col-0 wild type (P=0.001).
In the pgm background 35S:0tsA plants also had half the number of cells in leaf 6 than the pgm
mutant (P=0.008). The pgm 35S:0tsB plants had fewer cells in the leaf than the pgm mutant, however
this was not significant (P=0.112).

46



140
a) b)
120 4 §
E w004 | T .
5%
22 80 : i
3 :
[72)
€2 60 §
§ g *k%k -|— ﬁ:‘
g 40 - T b
20 §
0 T T T T T T T
N
P 6\%"’ &‘b(o o
L P

Fig. 3.6. Effects of constitutive modulation of trehalose-6-phosphate levels on cell number per
leaf.

Cell number per leaf in the sixth leaf of transgenic Arabidopsis thaliana wild type Col-0 and starchless
pgm mutant expressing bacterial OtsA and OtsB proteins under the control of the constitutive 35S
promoter, grown in 16-hour days at a irradiance of 160 uE m™ s™ and a constant temperature of 20°C
and sampled after 35 days of growth. In b) the phenotype of the pgm 35S:0tsA line back-crossed into
wild type is shown, in plants grown separately in identical conditions to the plants in a). Bars are
standard deviations. Significant differences (t-test with Holm-Sidak correction) from the relevant
control are shown as * P <0.05, ** P <0.01, *** P <0.001. N=5 leaves.

Segments of leaf 6 were fixed and embedded for histological analysis. Thin transverse sections were
cut on a microtome and observed under a light microscope. Leaf thickness and the number of cell
layers in the leaf were determined by drawing perpendicular transects across the leaf cross sections
along the abaxial/adaxial axis. Leaf thickness in the transgenic genotypes is presented in Fig. 3.7.
Genotypic differences in leaf thickness were driven chiefly by the pgm background rather than the
trans-genes. Leaves in the pgm mutant were 58% thicker than the Col-0 wild type (P=0.001). Leaf
thickness was not significantly different from control in 35S:0tsA and 35S:OtsB plants in both the
wild type and the pgm background.
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Fig. 3.7. Effects of constitutive modulation of trehalose-6-phosphate levels on leaf thickness.
Leaf thickness of the sixth leaf in Arabidopsis thaliana wild type Col-0 and starchless pgm mutant
expressing bacterial OtsA and OtsB proteins under the control of the constitutive 35S promoter, grown
in 16-hour days at a irradiance of 160 puE m™ s™ and a constant temperature of 20°C and sampled after
35 days of growth. In b) the phenotype of the pgm 35S:0OtsA line back-crossed into wild type is
shown, in plants grown separately in identical conditions to the plants in a). Bars are standard
deviations. Significant differences (t-test with Holm-Sidak correction) from the relevant control are
shown as * P < 0.05, ** P <0.01, *** P <(0.001. N=5 leaves.

The number of cell layers in the leaf, which includes all mesophyll cells and two layers of epidermal
cells, is presented in Fig. 3.8. Similar to the results of leaf thickness, the pgm background rather than
the expressed trans-genes, drove most of the variation in the number of cell layers, however there was
also an effect of OtsA over-expression. Leaves in the pgm mutant had an average of 6.24 layers,
compared to the wild type average of 5.3 (P=0.009). On average, 35S:OtsA in the wild type
background had approximately one extra layer of cells in the leaf (P=0.034). The 35S:0tsA plants in
the pgm background also had more cell layers than the pgm mutant control, however this was not
significant (P=0.054). The 35S:0tsB plants did not differ from controls in both the wild type
(P=0.395) and the pgm backgrounds (P=0.499).
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Fig. 3.8 Effects of constitutive modulation of trehalose-6-phosphate levels on the number of cell
layers in the leaf.

Number of cell layers in the leaf in Arabidopsis thaliana wild type Col-0 and starchless pgm mutant
expressing bacterial OtsA and OtsB proteins under the control of the constitutive 35S promoter, grown
in 16-hour days at a irradiance of 160 uE m™ s™ and a constant temperature of 20°C and sampled after
35 days of growth. In b) the phenotype of the pgm 35S:0tsA line back-crossed into wild type is
shown, in plants grown separately in identical conditions to the plants in a). Significant differences (t-
test with Holm-Sidak correction) from the relevant control are shown as * P < 0.05, ** P <0.01, *** P
<0.001. N=5 leaves.

Numbers of stomata were counted on both adaxial and abaxial sides of the leaf. The density of stomata
per unit leaf area is shown in Fig. 3.9. Stomata were present on both sides of leaves, with higher
numbers on the abaxial side. The 35S:0tsA plants in the wild type background had 80% more stomata
per unit leaf area on the adaxial side (P<0.001) and 64% more on the abaxial side (P<0.001) compared
to the wild type. The 35S:0tsB in the wild type background showed a contrasting phenotype, with half
the stomatal density of wild type on the adaxial side (P<0.001) and 34% lower density on the abaxial
side (P=0.003). Over-expression of OtsA and OtsB in the pgm mutant background produced similar
but weaker effects on stomatal densities, which were not significant.
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Fig. 3.9. Effects of constitutive modulation of trehalose-6-phosphate levels on stomatal densities.
Stomatal densities on the adaxial (black bars) and abaxial (grey bars) sides of the leaf in Arabidopsis
thaliana wild type Col-0 and starchless pgm mutant expressing bacterial OtsA and OtsB proteins
under the control of the constitutive 35S promoter, grown in 16-hour days at a irradiance of 160 uE m’
s and a constant temperature of 20°C and sampled after 35 days of growth. In b) the phenotype of
the pgm 35S:0tsA line back-crossed into wild type is shown, in plants grown separately in identical
conditions to the plants in a). Significant differences (t-test with Holm-Sidak correction) from the
relevant control are shown as * P <0.05, ** P <0.01, *** P <0.001. N=5 leaves.

While the density of stomata on an area basis varied between genotypes, this parameter does not
reflect the true number of stomata, which is determined by epidermal patterning processes. The
stomatal index is a parameter representing the proportion of all epidermal cells which are stomata. It is
thus a more appropriate indicator of actual stomatal numbers. Fig. 3.10 shows the stomatal index of
the transgenic lines. In contrast to the large variation in stomatal density, there was no significant
change in stomal index in any of the lines. The change in stomatal densities is thus caused not by an
increase in the number of cells differentiating into guard cells but rather due to the differential
expansion of leaf cells (Fig. 2.5), with stomata being pushed farther apart in 35S:0tsB lines with
larger epidermal cells and closer together in 35S:0tsA lines with smaller epidermal cells.
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Fig. 3.10 Effects of constitutive modulation of trehalose-6-phosphate levels on stomatal index.
Stomatal index on the adaxial (black bars) and abaxial (grey bars) sides of the leaf in Arabidopsis
thaliana wild type Col-0 and starchless pgm mutant expressing bacterial OtsA and OtsB proteins
under the control of the constitutive 35S promoter, grown in 16-hour days at a irradiance of 160 uE m’
s and a constant temperature of 20°C and sampled after 35 days of growth. In b) the phenotype of
the pgm 35S:0tsA line back-crossed into wild type is shown, in plants grown separately in identical
conditions to the plants in a). Bars are standard deviations. Significant differences (t-test with Holm-
Sidak correction) from the relevant control are shown as * P < 0.05, ** P <0.01, *** P <(0.001. N=5
leaves.

3.2.3. Correlations between morphological traits.

Table 3.1 shows the correlation matrix of the morphological dataset which includes the five genotypes
presented in section (a) of the above graphs and does not include 35S:OtsA in the wild type
background. Leaf area was strongly positively correlated with cell number per leaf (=0.86) and less
strongly and negatively with cell and stomatal densities as well as leaf thickness and the number of
cell layers in the leaf. The densities of cells and stomata were strongly inter-correlated. The densities
of cells in the two epidermal cell layers (adaxial and abaxial) were strongly correlated with each other
(r=0.67). The density of palisade mesophyll cells was strongly related to adaxial epidermal cells
(r=0.83) and less strongly to those on the abaxial side (r=0.54). Adaxial and abaxial stomatal densities
were strongly correlated with each other (r=0.89) as well as with epidermal and mesophyll densities.
Stomatal index on both sides of leaves was correlated with stomatal densities but not with any other
parameters. Leaf thickness was strongly determined by the number of cell layers in the leaf (r=0.86)
and both parameters were somewhat negatively related to leaf size and cell number per leaf.

To aid the interpretation of the multivariate data, principal components analysis was performed on the
correlation matrix and the results plotted on a biplot (Fig 3.11). On a biplot both the samples and the
variables are visualised at the same time (Gabriel, 1971). Samples (individual leaves) are shown as
points and variables are shown as vectors. The lengths of the vectors are proportional to the variation
in the variable and the angle between two vectors represents the correlation between the two variables
(smaller angle corresponding to a high correlation, 90° representing no correlation and angles >90°
representing negative correlations, with a perfect negative correlation being an angle of 180°). The
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relative position of the points to each other represents the similarity between them and their position
along the vectors reflects their differentiation by each morphological variable.

The first two principal components summarised 67% of the total variance in the dataset. The first
principal component (44% of total variance) was dominated by cell density variables as well as leaf
size. The densities of epidermal and mesophyll cells as well as stomata were all strong components of
the first principal component axis, along with leaf area. The first principal component axis primarily
separated 35S:0tsA and 35S:0OtsB genotypes from their controls (the wild type or pgm mutant),
chiefly on the basis of its components, the cell densities and therefore cell size. The second principal
component (24% of total variance) was driven by variation in leaf thickness and the number of cell
layers on the one hand and by cell number in the leaf on the other. The second principal component
chiefly separated the wild type and pgm mutant backgrounds.
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Fig. 3.11. Effects of constitutive modulation of trehalose-6-phosphate levels on leaf morphology,
summarised by principal components analysis.

Biplot of principal component analysis on the correlation matrix of leaf morphological parameters
determined from the sixth leaves of Arabidopsis thaliana wild type Col-0 and starchless pgm mutant
expressing bacterial OtsA and OtsB proteins under the control of the constitutive 35S promoter, grown
in 16-hour days and sampled after 35 days of growth. Labels of variables: Leaf Area — area of leaf 6 in
mm?®, Cell number — number of mesophyll cells per leaf, EpiAd — density of epidermal cells on the
adaxial side, in cells mm™, EpiAb — density of epidermal cells on the abaxial side, in cells mm? MD —
density of palisade mesophyll cells in cells mm™, StAd — density of stomata on the adaxial side in
stomata mm'z, StAb — density of stomata on the abaxial side in stomata mm™, StindAd — stomatal
index on the adaxial side, StIndAb — stomatal index on the abaxial side, Thickness — leaf thickness in
um, Layers — number of cell layers in the leaf.
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3.2.4. Growth in different daylengths.

In order to induce variation in both metabolic function and growth and examine the effect of altered
Tre-6-P levels on them, the OtsA and OtsB over-expressing lines in the wild type background were
grown in three daylengths ranging from short days (8 hours of light), through an intermediate
daylength (12 hours) to long days (16 hours). Fig. 3.12 shows the plants at the time of harvest. Plants
grown in 12-hour and 16-hour days were harvested after 35 days of growth, plants grown in 8-hour
days were harvested after 46 days. Growth and the leaf morphology parameters specific leaf area
(SLA) and leaf dry matter content (LDMC) were measured. The latter two parameters allow an
estimate of leaf thickness to be calculated based on the methodology of Vile (2005). Data was
analysed using analysis of variance in a two-way factorial design with interactions, and multiple
comparisons using the Holm-Sidak step-down method.

Col-0 35S:0tsA  35S:0tsB

3

8h

12h @

16h

Fig. 3.12 Effects of constitutive modulation of trehalose-6-phosphate levels on growth and
development in three daylength regimes.

Arabidopsis thaliana transgenic lines over-expressing bacterial OtsA and OtsB proteins under the
control of the constitutive 35S promoter grown in three daylengths (labelled on left) at a irradiance of
160 uE m™ s™ and a constant temperature of 20°C. Plants grown in 12-hour and 16-hour days are 35
days old, 8 hour-day-grown plants are 46 days old. Pots are 10cm in diameter.
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35S:0tsA plants were stunted in growth in all three daylengths and were much smaller than wild type
plants. 35S:0tsB did not appear different from the wild type except in 16-hour days, where they were
32% bigger on a rosette fresh weight basis (fresh weights are not shown).

Relative growth rates (RGR) were calculated from fresh weight biomass data (Fig. 3.13a). There were
significant effects of both daylength (P<0.001) and genotype (P<0.001) on RGR while the
daylength:genotype interaction was not significant (P=0.106). In wild type plants, relative growth rates
increased between 8 and 12 hours (P<0.001) but became saturated and did not increase further
between 12 and 16 hours (P=0.367). The relative growth rate of 35S:0OtsA plants was reduced in all
daylengths by an almost constant 25%, which was highly significant in all daylengths (P<0.001).
358:0tsB plants did not differ from the wild type in either daylength. The observed 32% increase in
rosette fresh weight in 16-hour days translated to an increase in RGR of 0.014 d”', or 4.6% relative to
wild type, which was not significant (P=0.062).

Specific leaf area (SLA, Fig. 3.13b), the amount of leaf area displayed per unit dry weight biomass,
was significantly affected by both daylength (P<0.001) and genotype (P<0.001), with no significant
genotype:daylength interaction (P=0.352). SLA decreased with increasing daylength in all three
genotypes, this was significant in 35S:0tsA (P<0.001) and 35S:0tsB (P=0.003) but not in the wild
type (P=0.05). 35S:0tsA plants had lower SLA than wild type in all three daylengths (P<0.001), with
reductions between 28% and 40% in 8h and 16h respectively. 35S:0tsB plants had marginally higher
SLA in 12h days and no differences in other daylengths (P=0.034).

The dry matter content of leaves (LDMC, Fig. 3.13c¢), determined by drying the leaves in an oven, was
significantly affected by daylength (P<0.001) and genotype (P<0.001), with a significant
genotype:daylength interaction (P<0.001). LDMC did not vary significantly with daylength in the wild
type. 35S:0tsA plants had highly elevated LDMC levels in all three daylengths compared to wild type,
with a 67% increase in 16-hour days (P<0.001). 35S:0tsB plants did not differ from wild type.

Leaf thickness, calculated from SLA and LDMC as in Vile et al (2005), is presented in Fig. 3.13d.
Leaf thickness varied significantly with daylength (P<0.001) but not genotype (P=0.234). In the wild
type, leaf thickness increased with increasing daylength by 15% between 8h and 12h (P<0.001) but
did not increase further in 16-hours (P=0.199). There were no significant differences from the wild
type in any genotype in any daylength.
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Fig. 3.13. Effects of constitutive modulation of trehalose-6-phosphate levels on relative growth
rate (a), specific leaf area (b), leaf dry matter content (c) and leaf thickness (d) in three
daylength regimes.

Arabidopsis thaliana over-expressing bacterial OtsA and OtsB proteins under the control of the
constitutive 35S promoter were grown in three daylength regimes at a irradiance of 160 pE m™ s™ and
a constant temperature of 20°C. Significant differences (t-test with Holm-Sidak correction) from the
wild type are shown as * P < (.05, ** P <0.01, *** P <0.001. N= 8 plants, bars are standard
deviations.

3.2.5. Trehalose-6-phosphate.

Plants were grown in parallel with the plants presented above and rosettes were harvested at the end of
the day and end of the night for metabolite measurements. Metabolite data was analysed using a three-
way analysis of variance design with genotype, daylength and timepoint as effects. Pairwise multiple
comparisons were performed using the Holm-Sidak step-down method.

Fig. 3.14 shows the patterns of Tre-6-P accumulation in plants sampled at the end of the day (a) and
the end of the night (b) Tre-6-P levels increased with increasing daylength in all genotypes, however
this was only significant in 35S:0OtsA plants, both at the end of the day and the end of the night. OtsA
over-expression strongly increased Tre-6-P levels in the plants with high significance in all three
daylengths and in both timepoints (P<0.001 in all cases). Values were 4-5-fold higher than wild type at
the end of the day and 6-10-fold higher at the end of the night. Tre-6-P levels were marginally lower in
358:0tsB over-expressors, however this was not significant in any daylength or timepoint.
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Fig. 3.14. Trehalose-6-phosphate levels at the end of the day (a) and end of the night (b) in
transgenic lines expressing OtsA and OtsB proteins driven by the constitutive 35S promoter in
the wild type Col-0 background grown in three daylength regimes.

Arabidopsis thaliana wild type Col-0 and transgenic lines over-expressing bacterial OtsA and OtsB
proteins under the control of the constitutive 35S promoter grown in three daylength regimes at a
irradiance of 160 uE m™ s and a constant temperature of 20°C and harvested at the end of the day and
end of the night. Tre-6-P was determined by LC-MS/MS. Significant differences (t-test with Holm-
Sidak correction) from the wild type are shown as * <0.05, ** <0.01, *** <0.001. N= 5, bars are
standard deviations.

3.2.6. Metabolic Phenotype.

A multivariate approach was taken in order to assess the impact of altered Tre-6-P levels on the
metabolism of the plants. A dataset of 27 metabolites was collected from the daylength experiment.
The dataset was normalised as standard deviates and principal components analysis was performed.
Fig. 3.15 plots the first and second principal component scores of individual samples from the two
transgenic genotypes and the wild type in each daylength/timepoint combination. This was done in
order to investigate whether metabolic changes were more or less pronounced in particular conditions
and particular genotypes. Over-expression of OtsA and OtsB led to reciprocal alterations in
metabolism in the transgenic lines. 35S:0tsA samples were generally well separated from the wild
type samples while 35S:0tsB were less so.

The overall degree of metabolic perturbation of the transgenic genotypes was assessed quantitatively
using a multivariate approach and tested for statistical significance. For this, multivariate Euclidean
distance was used as a similarity measure. Euclidean distance is the simplest and most commonly-used
of all distance measures used in statistics. It is based on Euclidean geometry where the distance
between two points on a plane involves the calculation of the length of the hypotenuse of a right
angled-triangle. It can be extended to multi-dimensional spaces to provide a measure of distance in
multivariate data. Euclidean distance is a linear distance measure. The Euclidean distance of all data-
points from all wild type points was determined and the average taken. Fig. 3.16 shows the mean
Euclidean distances of 35S:0tsA and 35S:0tsB samples from wild type samples at the end of the day
(Fig 3.16a) and end of the night (Fig. 3.16b). Since the dataset had been standardised prior to analysis,
the units of distance are standard deviations of metabolites, enabling comparisons between treatments,
timepoints and genotypes. A higher separation (larger distance) corresponds to less similarity to wild
type and therefore a more perturbed metabolic state. 35S:0tsA plants were farther separated from wild
type than 35S:0tsB plants in all daylengths and both timepoints, indicating that their metabolism was
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more perturbed. The degree of separation was approximately constant between different daylengths.
At the end of the night 35:0tsA plants were more dissimilar from wild type than end of day while
358:0tsB became less separated from the wild type at the end of the night than at the end of the day.

-
o
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Fig. 3.16. Quantification of perturbation in metabolic phenotype in transgenic lines of
Arabidopsis with altered Tre-6-P levels grown in three daylength regimes.

Mean multivariate Euclidean distance of all genotype points from all wild type points of Arabidopsis
thaliana transgenic lines over-expressing bacterial OtsA and OtsB proteins under the control of the
constitutive 35S promoter grown in three daylength regimes at a irradiance of 160 uE m™ s and a
constant temperature of 20°C and sampled at the end of the day (a) and end of the night (b). Distances
were calculated from a dataset of 27 metabolites normalised as standard deviates.

Testing Euclidean distance separation for statistical significance is not straightforward because the
variance of this distance is a multivariate variance while simple parametric tests, like the T-test, are
only applicable to testing the difference between two means in univariate space. In order to assess the
significance of the differences in metabolism in a statistical manner, the Euclidean distance matrices
were subjected to hierarchical clustering. It was checked whether all samples of a genotype could be
separated from the wild type samples as a single group (branch) on a cluster tree. The cluster trees
were then validated using bootstrap re-sampling and bootstrap probabilities were obtained. Table 3.2
shows the bootstrap probabilities of branches separating samples of a genotype from wild type
samples. Cluster trees were determined for each daylength and timepoint. The bootstrap probability
shows the percentage frequency of occurrence of a particular branch in multiple rounds of random
iterative re-sampling of the data. One interpretation of bootstrap probabilities is as a non-parametric p-
value, which can be used to test for significant differences. Non-parametric statistics have the
advantage of not making assumptions about normal distribution of data, which can be difficult to
assess in datasets with few samples and many variables and can strongly affect the results of
parametric methods, such as MANOVA.

358:0tsA samples were consistently separated from wild type samples as a separate branch on cluster
trees and these separations were significant in some conditions. 35S:0tsB could not be distinguished
as a separate branch from wild type samples in two cases and in most other cases its separation was
not significant. In both genotypes, there were more robust separations in 8-hour days than in 12 and 16
hours. The results indicate that 35S:OtsA plants were substantially perturbed in metabolic function
while 35S:0tsB plants could hardly be distinguished from the wild type with statistical significance.
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Daylength 8h 12h 16h

Timepoint End of day End of night End of day End of night ~ End of day End of night
35S:0tsA 96 100 90 71 67 100
35S:0tsB 95 92 Not separated 93 91 Not separated

Table. 3.2 Statistical testing of perturbation in metabolic phenotype in transgenic lines with
altered Tre-6-P levels grown in three daylength regimes.

Bootstrap probabilities of branches separating samples of the listed genotypes as a single group from
wild type samples on Ward-hierarchical clustering trees computed from a dataset of 27 metabolites
profiled in Arabidopsis thaliana wild type Col-0 and transgenic lines over-expressing bacterial OtsA
and OtsB proteins under the control of the constitutive 35S promoter grown in three daylengths.
Hierarchical clustering was performed using Euclidean distance as a distance measure. Significant
separations from wild type (at a 5% threshold) are highlighted in boldface.

The metabolites strongly associated with the first two principal component axes and the ones driving
the Euclidean distance separation most strongly were Tre-6-P, starch, soluble sugars and organic acids
(data are not shown). These key primary metabolites are explored in more detail below.

3.2.7. Soluble Sugars.

The over-expression of OtsA and OtsB was associated with strong and reciprocal effects on the levels
of soluble sugars in Arabidopsis thaliana rosettes (Fig. 3.17). The 35S:0tsA generally had lower
levels of glucose, fructose and sucrose than the wild type both at the end of the day and end of the
night, which was more pronounced in 16-hour days. The 35S:0OtsB plants generally had higher sugar
levels.

There were mild changes in glucose content in the transgenic lines compared to wild type. The
35S:0tsA plants tended to have more glucose than wild type at the end of the day and end of the night,
particularly in longer days. The 35S:0tsB plants also displayed higher levels of glucose in longer
daylengths at the end of the day (P=0.044 in 12h and P=0.01 in 16h) and at the end of the night in 16-
hour days (P=0.011).

There was a clearly opposing pattern of fructose accumulation in the transgenic genotypes with respect
to the wild type. The 35S:0tsA plants had lower levels of fructose at the end of the day, which was
significant in 16-hour days (P<0.001). The pattern was similar at the end of the night, with
significantly lower fructose in 12-hour days (P=0.005). The 35S:OtsB plants, in contrast, had
significantly higher levels of fructose at the end of the day in 12 hour (P<0.001) and 16-hour days
(P<0.001), with almost double the levels of wild type in 16-hour days.

Sucrose followed a similar reciprocal pattern in the transgenic lines. The 35S:0tsA plants had
significantly lower sucrose levels in all daylengths both at the end of the day and the end of the night.
Levels of sucrose in this genotype were approximately half of that found in the wild type in the same
conditions. The 35S:0tsB plants had significantly higher levels of sucrose in 12-hour and 16-hour
days, both at the end of the day and the end of the night. Levels of sucrose were more-than double the
wild type values in equivalent conditions.

Since trehalose-6-phosphate amount is a proposed signal of sucrose availability, the relationship
between Tre-6-P and sucrose was examined. Fig. 3.18 plots the level of Tre-6-P against sucrose levels
in the three genotypes. Tre-6-P was strongly linearly related to sucrose levels in all genotypes and in
both timepoints. However, in parallel with the alterations in sucrose levels in the transgenic lines, the
slopes of the relationships with Tre-6-P were altered. The 35S:0tsA plants had a very steep slope of
Tre-6-P increase with increasing sucrose while 35S:0tsB plants had a lower slope. The regression
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slope coefficients were tested for significant differences from the wild-type (details of the test in the
methods section). The slopes in the 35S:0tsA and 35S:0tsB samples were significantly different from
wild type at the end of the day (both P<0.001) and the end of the night (P<0.001 in 35S:0tsA and
P=0.001 in 35S:0tsB).
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Fig. 3.18. Effects of constitutive modulation of trehalose-6-phosphate levels on the relationship
between Tre-6-P and sucrose.
Lines are linear regressions.

The relationship of Tre-6-P with glucose and fructose was also investigated. Table. 3.3 shows
regression slopes of Tre-6-P as the dependent variable in linear models against the three soluble sugars
and the strengths of their correlations. The slopes were tested for significant differences from zero. In
the wild type, Tre-6-P was very weakly related to the levels of hexoses in both timepoints. The
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regression against glucose was not significant. The relationship with fructose had a negative slope
which was only significantly different from zero at the end of the night (*=0.37, P=0.01). Sucrose was
very strongly related to Tre-6-P in both end of day (r’=0.95, P<0.001) and end of night samples
(r’=0.79, P<0.001).

In 35S:0tsA plants Tre-6-P was strongly and significantly related to all three sugars in both timepoints
with very exaggerated slopes compared to wild type. The relationship with fructose was strongly
negative while that with glucose and sucrose very strongly positive. While the slope of Tre-6-P against
sucrose was decreased in 35S:0tsB plants, this was not the case with glucose and fructose, where the
slopes were unchanged or somewhat higher. Tre-6-P was significantly positively related to glucose
levels at the end of the day (r’=0.34, P=0.04) and the end of the night (’=0.69, P<0.001). The
relationship with fructose was positive and significant only at the end of the day (’=0.38, P=0.03).

3.2.8. Starch.

Starch content is shown in Fig. 3.19. All genotypes accumulated starch during the day and broke it
down during the night in all daylengths. In the wild type, starch contents at the end of the day were not
influenced significantly by daylength. At the end of the night very little starch remained, however this
was slightly daylength-dependent. Starch levels at the end of the night showed an increase in 16-hour
days compared to 12-hour days (P=0.021).

The 35S:0tsA line had highly elevated levels of starch in all daylengths at the end of the day and the
end of the night. At the end of the day the increase in starch in this genotype ranged from 31% over
the wild type in 8-hour days (P=0.005), through 67% in 12-hour days (P<0.001) but decreased again in
16-hour days to 50% above wild type levels (P<0.001). At the end of the night, the line retained
substantial amounts of its starch reserves, between 42% and 71% of its end-of-day starch. The amount
of starch retained at the end of the night increased with daylength and in 16-hour days was up to the
levels of the wild type at the end of the day.

Starch levels in 35S:0tsB plants were largely in line with wild type levels at the end of the day, except
in 16-hour days, where they were lower by 14% (P=0.044). End of day starch levels in this genotype
were daylength dependent, with a tendency toward less starch with increasing daylength. End of night
levels did not differ from the wild type.

It was investigated whether the observed changes in starch levels can account for the increased dry
matter content in 35S:0tsA leaves (Fig. 3.13c). The dry weight of starch at the end of the day
constituted an almost constant 1.2% of fresh weight in the wild type in all three daylengths. The
observed increase in starch in 35S:0tsA plants at the end of the day would account for an increase of
0.4-0.8% in the dry matter content in these lines compared to wild type. Thus the extra starch is
insufficient to explain the much larger increase in LDMC observed in this line, which was 3-6-%
higher than the wild type.
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Fig. 3.19. Effects of constitutive modulation of trehalose-6-phosphate levels on rosette starch
content at the end of the day (a) and end of the night (b) in three daylength regimes.

Arabidopsis thaliana wild type Col-0 and transgenic lines over-expressing bacterial OtsA and OtsB
proteins under the control of the constitutive 35S promoter grown in three daylength regimes at a
irradiance of 160 uE m™ s and a constant temperature of 20°C and harvested at the end of the day and
end of the night. Significant differences (t-test with Holm-Sidak correction) from the wild type are
shown as * P < 0.05, ** P <0.01, *** P <0.001. N= 5, bars are standard deviations.

3.2.9. Organic acids.

There were substantial alterations in the contents of TCA-cycle organic acids in the transgenic lines
(Fig. 3.20). While 35S:0tsB plants had generally unaltered levels of organic acids with respect to the
wild type, 35S:0OtsA plants had highly elevated levels of malate and fumarate and mildly elevated
levels of citrate. The differences were especially pronounced in 12-hour and 16-hour days and could
be seen both at the end of the day and the end of the night. End of day malate levels were up to 63%
higher than wild type, while fumarate levels were more than double the wild type in some conditions.

3.2.10. Carbon turnover.

The more abundant metabolites described above are present in sufficient amounts to form substantial
carbon pools in the plant. Starch was the biggest carbon pool by size. The accumulation of starch
during the day is an example of a transient carbon store which is used to fuel metabolism and growth
during the night. The abundances of sugars and organic acids were smaller than starch and also
exhibited diurnal fluctuations, with accumulation during the day and depletion during the night. The
diurnal turnover of these pools, i.e. the difference between the end of the day and end of night values,
is an indication of the amount of assimilates stored in these pools during the day and their utilisation at
night to fuel metabolism and growth. The diurnal turnover of the metabolites presented above was
analysed and is presented in Fig. 3.21. Since the different compounds contain a different number of
carbon atoms, the pools are expressed in C-equivalents, allowing a direct comparison of pool sizes to
be made.

There were reciprocal effects of altered Tre-6-P on the turnover of soluble sugars (Fig. 3.21a). The
35S:0tsA plants turned over slightly less soluble sugars on a daily basis, with a significant difference
from wild type in 16-hour days. 35S:OtsB plants had a substantially higher turnover (66% higher in
16-hour days). The effects in both genotypes were minor in 8-hour days and became more severe with
increasing daylength. The turnover of organic acids (Fig. 3.21b) was unaltered compared to wild type.
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Even though there were substantial alterations in the pools sizes of organic acids in 35S:0tsA plants
compared to wild type, they turned over equivalent amounts of these compounds on a daily basis as
the wild type. Organic acid turnover in 35S:0tsB plants was also unaltered. The turnover of starch
(Fig. 3.21¢) was strongly inhibited in 35S:0tsA plants, however the difference was only apparent in 8
and 16-hour days, but not 12-hours. Starch turnover was reduced by 35% and 48% in 8 and 16-hour
days respectively, both highly significant differences. There were no significant differences in starch
turnover in 35S:0tsB plants.

The turnover of these metabolites was summed to give an indication of transient carbon turnover, and
is presented in Fig. 3.21d. This summed pool represents a substantial portion of the transient carbon
stores in the plants, but is not a complete picture, as other pools of compounds are also present in
substantial amounts and turnover at high rates, e¢.g. amino acids (which were not determined here).
Starch, being by far the largest carbon pool, determined the bulk of the variation in the total carbon
turnover. Total carbon turnover was reduced in 35S:0tsA plants compared to wild type in 8-hour and
16-hour days by 43% and 46% respectively, while there was no difference in 12-hour days. The
358:0tsB plants were not significantly affected in any daylength.
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Fig. 3.21. Effects of constitutive modulation of trehalose-6-phosphate levels on diurnal turnover

of central metabolite pools in three daylength regimes.

Diurnal turnover of metabolite pools in pumol C equivalents in rosettes of Arabidopsis thaliana wild
type Col-0 and transgenic lines over-expressing bacterial OtsA and OtsB proteins under the control of
the constitutive 35S promoter grown in three daylength regimes at a irradiance of 160 uE m™ s and a
constant temperature of 20°C and harvested at the end of the day and end of the night. Significant
differences (t-test with Holm-Sidak correction) from the wild type are shown as * P < 0.05, ** P <
0.01, *** P <0.001. N= 5, bars are standard deviations.
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3.3. Discussion.

The superficial visual phenotypes observed in the OtsA and OtsB over-expressors resemble those
previously reported in analogous over-expressions in Arabidopsis (Schluepmann et al., 2003) as well
as in other species such as in tobacco (Goddijn et al., 1997; Romero et al., 1997; Pellny et al., 2004).
The superficial observation of strong phenotypes upon expression of both enzymes in the Col-0 and
starchless pgm backgrounds indicate that the developmental effects of Tre-6-P modulation are not
downstream of the documented role of Tre-6-P in starch metabolism. This supports a function of Tre-
6-P as a specific developmental regulator.

When interpreting phenotypes of over-expressions driven by constitutive promoters the possibility of
secondary phenotypes resulting from ectopic expression should not be ignored. The 35S promoter is a
strong and ubiquitously expressed promoter (Kay et al., 1987). In addition, the expressed enzymes of
bacterial origin presumably lack the regulation that the plant TPS and TPP proteins may be subject to,
for example phosphorylation (Glinski and Weckwerth, 2005). When the OtsA enzyme is expressed
under the 35S promoter, it may produce super-physiological amounts of Tre-6-P in cells/tissues where
it would not normally be present. The constant unregulated flux may also override the normal
regulation of Tre-6-P levels in cells which do produce it. The OtsB enzyme, on the other hand, should
consume Tre-6-P where it is present and should thus be a more physiological manipulation. Another
concern is that Tre-6-P levels are altered throughout the life of the plant, during which the plants may
have adapted to the altered Tre-6-P levels and any observed phenotypes may be complex and contain
many secondary effects, not directly related to Tre-6-P itself. This generally limits the strength of any
conclusions that can be made from the analysis of these plants.

Few robust conclusions can be made from the morphological analysis of the transgenic lines in the
wild type and pgm backgrounds. Any effect caused by Tre-6-P itself would be expected to drive
opposing phenotypes in OtsA and OtsB plants with respect to the wild type. Such an effect could only
be observed for cell densities, which are the inverse of cell size. Cell densities were the strongest
contributors to the first principal component axis, which means that they account for a large portion of
the major axis of morphological variation in the transgenic lines. The densities of both mesophyll and
epidermal cells as well as stomata were also altered in a very coordinated way, the densities being
highly correlated with each other. On one hand this may be expected as plant cells are immobile and
cannot expand independently of their neighbours due to being fixed together. On the other hand, this
suggests that Tre-6-P may drive changes in cell size through a general effect on organ size through cell
size control. There also do not seem to be specific effects on the morphogenesis of particular cell
types. Together these results suggest that Tre-6-P may be involved in organ size regulation, possibly
through effects on cell sizes and cell expansion. The latter stages of leaf expansion, after cell division
ceases, have been implicated in leaf size control through effects of the duration of leaf expansion on
final cell size (Cookson et al., 2005).

Long days (high carbon) did not lead to an alleviation of the phenotype of 35S:OtsA plants and the
phenotype was not stronger in short days (low carbon). Instead growth was consistently suppressed in
all conditions. Similarly, short days did not lead to more growth in 35S:OtsB plants, which was
instead observed in long days. Thus the hypothesis that the severity of phenotype in these plants may
be rescued by altering their carbon status to levels more appropriate to their imposed Tre-6-P signal is
not supported. Altered Tre-6-P strongly influenced the metabolism of these plants and this was more
pronounced in long days in both genotypes. This suggests that the downstream effects of Tre-6-P are
also dependent on metabolism.
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The hypothesis that Tre-6-P signals the generation of “sun” or “shade” leaf morphology independently
of light is not supported as no changes in leaf thickness were observed. The small change in the
number of cell layers in the leaves of 35S:0tsA plants may be explained by the greatly decreased cell
size in these plants. The number of cell layers in the leaf is not a definitive indicator of extra cell
divisions and is not straightforward to assess. It is complicated by the fact that leaf cells, and the
spongy mesophyll in particular, are not necessarily arranged as distinct layers. Cell layers were
determined by counting the number of cell walls crossing perpendicular transects of leaf cross sections
along the adaxial/abaxial axis. If cells are small and closer together the probability of a section passing
through a cell may increase and this may be reflected in more cell layers being observed without a
change in leaf thickness. The changes in leaf thickness were driven chiefly by the starchless pgm
background. This is an interesting finding which will be explored in more detail and forms the basis of
Chapter 5.

Superficially, high Tre-6-P appeared to strongly inhibit growth and decrease the size of leaves while
low Tre-6-P appeared to have a mild inverse effect. This observation appears to be inconsistent with a
proposed function of Tre-6-P as a signal of sugar status which regulates growth. As pointed out in the
introductory chapter, plant growth is subject to tight regulation in response to available carbon supply
(Smith and Stitt, 2007). Plants respond to conditions of low carbon availability by decreasing growth
in order to conserve resources and avoid severe starvation (Stitt et al., 2007; Gibon et al., 2009). In
high carbon and high sugar situations growth rates increase (Walter et al., 2009; Yazdanbakhsh and
Fisahn, 2009, 2011). Thus, if Tre-6-P is a high-sugar signal the observed inhibition of growth would
not be expected. Instead, it would be expected to stimulate growth. The results suggest that the effects
of sugar status on growth may not be transduced through Tre-6-P. There are a number of other
putative sugar sensing systems in plants (Rook et al., 1998; Moore et al., 2003; Smeekens et al., 2010).
Moreover, a microarray study of inducible over-expressing lines of OtsA in Arabidopsis has revealed
that the massive transcriptional reprogramming associated with manipulation of sucrose is not likely to
be mediated by Tre-6-P (Martins, 2011).

The 35S:0tsA plants also retained large amounts of starch reserves instead of mobilising them for
growth. The increased level of starch in 35S:0OtsA plants is in line with previous studies and with the
proposed function of Tre-6-P as an activator of starch synthesis (Kolbe et al., 2005; Lunn et al., 2006)
and an inhibitor of starch degradation (Martins, 2011). The results presented here are in support seem
to support these functions. The strong starch-excess phenotype at the end of the night suggests an
inhibition of starch degradation and its mobilisation for growth. The decreased turnover of starch at
night may partly explain the stunted growth phenotype of 35S:0tsA plants, as starch turnover has been
shown to be strongly related to growth (Gibon et al., 2009) and starch-excess mutants which are
impaired in starch degradation are also stunted in growth (Zeeman and Rees, 1999; Rasse and
Tocquin, 2006). A study of a large panel of natural accessions of Arabidopsis has shown that slower-
growing genotypes contained more starch than faster-growing ones at the end of the day and the end
of the night (Sulpice et al., 2009), demonstrating the growth benefits of efficient mobilisation of
reserves for growth.

Tre-6-P has been proposed to stimulate sugar utilisation for biosynthetic processes and growth, which
stems from observations that plants with high Tre-6-P grow faster than wild type on sugar-containing
media (Schluepmann et al., 2003). This may be due to the demonstrated inhibitory effect of Tre-6-P on
SnRK1 (Zhang et al., 2009) and subsequent up-regulation of anabolic pathways and down-regulation
of catabolic ones, which has been shown in a transcriptomic study (Paul et al., 2010). Under normal
conditions high Tre-6-P may signal an abundance of sucrose and promote the conservation of starch
reserves while stimulating sucrose utilisation for growth downstream. The 35S:0tsA transgenics are,
however, constitutively perturbed in Tre-6-P regulation and, hypothetically, experience a constant high
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sucrose signal. When sugar is super-abundant, such as on sugar-containing medium, this may lead to
faster growth, as has been published (Schluepmann et al., 2003) but under normal conditions on soil a
de-regulated carbohydrate utilisation may become unbalanced from supply and thus lead to exhaustion
of carbohydrate pools and inhibition of growth (Smith and Stitt, 2007). This may be an explanation for
the observed changes in soluble sugar contents in the lines — sugars are lower in 35S:0tsA plants
because of higher consumption and a decreased supply due to a higher allocation to storage. However,
the observation of a similar strong growth defect in the starchless pgm mutant, which has no starch
stores, suggests that the inhibition of growth in these lines may also be due to other factors. For
example 35S:0tsA lines had very small cells in both backgrounds, suggesting that cell expansion may
be inhibited. The lines in both backgrounds also had much fewer cells in the leaf and may be unable to
grow due to effects on cell division.

The daylength treatments may also be thought of as manipulations of carbon status, with carbon
limitation in short days and an excess of carbon in long days (since growth did not increase further
with daylength above 12h), similar to the previously published experiments on sugar media. However
long days did not result in an alleviation of the growth phenotype in the 35S:0tsA line and instead
more starch was retained while growth was consistently suppressed. There is however a fundamental
difference between sugar treatments and plants grown on soil. When sugars are supplied exogenously,
growth can occur independently of starch turnover as the sugars are always present and may overcome
the depletion in sugar pools observed in these plants. Plants growing on soil in different daylengths
must rely on photosynthesis and starch storage during the day and the mobilisation of reserves for
growth at night. This again points to a role of starch storage and mobilisation in the phenotype of these
plants.

In 35S:0tsB lines growth was stimulated only in long days, and this was the only condition where
starch levels were significantly altered in this genotype, being lower. This suggests a lower allocation
of carbohydrates to storage and more towards sugars. The levels of the latter were indeed highly
elevated. The suppression of this growth enhancement in the starchless pgm mutant also suggests that
it may be caused by effects on starch storage and/or mobilisation rather than by Tre-6-P directly. Upon
closer investigation of 35S:0tsB plants the observed growth increase turned out to be due to very
minor changes in the rate of growth and to be caused by an increase in the final size of leaves, which
was due to an increase in cell size but not the number of cells. The high sugar content may exert an
osmotic effect, which may explain the increased cell size in this line, however this is unlikely.
Although it is impossible to assess the contribution of this change in sucrose content to osmotic
pressure in the cell, the 2 pmol g' FW change in sucrose content translates to a maximum 2 mOsm
change in osmolality assuming all the extra sucrose was in the symplast, which is probably not true,
and the real value is likely to be lower. This is fairly minute compared to reported osmolalities of 300-
400 mOsm in plant cells (Speer and Kaiser, 1991). Is not clear whether this is adequate to cause a
sufficient effect on osmotic turgor to drive an increase in cell size.

In addition to decreased mobilisation of carbon due to starch accumulation, the efficiency of carbon
use may also be decreased. It is puzzling how an upregulation of anabolic processes should lead to a
severe stunting of growth, and not the opposite. The key may lie in the increased dry matter content in
the leaves and the observation of very small cells in these plants may be an indication that a high rate
of anabolic processes is occuring but the resulting biomass is not being expanded effectively during
growth and thus leads to a high LDMC. The high dry matter content could not be explained by
increased starch accumulation alone. A lack of cell (and biomass) expansion would decrease the
amount of leaf area produced per unit biomass, which is reflected by SLA. The 35S:0OtsA plants
indeed had a much lower SLA which was not due to increased leaf thickness but to a high LDMC.
Leaf area is directly proportional to light interception which drives photosynthesis. SLA, representing
the amount of leaf area produced per unit biomass invested, effectively represents the return on
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investment in leaf biomass and should be strongly related to growth. This is because when a unit of
biomass is invested in extra leaf area, it pays itself off with more photosynthesis and growth,
particularly in low-light environments and should clearly be advantageous. On the contrary, when
biomass is concentrated in a smaller volume and a smaller leaf area, the same unit of photosynthetic
capacity (chlorophyll, Rubisco etc), is exposed to as smaller amount of incident light, and therefore is
less effectively used when light is limiting. Indeed, SLA has been shown to be a strong predictor of
growth across many species and functional groups (Poorter et al., 1990; Reich et al., 1997; Wright and
Westoby, 2000). Taken together, these data suggest that decreased cell expansion leads to less leaf
area being produced per unit biomass investment as biomass is instead concentrated in a small volume
of leaf. This is an inefficient use of carbon and biomass and results in less light interception per unit
biomass. This may be another reason for decreased growth in these plants. The importance of leaf cell
and biomass expansion for plant growth is analysed in more detail from a functional perspective in
Chapter 5, where similar conclusions were reached.

Available and mobilised carbon may also be lost without being incorporated into biomass. Respiratory
CO; loss and exudation of organic substances by roots are two ways that carbon can be lost from the
plant. Analysis of inducible over-expression lines of OtsA yielded results consistent with altered
glycolytic or anapleurotic fluxes, possibly through regulatory effects on pyruvate kinase and/or
phosphoenolpyruvate carboxylase (PEPC) (Martins, 2011). Respiratory losses in herbaceous plants are
typically 30-60% of gross daily fixed carbon (Poorter and van der Werf, 1998). The shoot alone
respired an average of 28% of gross daily photosynthesis in a set of Arabidopsis accessions, which
will be presented in Chapter 6, making respiratory carbon loss a very significant component of plant
carbon balance. Respiration rates were measured in some of the lines. The 35S:0tsA plants in the
starchless pgm background had a 43% higher rate of dark CO, efflux, measured in whole rosettes and
expressed on an area basis than the pgm control, which is a large increase (data not shown). Such a
large increase in respiration would be expected to have a large impact on plant carbon balance and
would be expected to significantly affect growth.

PEPC catalyses the anapleurotic conversion of PEP to oxaloacetate, which is converted to malate by
malate dehydrogenase (O'Leary, 1982). The 35S:0tsA plants had increased levels of organic acids,
including malate. Plants exude organic acids from their roots to aid nutrient acquisition, stimulate soil
microbial communities and overcome metal ion toxicities (Ryan et al., 2001). An estimate of carbon
loss to rhizodeposition in grasses is 11% of net fixed carbon, a substantial flux (Jones et al., 2009).
Since our OtsA over-expression is constitutive, if a similar effect on organic acid synthesis is present
in roots, it may cause an increased loss of carbon through this mechanism. A 7-fold increase in organic
acid exudation was observed when malate production was increased in roots by over expression of
malate dehydrogenase in alfalfa (Tesfaye et al., 2001). It remains to be tested whether alterations in
this flux contribute to the slow growth in 35S:0OtsA plants.

The organic acids malate and fumarate are involved in many biochemical pathways and accumulate to
high levels in the vacuoles of plant cells (Chia et al., 2000; Fahnenstich et al., 2007). Apart from their
involvement in mitochondrial respiration, they may also have a function as a transient carbon store
(Zell et al., 2010). Malate also accumulates in the vacuoles of plant cells as a counter-ion to balance
the assimilation of nitrate (Kirkby and Knight, 1977). Organic acid levels in 35S:OtsA plants were
consistently elevated while there was no effect on their diurnal turnover. This suggests that their up-
regulation may be acting to compensate for an ion imbalance and is not the result of a decreased
utilisation. Thus the accumulation of organic acids in the 35S:0tsA plants points to possible
alterations in nitrogen metabolism. This warrants a closer investigation of nitrate metabolism in these
lines.
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The abundance of a metabolite at steady state is a balance between the rates of its synthesis and
degradation. While OtsA over-expression increased Tre-6-P levels to high above wild-type levels,
OtsB over-expressors did not have decreased Tre-6-P levels, which was confirmed in two experiments
and in three daylengths. Thus Tre-6-P levels seemed to be strongly influenced by increases in its
synthesis by OtsA while they seemed to be buffered from increased dephosphorylation by OtsB. An
unaltered pool of Tre-6-P in 35S:0tsB plants can be possible if Tre-6-P production increases in
parallel with the increased degradation flux. This suggests a negative feedback interaction between
Tre-6-P and its biosynthesis. In this scenario, the increased dephosphorylation flux in 35S:0tsB plants
would depress Tre-6-P levels, which would feed back to stimulate more Tre-6-P production, keeping
the pool size constant. However, the Tre-6-P data from 35S:0tsB plants must be treated with caution,
as the bacterial OtsB enzyme has a relatively low affinity for Tre-6-P, with a K, of 2.5mM (Seo et al.,
2000) and may not be very effective at dephosphorylating Tre-6-P at its estimated physiological
concentrations in leaf cells of 1-15uM (J. Lunn, pers. comm). The over-expression of OtsB may only
affect Tre-6-P levels in cells which contain high Tre-6-P levels. The meristematic regions and young
leaf primordia have been shown to contain several-fold higher Tre-6-P levels than leaves (Wahl et al.,
personal communication), which is consistent with the localisation of TPS1 expression there (Ramon
et al., 2009; Vandesteene et al., 2010). It is possible that some of the developmental phenotypes
observed in 35S:0tsB lines may be related to decreased Tre-6-P in these regions. This decrease may
not be observed in Tre-6-P measurements in whole rosettes as they represent only a small proportion
of the total mass of the plant. As an outlook, Tre-6-P levels should be measured in the meristem and
leaf primordia of 35S:0OtsB lines.

The strong correlations between Tre-6-P and sucrose are in line with the proposed function of Tre-6-P
as a sucrose-specific signal and similar correlations have been presented previously (Yadav, 2009).
However the observed reciprocal alterations in the sensitivity of Tre-6-P to sucrose in the transgenic
lines is a significant new finding. The relationships were altered not only because Tre-6-P levels were
higher or lower, but mainly because sugar levels were also altered. This suggests that the sucrose-Tre-
6-P interaction is not unidirectional and that Tre-6-P also feeds back to regulate sugar metabolism. In
addition, the absolute levels of Tre-6-P were not altered in 35S:0tsB plants while sucrose levels were
increased. Thus any effects in this genotype may not be due to Tre-6-P alone as it was not altered
(however, see previous paragraph). This leads to a suggestion that Tre-6-P and sucrose act
synergistically rather than Tre-6-P acting alone and the relationship (ratio) between the two
metabolites may be more relevant than the amount of Tre-6-P itself. Such a scheme can be explained if
Tre-6-P and sucrose are both effectors of an enzyme or of different enzymes in a single pathway.

The observed pattern of soluble sugar contents in the transgenic lines, and particularly that of sucrose,
may be explained if Tre-6-P is seen as a feedback inhibitor of sucrose synthesis. The pathways for the
synthesis of sucrose and trehalose are remarkably similar in plants. In the first step of sucrose
synthesis, sucrose-6’-phosphate (Suc-6-P) is synthesised from fructose-6-phosphate and UDP-glucose
by sucrose phosphate synthase (SPS). S6P is then dephosphorylated by sucrose phosphatase (SPP) to
yield sucrose. SPP and TPP both belong to the haloacid dehalogenase superfamily of hydrolase
enzymes and share several structural and mechanistic features (Lunn et al., 2000). Interestingly, SPS
has a C-terminal SPP-like domain which is catalytically inactive (Lunn and Ap Rees, 1990) and has
some resemblance to TPP enzymes (Lunn et al., 2000; Lunn and MacRae, 2003). A similar situation is
seen in TPS, where inactive C-terminal TPP-like domains are present (Lunn et al., 2000; Lunn, 2007).
The functions of these domains are still unclear. Lunn et al. (2000) suggested that the SPP-like
domains of SPS may facilitate the formation of a complex with SPP. Class II TPS proteins, which
have catalytically inactive TPS and TPP-like domains, have been suggested to function as regulatory
subunits in a complex with TPS1 (Lunn, 2007), similar to what is seen in yeast (Bell et al., 1998) and
possibly as Tre-6-P binding proteins (Lunn, 2007) although Tre-6-P binding has not been
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demonstrated. Tre-6-P and Suc-6-P are structurally similar, which invites the possibility that they may
have similar steric properties and binding kinetics. One possibility may be Tre-6-P binding to the SPP-
like domain of SPS, which is very similar to TPP, to feedback-regulate sucrose synthesis in response
to the Tre-6-P signal. Analogously, Suc-6-P, which is strongly linked to sucrose levels, may bind to
the TPP-like domains of TPS and regulate Tre-6-P synthesis in response to sucrose. These are
speculative, but exciting possibilities which may explain the observed two-way interaction between
Tre-6-P and sucrose. These may be interesting directions for future research.

A second possibility for how Tre-6-P may regulate sucrose synthesis may be through SPP. This
enzyme has been shown to be inhibited by sucrose in a competitive or partially-competitive manner
(Hawker, 1967; Lunn et al., 2000). If Tre-6-P and sucrose act synergistically to inhibit this enzyme,
the observed effects of altered Tre-6-P/sucrose ratio rather than Tre-6-P itself may be explained. In
addition, SPP is strongly inhibited by trehalose, the inhibition being stronger than that by sucrose itself
(Fieulaine et al., 2007). Trehalose may thus be an alternative feedback link between the trehalose
pathway and sucrose synthesis.

3.4. Chapter summary.

In summary, a set of transgenic lines over-expressing enzymes of trehalose metabolism were created
in Arabidopsis with the aim of altering the levels of Tre-6-P in the plants. Plants with highly elevated
levels of Tre-6-P could be obtained by over-expression of OtsA. Over-expression of OtsB failed to
produce an appreciable decrease in Tre-6-P levels, however these plants nevertheless exhibited
phenotypic and metabolic alterations. In addition to the wild type background, over-expression lines in
the starchless pgm mutant were also generated in order to distinguish starch-related and starch-
unrelated phenotypes. Gross morphological phenotypes in the transgenic lines were similar to those
published previously. Plants with high Tre-6-P were severely stunted and had small leaves while
plants with low Tre-6-P were slightly larger and had larger leaves. Closer morphological examination
of leaves in the lines found cell size to vary in a manner consistent with Tre-6-P being a regulator of
cell size. Plants with high Tre-6-P had very small leaves with a decrease in cell number and very small
cells. Plants with low Tre-6-P had larger leaves, which was driven by increased cell size only. The
phenotypes of OtsA over-expressors were largely conserved in the starchless pgm background while
there were differences in the phenotypes of OtsB plants depending on the background, suggesting that
some of the effects are related to starch metabolism. An analysis of over-expression lines grown in
three different daylengths found alterations in sugar metabolism consistent with a role of Tre-6-P as a
feed back regulator of sucrose synthesis. Growth of 35S:0OtsA plants was equally suppressed in all
daylengths while the growth enhancement of 35S:0tsB plants was very mild and only evident in long
days. Possible reasons for the growth suppression in 35S:0tsA plants are: i) lack of cell expansion
suppresses leaf area production from biomass, negating the pay-back benefits of leaf area and light
interception and ii) increased CO, losses due to de-regulated respiratory flux.
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Chapter 4. Transgenic modulation of Tre-6-P in guard cells affects stomatal
function

4.1. Introduction.

Stomata are pores on the surface of leaves which mediate the counter-current exchange of carbon
dioxide and water vapour between the leaf and the atmosphere. The stomata consist of a pair of guard
cells and their subtending subsidiary epidermal cells and form an adjustable pore through the
epidermis of the leaf connecting the internal airspaces to the outside atmosphere. The guard cell wall
is very specialised in structure and causes a change in cell shape when turgor pressure builds up inside
the cell, and this results in a change in the size of the stomatal pore (Sharpe et al., 1987). The size of
the pore determines its conductance to gases and is instrumental in regulating gas exchange.

Guard cells are a very specialised cell type adapted to sense and integrate multiple signals and regulate
leaf function with great precision. Stomata open in response to light, low CO, concentration and high
humidity as well as responding to changes in plant water status (Outlaw, 2003; Ache et al., 2010). The
drought and stress-related hormone abscisic acid (ABA) is a strong modulator of stomatal function,
causing rapid closing (Raschke, 1987). Red and blue light elicit two different signalling pathways in
guard cells and result in different physiological responses.

The multiple signals sensed by stomata are integrated by a complex system of regulatory interactions.
There is much evidence that the different signals are not processed by single transduction pathways
and stomatal regulation has been modelled as a network (Li et al., 2006). There have been unverified
suggestions that the regulatory network has scale-free properties (Hetherington and Woodward, 2003;
Assmann, 2010) and exhibits a high degree of connectivity as well as the emergent properties of a high
degree of redundancy and the ability to acclimate to external signals on a whole-network level. The
latter conclusion originally stems from observations of different stomatal behaviour in response to the
same stimuli in plants grown in different conditions (Talbott and Zeiger, 1996; Frechilla et al., 2002,
2004).

4.1.1. Stomatal movements.

Stomatal opening is driven by turgor buildup inside stomatal guard cells, which is brought about by
the accumulation of large amounts of solute and the osmotic accumulation of water. During stomatal
opening protons are actively extruded from the guard cell, hyper-polarising the plasma membrane and
causing the inflow of K ions through an inward-rectifying potassium channel which is specific to
guard cells, KAT1 (Latorre et al., 2003). The ion buildup causes the osmotic inflow of water, building
turgor within the cell. The large accumulation of positive ions in the cell requires anions to balance
charges in order to maintain the membrane potential. The availability of inorganic anions in plants
may be insufficient to maintain a charge balance in guard cells (Speer and Kaiser, 1991).

4.1.2. Metabolism in guard cells.

4.1.2.1. Malate.

Metabolism plays a crucial role both in the signalling aspect of stomatal regulation and in the
mechanism of stomatal movements. A number of organic anions accumulate in guard cells during
stomatal opening, presumably to be involved in charge balancing. Malate is the most abundant species
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but citrate, aspartate and glutamate have all been demonstrated to be present and to increase in isolated
stomata during opening (Allaway, 1973; Outlaw and Lowry, 1977). Guard cell malate concentration in
open stomata on intact leaves of Vicia faba has been measured to be up to 10-fold higher than in
closed stomata (Humble and Raschke, 1971; Assmann and Zeiger, 1987). Epidermal malate content
correlates with stomatal aperture in isolated epidermis (Van Kirk and Raschke, 1978; Allaway, 1981).
Guard cells can take up labelled malate from external solutions (Dittrich and Raschke, 1977) and it has
been proposed that the leaf mesophyll and subsidiary epidermal cells are a source of malate during
stomatal opening (Araujo et al., 2011).

Malate accumulation can also occur independently of the mesophyll in isolated epidermal strips with
no external source of malate (Raschke and Schnabl, 1978) and fixation of '“CO, into malate by
individual guard cells is well documented (Dittrich and Raschke, 1977; Willmer and Rutter, 1977).
Malate accumulated by guard cells during stomatal opening in the absence of the mesophyll thus
seems to be of mainly endogenous origin. The malate seems to originate from carbon skeletons
derived from starch breakdown in the guard cell chloroplast and formed through the PEP carboxylase
pathway (Outlaw and Manchester, 1979; Vavasseur and Raghavendra, 2005). There is evidence that
decreasing leaf malate content by over-expression of a malate-consuming enzyme impairs stomatal
function (Laporte et al., 2002). The role of malate is stomatal opening is somewhat redundant, as
inorganic ions can substitute for it when they are available (Raschke and Schnabl, 1978; Van Kirk and
Raschke, 1978).

During stomatal closing malate is removed from the guard cell mainly through rapid export (Dittrich
and Raschke, 1977), although some flux from malate to starch has been demonstrated in closing
stomata (Willmer and Rutter, 1977). Modulation of ion channel activity by external malate in guard
cells has been implicated in guard cell CO, sensing (Assmann, 1999; Hedrich et al., 2001; Hanstein
and Felle, 2002).

4.1.2.2. Sucrose.

Neutral sugars also accumulate as osmolytes in guard cells during stomatal opening. It has been
suggested that inorganic cations and sugars have distinct functions as osmolytes in guard cell turgor
regulation has been suggested (Lu et al., 1995; Talbott and Zeiger, 1998). In a study of Vicia faba
stomatal opening in the morning was shown to be driven by potassium uptake balanced by malate
while after midday there is a switch to sucrose as the main osmoticum (Talbott and Zeiger, 1996,
1998). Starch breakdown and guard cell photosynthesis can contribute to the formation of sucrose in
guard cells (Talbott and Zeiger, 1993) but do not appear to be sufficient to produce the amount of
sucrose needed to support stomatal opening (Reckmann et al., 1990; Lu et al., 1997; Outlaw and De
Vlieghere-He, 2001). Sucrose accumulating in guard cells has been shown to originate from carbon
fixed in the mesophyll in labelling studies (Lu et al., 1997). The import of sugars from the apoplast
into the guard cell has the capacity to support stomatal opening (Ritte et al., 1999) and may be an
alternative solute to the potassium malate model of guard cell turgor generation.

4.1.2.3. Starch.

Guard cells are also highly specialised with respect to starch metabolism. In contrast to the pattern
normally seen in leaves, guard cells have a reversed diurnal starch cycle and accumulate starch at
night and break it down during the day (Outlaw and Manchester, 1979; Talbott and Zeiger, 1993). The
mechanism of activation of starch synthesis at night is poorly understood in guard cells, however its
breakdown in the light is brought about by two mechanisms: starch is broken down in the light by a
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guard cell specific B-amylase (BAM1) which is redox activated in the light by thioredoxin f (Sparla et
al., 2006; Valerio et al., 2011). The malate formed from starch breakdown is converted to malate in a
series of reactions with the penultimate step catalysed by PEPC. This enzyme is activated through
regulatory phosphorylation in response to blue light (Du et al., 1997; Outlaw et al., 2002), which alters
its allosteric regulation properties and increases the flux to malate (Zhang et al., 1994). Malate
formation seems to be the only destination of carbohydrates released from starch during light-
stimulated stomatal opening. The starchless pgm mutant shows impaired stomatal opening in
epidermal strips which can be restored by supplying chloride (Lasceve et al., 1997). Inhibition of
starch degradation in a knockout mutant of the guard cell BAM1 was also shown to affect stomatal
opening (Valerio et al., 2011).

4.1.3. Stomatal light response.

Stomata open in response to light. The stomatal response to light consists of two separate but possibly
interacting mechanisms: the red-light and blue-light responses. The opening response elicited by red
light requires high intensity light and is driven by accumulation of sucrose as the osmoticum and does
not lead to malate production or starch degradation (Talbott and Zeiger, 1993). There have been many
suggestions that photosynthesis mediates the sensing of red light either directly (Poffenroth et al.,
1992; Olsen et al., 2002; Zeiger et al., 2002) or through its effects on leaf CO, concentrations
(Roelfsema et al., 2002; Messinger et al., 2006) — see next section. The role of photosynthesis has been
challenged by studies on plants with severely impaired photosynthesis, which show normal stomatal
function and red-light responses (von Caemmerer et al., 2004; Baroli et al., 2008), suggesting a
different sensing mechanism and that photosynthetic sucrose production is not absolutely necessary
for stomatal opening.

The blue light response, in contrast, is mediated by the phototropin blue-light photoreceptors
(Kinoshita et al., 2001; Talbott et al., 2003), is activated at very low fluence rates of blue light and
specifically stimulates starch breakdown and malate production but not sucrose accumulation
(Poffenroth et al., 1992; Talbott and Zeiger, 1993).

4.1.4. Stomatal CO, response.

Another environmental parameters strongly influencing stomatal movements is carbon dioxide
concentration. Stomata open in response to low CO, concentration in order to let more CO, into the
leaf for photosynthesis. High CO, concentrations elicit stomatal closure. The sensing and signalling
mechanisms behind the stomatal response to CO, are distinct from the responses to light. The sensing
of CO, in guard cells seems to involve the catalytic activity of carbonic anhydrase (Hu et al., 2010)
and cytosolic Ca®" transients (Schroeder et al., 2001; Young et al., 2006). An involvement of malate as
a second messenger in stomatal CO,-sensing has long been proposed (Hedrich and Marten, 1993;
Hedrich et al., 2001; Vavasseur and Raghavendra, 2005). This has been supported recently by findings
that a plasma membrane dicarboxylate channel SLACI localised in guard cells (Negi et al., 2008) and
an ABC malate importer AtABCB14 (Lee et al., 2008) are essential for the CO, response of stomata.

A strong involvement of ABA-signalling in the stomatal CO, response has been shown. Impaired CO,
responses have been measured in the ABA-insensitive mutants abi-I and abi-2 (Webb and
Hetherington, 1997) and gca? (Young et al., 2006), but not in some others (Mustilli et al., 2002).
Stomatal CO, and ABA signalling pathways thus seem to converge and to share some components.
Links between ABA and the malate flux have also been identified. ABA inhibits the phosphorylation
of PEPC and malate accumulation in guard cells (Du et al., 1997). Mutants lacking the malate export
channel SLACI were also impaired in stomatal closing in response to ABA (Vahisalu et al., 2008) and
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were CO,-insensitive (Negi et al., 2008), suggesting that the effects of ABA and/or CO, signalling
may be mediated by malate transport downstream. Impaired CO, responses of stomata have been
described in loss of function mutants of a nitrate transporter (Guo et al., 2003), a calcium-independent
protein kinase specific to guard cells (Hashimoto et al., 2006) and, in a C, species, the photosynthetic
isoform of PEPC (Cousins et al., 2007).

Stomatal opening and closing are dynamic and relatively rapid processes. The metabolic conversions
required during stomatal movements necessitate rapid filling and draining of large pools of
metabolites. This requires large fluxes and their tight dynamic regulation to produce the output of the
system — changes in stomatal conductance. The guard cells are thus are good model not only for the
study of cellular signalling, but are also a unique system for the study of metabolic regulation.

4.1.5. Possible role of trehalose and/or Tre-6-P

As trehalose is a known stress protectant, there have been many attempts to increase trehalose
production in plants with the aim of achieving stress tolerance. These studies have expressed bacterial,
yeast as well as plant genes encoding TPS and TPP proteins under the control of constitutive, tissue
specific and stress-inducible promoters as well as intra-cellular targeting approaches. Tolerance to
drought stress could be achieved in several species (Holmstrom et al., 1996, Pilon-Smits et al., 1998;
Jang et al., 2003; Almeida et al., 2007; Karim et al., 2007), however the phenotypes could not always
be attributed to trehalose as it rarely accumulated to substantial degrees due to the presence of
trehalase, which degrades trehalose to glucose (Goddijn et al., 1997; Frison et al., 2007). This
implicated its precursor trehalose-6-phosphate as the cause of the stress tolerance.

Alterations in stomatal function have been proposed as one of the mechanisms of drought tolerance in
these lines (Gaff, 1996). An involvement of Tre-6-P in stomatal function may be hypothesised as Tre-
6-P is involved in sensing sucrose and regulating starch metabolism while starch and sucrose are key
players in the specialised metabolism and the function of guard cells. Transcripts encoding the
catalytically active TPS1 and non-catalytic class II TPS's (or non-catalytic TPS-like proteins) have
been detected in guard cells (Leonhardt et al., 2004). The TPS1 protein has been detected in guard cell
protoplasts in a proteomic study (Zhao et al., 2008). Unpublished evidence indicates active expression
of TPP’s as well as trehalase in Arabidopsis stomata (Lopez, 2011). Plants homozygous for the mutant
allele of Tps1 have also been shown to have defective ABA responsiveness of stomata (Gomez et al.,
2010).

The evidence for an involvement of stomata in the drought-tolerant phenotypes of trehalose-producing
plants comes from water-loss experiments. Transgenic potato plants expressing a yeast TPS were
shown to retain water for longer during drought in the whole plant and in detached leaves during
desiccation (Stiller et al., 2008), with similar results reported in tobacco (Gaft, 1996; Holmstrom et al.,
1996). Such an effect was not evident in all studies however (Romero et al., 1997; Almeida et al.,
2005; Almeida et al., 2007). A direct involvement of stomata is also not always evident as, for
example, water was retained even though stomata stay open (Stiller et al., 2008) and drought tolerance
(protection of photosynthetic function) was observed even though stomata stayed open (Almeida et al.,
2007). The interpretation of the results from these plants is also complicated due to the often-severe
developmental phenotypes observed in plants over-expressing TPS enzymes (Goddijn et al., 1997,
Romero et al., 1997; Schluepmann et al., 2003). These have been shown to affect stomatal densities
((Stiller et al., 2008), see also Chapter 3). The situation is further confounded by the presence of
severe metabolic alterations in such plants (Pellny et al., 2004) making it difficult to separate the
effects of trehalose on stomatal function from the pleiotropic effects as there is known cross-talk
between leaf metabolism and stomatal function.
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4.1.6. Aims of the chapter.

These previous studies strongly suggest that trehalose metabolism plays an important, but so far
poorly characterised, role in stomatal function. To shed more light on this, stomatal function was
investigated using Arabidopsis plants engineered to overexpress the E. coli TPS (Ots4) and TPP
(OtsB) enzymes under the control of either the constitutive 35S promoter or the stomatal-specific
MYB60 promoter. This chapter documents the isolation and characterisation of MYB60:OtsA and
MYBG60:0tsB transgenic lines. The Gus reporter gene was used to investigate the specificity of
MYB60 promoter expression. The patterns of starch accumulation in guard cells were examined
microscopically and stomatal behaviour in response to light and CO, are assessed using dynamic gas
exchange measurements. The contribution of stomata to plant water use efficiency is then assessed by
measurements of carbon isotope fractionation. Finally, the performance of the plants under controlled
water-limiting conditions was assessed to investigate whether alterations in stomatal function lead to
improved plant performance.

4.2. Results.

4.2.1 Screening of lines.

T, MYB60:OtsA transformants presented a severe growth and developmental phenotype. 18 out of 20
retained plants were severely stunted, with very small, dark-green leaves with an abnormal shape (Fig.
4.1). All plants flowered and produced seed, although seed yields were low. MYB60:0OtsB
transformants were superficially indistinguishable from the MYB60:Gus control transformants. In
subsequent generations the severe phenotype seen in the MYB60:0tsA lines was no longer apparent
and the plants closely resembled wild types.

MYB60:OtsA MYB60:OtsB MYB60:Gus

s AP A
.

Fig. 4.1 Phenotypes of first generation stomatal-specific transformant plants.
First-generation primary transformants of Arabidopsis thaliana Col-0 harbouring constructs
expressing bacterial OtsA, OtsB and B-glucuronidase under the control of the MYB60 stomatal-
specific promoter from Arabidopsis thaliana.
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Expression of trans-genes was detected in the lines by RT-PCR analysis of leaf RNA with 25 cycles of
amplification. Ots4 and OtsB transcripts could be detected in leaves of the respective homozygous
lines. Fig. 4.2 shows the detection of the transcripts in the transgenic MYBG60 lines and 35S positive
controls by electrophoresis on agarose gels. All three OtsA4 lines contained the OtsA transcript, with
one line (#14) showing stronger expression than the others. Both OtsB lines contained detectable OtsB
transcript. RNA was treated with DNase prior to reverse-transcription to remove contaminating
genomic DNA. Control PCRs were carried out with equivalent amounts of RNA that had not been
reverse transcribed, and gave no detectable product, indicating the absence of residual genomic DNA.
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Fig. 4.2 Detection of trans-gene expression in stomatal-specific transgenic lines using RT-PCR.
Leaves of MYB60 stomatal promoter-driven transformants harbouring the OtsA and OtsB genes were
analysed by RT-PCR with OtsA4 and OtsB gene-specific primers. Actinl0 is used as an amplification
and loading control, in lanes labelled RNA, non-reverse transcribed RNA at equivalent dilution was
loaded as a control for genomic DNA contamination. 35S:0tsA and 35S:0tsB lines were used as
positive controls. PCR was run for 25 cycles. Electrophoresis was conducted on 1% agarose gel in
TAE buffer. Gels were stained with GelRed for visualisation.

4.2.2. MYB60:Gus expression.

Strong Gus-staining could be detected in MYB60:Gus lines after as little as three hours of incubation
with reaction mixture (Fig. 4.3). Gus staining was strongly localised in stomatal guard cells.
Expression of the promoter seemed to be activated only in mature guard cells. In younger developing
leaves, Gus staining appeared in the distal regions of the leaves, corresponding to the oldest and most
mature sections of the leaf. Weak staining was observed in leaf veins.

Fig. 4.3 Cell-specificity of MYB60 promoter expression in Arabidopsis leaves.

Detection of Gus-reporter gene expression driven by the MYB60 stomatal-specific promoter from
Arabidopsis thaliana by histochemical staining with X-gluc. A) — mature leaf showing staining in
stomata and background staining in leaf veins, b) close-up of mature leaf, showing staining in stomata,
¢) young expanding leaf showing staining in stomata on distal portions of the leaf and in veins.
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4.2.3. Guard cell starch.

Starch was visible in guard cells of epidermal strips fixed in ethanol:acetic acid or hot 80% ethanol
and stained with Lugol iodine solution (Fig. 4.4). Boiling in hot ethanol appeared to improve the
visibility of starch compared to ethanol:acetic acid fixation at room temperature. Guard cells of wild
type plants contained substantial starch when sampled 5 hours into the light period. Almost no starch
was visible in guard cells of 35S:0tsA as well as MYB60:OtsA plants. The 35S:0tsB and
MYBG60:0tsB plants appeared to have similar amounts of starch to the wild type, however their starch
grains appeared to be larger and more densely staining.

Col-0 1

355:0tsA 1
2

355:0tsB 1
2

MYB60:0tsA  #14

#18

MYB60:0tsB #2

#4

Fig. 4.4 Guard cell starch accumulation in transgenic lines.

Stomata stained with Lugol-iodine in fixed abaxial epidermal strips obtained from mature leaves of
transgenic lines harbouring constructs which express bacterial OtsA and OtsB genes from constitutive
35S and stomatal-specific MYB60 promoters in Arabidopsis, grown in parallel in 8h days and
sampled 5 hours into the light period at 35 days after germination. Starch is visible as a dark-blue
coloration. For wild type Col-0 and 35S transgenics stomata from two separate plants of each
genotype are displayed (labelled 1 and 2). For MYB60 transgenics stomata from single plants from
two separate insertional lines are displayed. Stomata were chosen at random.
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4.2.4. Stomatal function.

4.2.4.1. Stomatal opening in saturating light.

The function of stomata in the transgenic lines was assessed using sensitive measurements of CO, and
water vapour exchange on intact leaves in various conditions. Impairments in metabolic capacity in
guard cells may be expected to limit the speed of maximal stomatal opening. In order to assess the
ability of stomata to open rapidly from a closed state plants were kept in the dark until the time of
measurement and a saturating irradiance of 1000 pE m™ s™ was applied to elicit a strong opening
response and stomatal conductance was recorded every 60 seconds for 50 minutes. Fig. 4.5 shows the

traces of stomatal conductance in the dark and during stomatal opening.
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Fig. 4.5 Stomatal opening in response to saturating light in constitutive 35S (a) and stomatal-
specific MYB60 (b) transgenics.

Plants were dark-adapted overnight. Stomatal conductance was measured at 60-second intervals. Light
at 1000 pE m” s irradiance was switched on at the time point indicated by arrow. Each point is a
mean of 6 measurements on different plants with the exception of 35S:0tsA, where four plants were
measured. Bars are standard error. Standard error was used in this graph (as an exception) for clarity
purposes. Statistical analysis in text reveals whether differences are significant.

Stomatal conductance in the dark averaged 0.07 mmol m™ s™' and there were no differences between
genotypes. All traces in Fig. 4.5 were normalised to start at 0.1 mmol m™ s for comparison.
Saturating light of 1000 uE m™ s™ elicited a strong stomatal opening response during which stomatal
conductance almost tripled in the wild type. Stomatal conductance became stable at the new steady
state after 15-20 minutes.

35S and MYB60 genotypes of both OtsA and OtsB genes had significantly lower rates of stomatal
opening than wild type (Fig. 4.6a). MYB60:OtsA exhibited the lowest opening rate which was 56%
lower than the wild type while in MYB60:0tsB it was 48% lower than wild type. The 35S lines
exhibited smaller reductions in stomatal opening, with 35S:0tsA more severely affected.
Consequently, all genotypes took longer to reach their final stomatal conductance, however the
differences in the half time of stomatal opening were not significant (not shown).

81



c
2 12—a) o 14| ©
c T
37 S _ 1 1
gg 107 1 =
-.(_E‘T 87 %(\.‘w 10’ ill l
(UNU) . *% — E 8’
EI 6 - Hokk g_
o E 2 2
wB *kk D %_ T
BE 4 <Nv 4
L2 9 O
© : O 2 -
o
0 w w w w 0 ‘ ‘ ‘ ‘
2 I f 35 9 2 I & 35 3
S T 3 o 9 S ¥ @ o ©
) o) @\ N 1) 5 »n »n
o g & 3 o 2 8 8
— s 3 S 3
c © m © m
5 £ > £ 3
> 8
g 0.35 & 60
c b) k3] d) -
..g 0.30 + Eﬁ_ 50 - l ——
=)
S < 0.25 - l P~ T T T
O . 020 - . & E
s E T < 30
T O 0.15 - Z g
g £ @ g 20
2 E 0.10 - 3=
n o}
2 005 g 197
7 ©
0.00 ‘ ‘ w w + 0 \ ‘ ‘ ‘
= S ¥ ¥ < a 2 S ¥ ¥ < a
@ 3 % a4 2 = S 2 2
5 I o 1) (7)) 2 o @ @
™ o el el - o el ™
g g g ¢
s = s =

Fig. 4.6. Rate of stomatal opening (a), stomatal conductance at steady state in saturating light
(b), rate of CO, assimilation (¢) and instantaneous water use efficiency of photosynthesis (d) in
constitutive 35S (a) and stomatal-specific MYB60 (b) transgenics.

Significant differences (t-test with Holm-Sidak correction) from the wild type are shown as * P < 0.05,
** P<0.01, *** P <0.001. N=6. Bars are standard deviations.

While the transgenic genotypes had lower rates of stomatal opening, they did not differ from wild type
in the extent of opening in response to high light and reached similar final operating stomatal
conductance at steady state (ggn) in saturating light (Fig. 4.6b). There were no significant differences
in the rate of photosynthesis at steady state in saturating light in any genotype relative to wild type
Col-0 however the statistical power of the test was low due to high variance (Fig. 4.6¢). Instantaneous
water use efficiency of photosynthesis, defined as the ratio of photosynthetic rate to stomatal
conductance (A/g, Fig. 4.6d) did not differ significantly from wild type in any genotype with the
exception of the 35S:0tsA line, which had a 21% higher water use efficiency than the wild type. There
was a small increase in the MYB60:0tsA line, but this was not significant.
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4.2.4.2. Response to low CO,.

Stomatal opening in response to low CO, was also investigated. After the plants reached a steady state
operating stomatal conductance in saturating light the CO, concentration in the sample chamber was
changed from 400 to 50ppm and stomatal conductance tracked for a further 40 minutes. Fig. 4.7 shows
the traces of stomatal opening following the application of low CO, in high light.
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Fig. 3.7. Stomatal opening in response to low ambient CO, concentration in constitutive 35S (a)
and stomatal-specific MYB60 (b) transgenics. Leaves at steady state under an irradiance of 1000 uE
m™ s were exposed to air with 50 pmol mol™ CO, concentration and stomatal conductance tracked at
60 second intervals. Each point is a mean of 6 different plants. Bars are standard error. Standard error
was used in this graph (as an exception) for clarity purposes. Statistical analysis in text reveals
whether differences are significant.

When the CO, concentration was lowered to near-compensation point in high light, stomata responded
by opening further. Stomatal conductance reached a new steady state after 18-20 minutes in the wild
type. This increase in stomatal conductance was approximately half of that elicited by high light
treatment (Fig. 4.5) The stomatal response of 35S lines could not be distinguished from the wild type
with statistical significance (Fig. 4.7a). The increase in stomatal conductance was attenuated in
MYB60:0tsA plants and was less than half that of wild type plants (P<0.001, Fig. 4.7b). Stomata of
MYB60:0tsB plants opened slower than wild type but reached equivalent stomatal conductance at the
end of the 40 minute measuring period.

4.2.5. Dry Matter Carbon Isotope Fractionation.

Two stable isotopes of carbon exist in nature — '>C and "C. Isotope fractionation consists of a number
of physical processes which cause the abundance of "*C in particular materials to deviate from its
natural abundance of 1.109% of total carbon. Rubisco fractionates against *CO, during its catalysis
(Roeske and O'Leary, 1984). CO, containing the heavier °C isotope also diffuses slower than the
lighter '*CO,, which causes some fractionation to occur during CO, diffusion into the leaf through the
gas and liquid phases in the leaf (O'Leary, 1981). The isotopic composition of carbon fixed through
photosynthesis is an indication of the CO,-conditions prevailing around Rubisco during carbon
fixation. This is strongly influenced by stomatal conductance and in turn directly influences the water
use efficiency of photosynthesis (Farquhar et al., 1982; Farquhar and Richards, 1984). The abundance
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of 1*C in plant matter is a robust indicator of stomatal function integrated over the growth period of the
plant and is thus an important tool in the study of stomata and water use.

In order to assess the long-term function of stomata in the transgenic lines, plants were grown in a
greenhouse away from any artificial sources of CO, and mature leaf material collected and dried for
analysis by isotope-ratio mass-spectrometry (IR-MS). In this technique dry plant material is
incinerated at high temperature and the isotopic composition of the evolved CO, is measured. The
starchless pgm mutant was also included for comparison as it has been demonstrated previously to
have impaired stomatal function (Lasceve et al., 1997), but no isotope fractionation data has been
published previously for this mutant.

Fig. 4.8 shows the 8"°C values of the wild type and the transgenic plants, along with the starchless pgm
mutant. The units of 8"°C are per mil (%o) which is equivalent to parts per thousand and are expressed
relative to the isotope composition of a universal standard, the fossil rock Pee Dee Belemnite. Lower
(more negative) values indicate depletion in °C, which occurs when the kinetic fractionation during
carboxylation by Rubisco dominates the isotopic fractionation of the leaf because the diffusional
limitation by stomata is low. Higher (less negative) values indicate relative enrichment in C and
occur when CO, supply is restricted by low stomatal conductance, causing more *C to accumulate in
inorganic carbon pools in the leaf and to be fixed into biomass.
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Fig. 4.8 Carbon isotopic signature of dry matter (6"°C) in constitutive 35S and stomatal-specific
MYBG60 transgenics.

Transgenic lines harbouring constructs which express bacterial OtsA and OtsB genes from constitutive
35S and stomatal-specific MYB60 promoters in Arabidopsis thaliana were grown in well-watered
conditions in a greenhouse in 12-hour days. Significant differences (t-test with Holm-Sidak correction)
from the wild type are shown as * P <0.05, ** P <0.01, *** P <0.001. N=6. Bars are standard
deviations.

The dry matter of wild type plants was strongly depleted in ">C, with average 8"°C values of -31.9%.
Small but highly statistically significant differences could be observed in several of the transgenic
lines. 35S:0tsA lines were enriched in "°C relative to wild type (-31.1%o, P<0.001). 35S:0tsB plants
were also slightly "*C-enriched relative to wild type (-31.6%o, P=0.004). The three lines harbouring the
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MYBG60:0tsA construct were also enriched in *C. The strongest effect was observed in the stronger-
expressing lines #14 and #18 (-31.4%o, P<0.001) while the weaker expressing line #2 showed a more
modest effect (-31.7%o0, P=0.01). Among the lines containing the MYB60:0tsB construct, line #2 was
significantly enriched in C (-31.6%o, P=0.003) while line #4 was not significantly different from the
wild type (-32.0%o, P=0.197). The starchless pgm mutant had an isotopic signature which was
significantly more depleted in °C than the wild type (-33.1%o, P<0.001).

Using the robust mathematical background of 'C/"’C fractionation associated with leaf photosynthesis
(Farquhar et al., 1982), the average operating ratio of intercellular/ambient CO, concentration (C;/C,
ratio) could be derived from the 8"°C values (Table. 4.1). The C/C, ratio is an indication of the
diffusional limitation exerted by stomata. In the absence of any stomatal resistance there would be no
CO, concentration gradient across stomata and the ratio would be 1. Resistance to diffusion imposed
by stomata causes a concentration gradient to form in the presence of a flux (photosynthesis), as the
CO; inside the leaf is depleted. The lower the ratio, the higher the CO, concentration gradient and the
higher the diffusional limitation. The Cy/C, ratio is inversely proportional to the water use efficiency of
photosynthesis.

There were mild but significant reductions in derived C;/C, ratio in all transgenic genotypes relative to
the wild type value of 0.77. The lowest value was in 35S:0OtsA, where it was 0.738 (P<0.001). All
MYB60:0tsA lines and one MYB60:0tsB line (#2) exhibited intermediate values while MYB60:0OtsB
line #4 was not altered. The pgm mutant had a significantly higher operating Ci/C, ratio of 0.81
(P<0.001).

8"C %o Ci/C, ratio
Mean SD Mean SD
Col-0 -31,905 0,079 0,770 0,003
35S:0tsA -31,086%*** 0,113 0,738%*** 0,004
35S:0tsB -31,646%** 0,153 0,760%* 0,006
MYB60:OtsA #2 -31,675* 0,227 0,761* 0,009
MYB60:OtsA #14 -31,446%** 0,106 0,752%%* 0,004
MYB60:OtsA #18 -31,399%** 0,196 0,750%%* 0,008
MYB60:0tsB #2 -31,620%** 0,152 0,759%:* 0,006
MYB60:0tsB #4 -32,022 0,115 0,774 0,005
pgm -33,110%%* 0,108 0,817%** 0,004

Table. 4.1 Carbon isotopic signature in dry matter (6"°C) and inferred C;/C, ratio in constitutive
35S and stomatal-specific MYB60 transgenics.

Lines harbouring constructs which express bacterial Ots4 and OtsB genes from constitutive 35S and
stomatal-specific MYB60 promoters in Arabidopsis thaliana, grown in well watered conditions in a
greenhouse in 12-hour days. C;/C, ratio was calculated using the relation derived in Farquhar et al.
(1982), Eq. 12 using the fractionation parameters: isotopic composition of the atmosphere -7.8%o
(Ciais et al., 1995), fractionation during diffusion through air -4.4%o., fractionation during
carboxylation at Rubisco -30%. (Roeske and O'Leary, 1984). Significant differences (t-test with Holm-
Sidak correction) from the wild type are shown as * P < 0.05, ** P < (.01, *** P <0.001.

4.2.6. Gene expression.

Trans-gene expression was confirmed in each leaf of the MYB60 lines used for gas exchange
measurements. Leaf disks were taken from the portion of the leaf which was in the measurement
cuvette during gas exchange measurements and RNA was extracted for qRT-PCR using Ots4 and
OtsB gene-specific primers. Actinl0 was used as a normalisation control. C; values and apparent
“fold-change” over the background are displayed in Table. 4.2. All measured plants expressed the
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OtsA and OtsB trans-genes well over background at the transcript level. The expressed genes are of
bacterial origin and plants do not express them normally. Therefore, calculation of relative expression
levels does not have a straightforward meaning. The absolute C; values obtained by qRT-PCR are
presented and the apparent fold-change is expressed relative to the background signal in the wild type.
Actinl0 was used as a reference gene and all relative expression changes are normalised to the
expression of this gene (as shown in the Materials and Methods).

OtsA OtsB Actinl( "Fold-change" vs Col-0
Col-0 33.26 30.41 18.82
MYB60:OtsA #14 27.85 30.32 19.10 28.20
MYB60:0tsB #4 32.44 25.70 19.20 20.00

Table. 4.2 qRT-PCR analysis of stomatal-specific transgenic plants used for gas-exchange
analysis.

C, values of OtsA and OtsB transcripts in MYB60 transgenics and apparent “fold-change” over the
background in leaf disks obtained from plants used for gas exchange analysis. Values are means of six
samples. Fold-change is calculated assuming a PCR efficiency of 1.8 in the REST normalisation tool,
normalised to the expression of Actin.

As Tre-6-P has been implicated in stomatal ABA signalling (Goémez et al., 2010), it is possible that the
stomatal phenotypes in the transgenic lines are caused by secondary effects of the trans-genes and/or
Tre-6-P on ABA signalling in guard cells. To investigate this possibility, expression levels of a series
of ABA-responsive and signalling genes were measured in the leaf disks of transgenic plants using
gRT-PCR. Two experiments were carried out. In one experiment whole-rosette material from
358S:0tsA and 35S:0tsB lines grown in a separate experiment was analysed. In the second experiment,
leaf disks from the MYB60 transgenic lines taken from the plants directly following gas exchange
analysis were analysed.

Fig. 4.9 shows the relative abundance of transcripts of a series of ABA-responsive genes in the 35S
lines (a) and in the MYBG60 lines (b) relative to wild type. There were some very minor alterations in
the expression levels, some of which were significant. In general, 355:0tsA lines had slightly elevated
levels of transcript of most of the analysed genes and these were statistically significant for ABF4 and
ABII, which were upregulated by factors of 2.2 and 1.4 respectively, while Rabl8 was very mildly
downregulated (1.3-fold). No statistically significant differences were observed in 355:OtsB plants.

MYBG60 lines differed from their 35S counterparts in the pattern of expression of ABA-related genes.
The OtsA and OtsB lines largely responded in a similar manner to each other. Rab18 and OSTI were
induced compared to the wild type in both lines, although very mildly (1.5-fold at the most). In
addition, ABF4 and ABI4 were significantly induced in MYB60:OtsB plants.
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Fig. 4.9. Expression levels relative to wild type Col-0 of some ABA-responsive and ABA-
signalling genes in constitutive 35S (a) and stomatal-specific MYB60 (b) transgenics.

gRT-PCR data were analysed using the REST normalisation tool (Pfaffl et al., 2002). Actin10 was
used as a reference gene for normalisation. Expression ratios were calculated assuming PCR efficiency
of 1.8. Differences were statistically tested using the Pairwise Fixed Reallocation Randomisation Test,
significant differences from wild type at a=0.05 (from a ratio of 1 or -1) are indicated by stars. 35S
samples were pools of six 21-day old rosettes grown in 12-hour days, N=3, MYB60 samples were leaf
disks taken from leaves analysed for by gas exchange, grown in 8-hour days, N=6.

4.2.7. Drought Tolerance.

Altered function of stomata would be expected to have an effect on plant performance in conditions
where growth and photosynthesis are limited by the availability of water. A controlled water-deficit
experiment was set up in order to assess whether the transgenic lines perform differently when
growing under mild water stress. Plants were initially grown in controlled environment chambers
under well watered conditions. The pots in the drought treatment group were then allowed to
dehydrate to 30% of field capacity of the soil, after which this soil water level was maintained by daily
gravimetric watering of pots on a balance. The data from the drought experiment were analysed using
analysis of variance, the results of which are presented in Table. 4.3. Pairwise comparisons between
groups were performed using the Holm-Sidak step-down method.

Genotype Treatment Genotype x Treatment

Trait Factor: " 4p7 df=1 df=7

Rosette fresh weight (g) F 278 160.2 26
p value <0.001 <0.001 0.015

Rosette fresh weight relativeto  F 0.6 158.1 0.6

well-watered control p value 0.718 <0.001 0.718

Rosette fresh weight relativeto  F 28.2 4.0 0.4

WT (within treatment) p value <0.001 0.047 0.876

Table. 4.3 Analysis of variance of drought experiment data.

Two-way analysis of variance table for the effects of genotype, drought treatment and their interaction
on the biomass growth of transgenic lines harbouring constructs which express bacterial OtsA and
OtsB genes from constitutive 35S and stomatal-specific MYB60 promoters. Statistically significant
effects at 0=0.05 are highlighted in bold-face.
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Fig. 4.10a shows the growth of the transgenic genotypes in well-watered control conditions and under
controlled mild drought. Drought treatment had a significant effect on plant biomass (P<0.001).
Biomass was significantly reduced in all genotypes with the exception of 35S:0OtsA (Fig 3.10a).
35S:0tsA plants were smaller than wild type in both treatments (P<0.001), however drought did not
affect their biomass significantly (P=0.419). The different behaviour of the 35S:OtsA line drove a
significant genotype:treatment interaction (P=0.02).

When expressed as a percentage of the well-watered control treatment (Fig. 4.10b) there was no longer
a significant effect of genotype on growth (P=0.718) and most of the variance was driven by treatment
(P<0.001). The biomass of wild type plants was reduced by 43% compared to well watered control
plants (P<0.001, Fig. 4.10b). All transgenic lines responded similarly and there were no significant
differences from the wild type in the other lines.

When expressed as a percentage of the wild type value within treatments (Fig. 4.10c), genotype was
the main source of variation (P<0.001) while drought treatment also had a significant effect (P=0.047).
In both control and drought treatments, 35S:0tsA plants were severely stunted compared to the wild
type, with biomass of 28% and 37% of the wild type in the control and drought treatment respectively
(P<0.001 in both cases). The other genotypes did not respond differently to the wild type and there
were no significant differences from wild type in either treatment.
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Fig. 4.10 Growth of constitutive 35S and stomatal-specific MYB60 transgenics under controlled
water limitation.

Transgenic lines harbouring constructs which express bacterial OtsA and OtsB genes from constitutive
35S and stomatal-specific MYB60 promoters were grown in well-watered and controlled mild drought
conditions (30% of field capacity of the soil) expressed as rosette fresh weight at harvest (a), rosette
fresh weight relative to the well watered control of the same genotype (b), and rosette fresh weight
relative to the wild type in the same treatment (c). Bars are standard deviations, N=8 plants.
df=degrees of freedom.
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4.3. Discussion.

The relationship between trehalose metabolism and stomatal function was explored using both
constitutive and targeted expression of enzymes involved in trehalose metabolism. This is the first
study to undertake a detailed investigation of trehalose metabolism in the context of stomatal function
using a targeted mis-expression approach and one of the first to use a stomatal-specific promoter for
targeted expression of any gene.

4.3.1. Stomatal starch.

Starch could be observed in guard cells following staining of fixed epidermal strips with iodine
however its reliable quantification is problematic for several reasons, which will be briefly outlined.

Epidermal peels from Arabidopsis leaves are invariably highly contaminated with adhering mesophyll
cells, which contain much starch, making even slight contamination a significant problem. Epidermal
preparations from Arabidopsis can be obtained by mechanical blending and filtration and are relatively
free of mesophyll contamination (Smart et al., 1999). The direct measurement of starch in such
preparations is possible but is confounded by the presence of starch-containing plastids in the
surrounding epidermal cells, which may be at least as abundant as the starch in the guard cells
themselves (from visual inspection of epidermal strips in this study). Methods exist for the reliable
isolation of guard cell protoplasts which are relatively free of mesophyll contamination (Zeiger and
Hepler, 1976; Shimazaki and Zeiger, 1985; Pandey et al., 2002). This method has been used for
transcriptomic (Leonhardt et al., 2004) and proteomic (Zhao et al., 2008) studies on guard cells. The
use of protoplasts is however not suitable for the study metabolite pools, particularly transient ones
like malate, but also starch. The preparation of guard cell protoplasts is a long process of sequential
cell-wall digestion and washing steps taking place in highly artificial conditions at room temperature
for many hours. As most metabolite pools have turnover times on the order of seconds to minutes
(Arrivault et al., 2009), the metabolite contents of guard cell protoplasts do not reflect the situation in
the intact leaf and are thus difficult to interpret, although they are occasionally published (Negi et al.,
2008; Aratijo et al., 2011). In addition, given the many links between the metabolism of the mesophyll
and the function of stomata (see introduction), the analysis of guard cells separated from the rest of the
leaf is also of questionable validity, a criticism which can also be applied to studies of stomatal
movements in isolated epidermal peels.

The founding work on guard cell starch, malate and sugars used stomata micro-dissected from whole
freeze-dried leaves of Vicia faba and amplification by enzyme cycling assays to achieve sensitivity
(Outlaw and Lowry, 1977; Outlaw and Manchester, 1979). The small size of stomata in Arabidopsis in
comparison with Vicia faba precludes the possibility of this approach for Arabidopsis. In fact, the few
studies which report guard cell starch in Arabidopsis have only used image-based methods to assess
starch amounts - transmission electron micrographs in two cases (Lasceve et al., 1997; Gomez et al.,
2010) and light microscopy with iodine staining in another (Valerio et al., 2011). It is proposed as a
future direction to confirm the starch accumulation phenotype of the lines presented here using
transmission electron micrographs.

Tre-6-P was not measure in the MYB60 transgenic plants. Stomata are a very minor proportion of the
whole leaf by volume and it is unlikely that changes in metabolite levels occurring in stomata will be
reflected in whole-leaf measurements. Thus, it is not known how much Tre-6-P is present in stomata
and to what extent it is altered in the transgenic lines. It can only be presumed that lines expressing
OtsA have higher Tre-6-P contents in their stomata and lines expressing OtsB have lower levels.
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The decreased starch accumulation in stomata of plants expressing OtsA4 (and thus presumably having
high Tre-6-P) contrasts with the findings from whole-rosette starch measurements in 35S-over-
expressors of this protein. Plants with artificially elevated levels of Tre-6-P have consistently been
reported to have high starch levels in their leaves ((Kolbe et al., 2005), Martins, 2011, see also Chapter
2) while their stomata seem to be nearly starch-free. These findings suggest that Tre-6-P may have
widely different effects on starch metabolism in different cell types. A parallel can be drawn between
this observation and the fact that guard cells have a reversed diurnal cycle of starch accumulation
relative to that in the leaf (Outlaw and Manchester, 1979). The observation of this phenotype in both
35S and guard-cell-specific transgenics suggests that the effect is mediated by the guard cell itself and
not by modified metabolism elsewhere in the leaf. Plants expressing OtsB (which degrades Tre-6-P)
showed the opposite effect, with more starch apparent in guard cells. This indicates that Tre-6-P, and
not trehalose, is the causal factor behind the observed starch accumulation phenotype.

While the diurnal patterns of starch accumulation in the leaf and in the guard cell are opposite, a
common factor between them is that the key regulatory events in both systems are exerted by redox
regulation. On the one hand, redox regulation plays a key role in the activation of starch synthesis in
leaves during the day (Hendriks et al., 2003). On the other hand, redox regulation activates the
breakdown of starch by the guard-cell specific f-amylase 1 (BAM1) in guard cells during the day
(Sparla et al., 2006; Valerio et al., 2011). Trehalose-6-phosphate has been shown to stimulate the
redox activation of ADP-glucose pyrophosphorylase in leaves (Kolbe et al., 2005). It would be
interesting to investigate whether Tre-6-P is also involved in modulating the redox regulation of guard
cell enzymes, and BAM1 as a known redox-regulated enzyme and possible target.

4.3.2. Stomatal function.

A detailed investigation of stomatal function was performed on the transgenic lines using gas
exchange analysis to analyse the dynamic behaviour of stomata in response to different stimuli. The
use of gas exchange on intact leaves ensures that in vivo functions of stomata are being measured and
get around the limitations of using isolated stomata or epidermal peels, which is artificial and non-
physiological, as discussed previously.

Stomata can open using imported sugars as osmolytes just as well as using K" ions balanced by malate
and in fact seem to preferentially use sugars when these are available (Outlaw et al., 2002). The use of
dark-adapted plants after a 16-hour night simplifies the interpretation of the analysis, as sugar levels in
the leaf would be low and the immediate opening response would be expected to be driven by cations
and malate derived from starch degradation.

During the stomatal opening protocol, dark adapted leaves were exposed to saturating light. The
application of strong light stimulates a rapid stomatal opening response which would require the
breakdown of starch and its conversion to malate through glycolysis and PEPC. Under these
conditions metabolic impairments in this pathway would be expected to affect the maximum speed of
stomatal opening. Previous applications of this protocol have demonstrated the effects of metabolic
restrictions in the starch-malate pathway on stomatal function. Light-induced stomatal opening has
been shown to be slower in plants deficient in PEPC (Gehlen et al., 1996; Cousins et al., 2007), in the
starchless pgm mutant (Lasceve et al., 1997) and in plants over-expressing a malate-consuming
enzyme (Laporte et al., 2002) while severe photosynthetic impairment did not cause any effects (von
Caemmerer et al., 2004; Baroli et al., 2008), demonstrating the importance of the starch-sugar-malate
pathway rather than photosynthesis as the key metabolic flux necessary for stomatal opening in
response to light.
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Slower light-induced stomatal opening in MYB60 transgenics points to a possible limitation of
stomatal opening by the starch-sugar-malate pathway in guard cells. The observation of altered starch
content in guard cells of these lines suggests that starch supply may be limiting stomatal opening as
starch content has previously been related to stomatal aperture (Outlaw and Manchester, 1979). It is
not yet clear whether the reduced starch content observed in OtsA transgenics is the result of its faster
degradation in the light or if the guard cells are generally accumulating less starch. Future work should
aim to clarify this by examining the diurnal patterns of starch accumulation in guard cells of these
plants.

The similar stomatal opening phenotype observed in both MYB60:0OtsA and MYB60:OtsB lines is
puzzling. Both these enzymes are involved in trehalose synthesis in plants. The observation of a
similar effect of both proteins on stomatal function suggests that this phenotype may not be caused by
Tre-6-P or starch but by trehalose itself. The testing of this possiblity would require the measurement
of trehalose in the guard cells of these plants.

In an alternative model, which is purely speculative, it may be imagined that OtsA plants may be
limited in stomatal opening by a lack of starch accumulation while OtsB plants are limited by a
decreased ability to degrade starch. This can be explained if Tre-6-P is envisaged as an activator of
starch degradation in guard cells (for example through regulation of BAMI1). Thus in OtsA plants
starch may not be able to accumulate because it is constitutively degraded due to the ubiquitous
presence of super-physiological amounts of Tre-6-P. In OtsB plants starch degradation may be
constitutively down-regulated because Tre-6-P is constantly at low levels due to its degradation by the
over-expressed bacterial TPP enzyme (OtsB).

Such a model would conflict heavily with the current understanding of Tre-6-P action in leaves. The
proposed role of Tre-6-P in plants is as a signal of sucrose availability (Lunn et al., 2006; Yadav,
2009), which feeds back to activate starch synthesis during the day (Kolbe et al., 2005; Stitt et al.,
2007)) and to inhibit starch degradation at night (Martins, 2011) in times when sucrose supply exceeds
demand. The degradation of starch to form malate in guard cells is also suppressed when sucrose is
available to support stomatal opening as well as when inorganic anions such as chloride are available
instead (Outlaw et al., 2002). However, Tre-6-P as a signal of sucrose availability in stomata would be
difficult to reconcile with the findings that starch accumulation in guard cells was suppressed in
MYB60:0tsA plants. This suggests that the regulation of Tre-6-P levels in stomata may not be linked
to sugar status or that its function there is also largely different from that in mesophyll cells.

The stomatal opening protocol was conducted using high intensity light containing both red and blue
wavelengths. While the MYB60 transgenic lines exhibited slower stomatal opening there was no
effect on stomatal conductance at steady state. Starch and malate may limit the rate of stomatal
opening during initial light exposure following a long night, however photosynthetic sucrose
production may compensate and allow the stomata to open to normal levels. As discussed in the
introduction, blue-light at low intensities specifically stimulates stomatal opening through the starch-
malate mechanism without activating photosynthesis to a significant degree. The starchless pgm
mutant has been shown to be impaired in stomatal opening in response to low-intensity blue light but
functioned normally in high-intensity red light and during the diurnal cycle in white light (Lasceve et
al., 1997). Its response to blue light could be restored by supplying chloride in epidermal strips,
bypassing the requirement for malate. This again suggests that the starch-malate mechanism is very
specific to particular subsets of conditions and is somewhat redundant. This may explain why the
trehalose transgenics were affected in initial stomatal opening in response to light but not in steady
state function.
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While the MYB60 transgenics exhibited stomatal phenotypes, there were no effects in the
corresponding 35S over-expressors. The interpretation of the phenotypes of the 35S plants is
complicated by their severe metabolic phenotypes in the plants, as observed at the whole rosette level
(See chapter 2). For example 35S:0tsB plants accumulated large amounts of sucrose while 35S:0tsA
had low sucrose and accumulated very large amounts of malate, both key regulators of stomatal
function and proposed links between mesophyll metabolism and stomata. It is thus impossible to
separate the effect of trehalose metabolism in the guard cells themselves from the substantially
perturbed metabolism in the rest of the leaf. The MYB60 transgenics, in contrast, are primarily
affected in stomatal metabolism and thus allow stomatal-specific effects to be distinguished.

The stomatal response to low CO, was somewhat attenuated in MYB60:OtsA transgenics and was also
slower in MYB60:0tsB plants. As discussed in the introduction, the stomatal CO, response seems to
involve malate metabolism and/or transport and also involves a large part of the ABA-signalling
network. As Tre-6-P has been implicated in stomatal ABA signalling (Gémez et al., 2010), it is
possible that the stomatal phenotypes in the transgenic lines are caused by secondary effects of the
trans-genes and/or Tre-6-P on ABA signalling in guard cells. Expression analysis of ABA-responsive
and ABA-signalling genes was performed to investigate this possibility. While some expression
changes were detected with statistical significance, the differences with respect to wild type plants
were small (<2-fold). These differences are far smaller than those typically observed for these genes
upon ABA application and drought treatment, which are typically more than 10-fold (Zimmermann et
al., 2004; Hruz et al., 2008). There is a possibility that much greater changes in expression occurred in
specific cell types, but the response was attenuated when measured in whole-leaf extracts, due to
dilution effects from unresponsive cell types. This might be a particularly significant factor in the
MYBG60 lines. However, in leaves most of the ABA-responsive and signalling genes are expressed
almost exclusively in guard cells only, e.g. ABIl, ABI2, ABF4, OSTI and Rabl8 (Leonhardt et al.,
2004). Therefore any changes observed on a whole leaf basis should reflect the changes in the guard
cells and it may be concluded that there do not appear to be strong alterations in ABA signalling in the
transgenic lines. Thus the altered CO, response in the transgenics again points to alterations in starch
and malate metabolism as a possible causal factor, which seems to be more severe in MYB60:OtsA
plants.

4.3.3. Carbon Isotope Fractionation.

The fractionation of stable isotopes of carbon in dry matter is a robust integrative measure of water use
efficiency during carbon fixation (Farquhar et al., 1982; Evans et al., 1986). The isotopic signal can be
measured very precisely using mass spectrometry and has the advantage of integrating the water use
efficiency over the lifetime of the plant. This integrative property makes it a very reliable and robust
indicator of water use efficiency and stomatal function (Farquhar and Richards, 1984; Wright et al.,
1988; Hubick and Farquhar, 1989) and it has been successfully applied in functional genetic
approaches to investigate the genetic basis of water use efficiency (Hausmann et al., 2005; Masle et
al., 2005) and in plant breeding for water use efficiency traits (Hall et al., 2010).

Dry matter 5"°C measured in the 35S and MYB60 transgenic lines suggests some impairment in
stomatal function, as shown by the tendency toward lower Ci/C, ratios. This indicates a stronger
stomatal limitation of photosynthesis and corresponds to higher water use efficiency. Again, both
OtsA and OtsB showed the same effect, similar to what was seen in gas exchange analysis, with a
stronger effect in OtsA. 3'"°C measurements are a much more sensitive indicator of water use
efficiency than gas exchange analysis and this allowed very small differences to be picked up reliably
and with statistical significance. The derived C/C, ratios indicate very minor changes from the wild
type. The biggest change was in 35S:0tsA plants and was only 4.2% relative to the wild type, which
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would be expected to improve water use efficiency by a similar magnitude. This is a very small effect
compared to other studies (Masle et al., 2005; Araujo et al., 2011). It may, nevertheless, be meaningful
as small differences in water use, if they are robust, build up to substantial water savings over time in
crop situations, where water use is measured in mega-litres/ha. Due to the integrative nature of 5"°C
values the small effects may not reflect steady state conductance but effects which occur only a small
percentage of the time, such as during initial stomatal opening in the morning, as seen in gas exchange
analysis.

35S:0tsA plants exhibited a small increase in water use efficiency in both gas exchange and §"°C
measurements. This is consistent with the reported drought tolerance of TPS over-expressing lines of
various species (Holmstrom et al., 1996; Jang et al., 2003; Avonce et al., 2004) and suggests that
stomatal control of water use efficiency may be a component of the drought tolerance in these lines,
although it does not seem to be very strong. The observation of increased water use efficiency is also
surprising in light of very high stomatal densities in this genotype (see Chapter 2) as most of the genes
that have so far been shown to influence water use efficiency have actually been stomatal density
determinants (Yoo et al., 2009). This suggests that stomatal aperture may determine the observed
improvement in water use efficiency in the 35S:0tsA plants and points to impairments in the function
of individual stomata. Changes in photosynthesis, the other major determinant of water use efficiency,
can be excluded as a contributing factor, because photosynthetic rates in the transgenic lines were not
significantly different from wild type plants.

The observed enrichment in "°C observed in 35S:OtsA plants may also be treated with caution because
these plants were seen to accumulate very large amounts of malate and fumarate (see Chapter 2). Leaf
malate and fumarate pools have been shown to be strongly *C-enriched relative to other metabolites
and total organic matter (Tcherkez et al., 2011). one out of their four carbon atoms originating from
carboxylation by PEPC (Melzer and O'Leary, 1987; Schmidt, 2003). In contrast to Rubisco, PEPC has
a near-zero discrimination against °C (O'Leary, 1981).

The more-negative 8'"°C value of the starchless pgm mutant compared to wild type implies lower water
use efficiency. This is also surprising, given that this mutant has been shown to exhibit impairments in
stomatal opening (Lasceve et al., 1997), although this was only evident under certain conditions (weak
blue light) while stomatal function was not altered during normal diurnal operation. The lower water
use efficiency may also be caused by the photosynthetic impairment that this mutant displays (see next
chapter). The possibility of altered fractionation due to the extensive metabolic alterations in this
mutant also cannot be excluded. For example, this mutant exhibits somewhat de-regulated respiration
during the day (Rasse and Tocquin, 2006) although this cannot explain the observed depletion as
respiration also fractionates slightly against °C (Tcherkez et al., 2011), which should cause more "*C
to remain in biomass.

4.3.4. Drought Tolerance.

The stomatal function alterations observed in the transgenics failed to produce a significant
improvement in growth under water-limited conditions. This is consistent with the very small
reductions in lifetime water use efficiency (5"°C) that the lines exhibited. The controlled drought
treatment, however, only reduced plant fresh weight by less than 50%, which would translate to a very
mild reduction in the rate of growth of only 2-3% d”' over the time period of the experiment and might
not have allowed small differences to be resolved. A longer growth period or more severe water
limitation may need to be applied to resolve a difference in growth given the weak effect of the trans-
genes.
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The expression of the MYB60 promoter has also been found to be inhibited in response to desiccation,
as well as in response to the drought-related hormone ABA (Cominelli et al., 2005). This factor might
have contributed to the lack of effect in the MYBG60 transgenics, although the expression of the trans-
genes was not tested in the drought experiment. This would make this promoter somewhat less useful
as a biotechnological tool to improve drought tolerance through stomatal function. It is also not known
how stable the expressed proteins are in the cell. OtsA protein was found to persist for at least 4 days
in leaves following induction in an inducible OtsA line (data not shown).

4.4. Chapter Summary.

In summary, an investigation of trehalose metabolism in the context of stomatal function was
performed using a transgenic approach to perturb trehalose metabolism in leaves and specifically in
stomata. Alterations in guard cell starch contents consistent with a role of Tre-6-P as a regulator starch
degradation were observed, however the effect was opposite from that seen in mesophyll cells. Tre-6-
P seemed to inhibit the accumulation of starch in guard cells. Stomatal-specific expression of both
TPS and TPP enzymes gave gas exchange phenotypes and the plants were somewhat impaired in rapid
stomatal opening in response to light as well as stomatal opening in response to low CO,
concentration. Analysis of carbon isotope abundance in dry matter revealed small positive effects on
lifetime water use efficiency. No effect on plant performance under water-limited conditions could be
observed.
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Chapter 5. The role of endogenous sugar levels in developmental light
acclimation

5.1 Introduction.

5.1.1. Developmental light acclimation.

As outlined in the introductory chapter, sugar delivery from mature to developing leaves has been
implicated as the systemic signal which drives the morphological acclimation of leaves to irradiance.
This chapter aims to test the hypothesis that endogenous sugar levels drive the development of “sun‘
and “shade” leaves in Arabidopsis thaliana.

The leaves of most dicotyledonous plants acclimate to the light environment they are growing in by
modifying chloroplast biochemistry as well as adjusting the developmental program of the leaves
(Evans and Poorter, 2001; Terashima et al., 2001; Evans, 2004). The topic of “sun and shade” leaves is
an enduring theme in plant developmental science. Leaves developed in high light tend to be thicker,
have low SLA and high dry matter content (Lichtenthaler et al., 1981). Stomatal numbers increase and
in hypostomatous leaves stomata may appear on the upper side of the leaf (Mott and Michaelson,
1991; Casson et al., 2009). The thick leaves also develop larger supportive structures and become
more rigid, with thicker veins and more xylem vessels to support increased transpiration. The thicker
leaf lamina is generated chiefly by elongation of palisade mesophyll cells perpendicular to the plane of
the leaf (along the abaxial/adaxial leaf axis) and periclinal cell division may also generate more layers
of mesophyll.

The thick leaves and increased cellular proliferation in “sun” leaves allows them to develop a higher
capacity for gas exchange at a given light level by increasing the area of mesophyll exposed to the gas
phase in the leaf (Terashima et al., 2001; Oguchi et al., 2003). This is only favourable from an
economic perspective when light is sufficiently concentrated to energise the metabolic requirements of
high rates of CO, uptake. Thus the plant can make use of the high light intensities through increased
photosynthetic capacity per unit leaf area. (Roderick et al., 1999; Evans and Poorter, 2001).

While the existence of sun/shade acclimation was described as early as 1880 (Stahl, 1880), the
mechanisms of how the light is sensed and how the signal is transduced to generate a thicker
leafremained largely a matter of speculation for more than a century. However, within the last decade
several mechanisms have been proposed and tested to various degrees. It has also become apparent
that the process might be regulated by multiple signals.

5.1.2. Photoreceptors.

A number of photoreceptors control a variety of processes in plants, including the phenomena of light-
stimulation of seed germination, hypocotyl growth, clock entrainment and photoperiodism of
flowering (Chen et al., 2004). Some amount of blue light is required to generate a full “sun” leaf
morphology in Arabidopsis. However complete knockout mutants of the blue-light photoreceptors
cryptochrome and phototropin acclimate to irradiance in a normal manner and produce typical “sun”
leaves in high light (Weston et al., 2000; Lopez-Juez et al., 2007). While cryptochrome and
phototropin can be ruled out as likely photoreceptors for signalling sun-shade leaf development, there
is some evidence to support the involvement of phytochrome, particularly phytochrome B (PhyB).
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Phytochrome B mutants (pAyB) have thinner leaves with lower photosynthetic activity than wild type
plants (Lopez-Juez et al., 1998; Boccalandro et al., 2009), while overexpression of Arabidopsis PhyB
in potato gave rise to thicker leaves and mesophyll layers and enhanced photosynthesis, which was
described by the authors as a “light-exaggerated phenotype” (Thiele et al., 1999). In addition, PhyB is
essential for the increase in stomatal density and stomatal index in high light (Boccalandro et al., 2009;
Casson et al., 2009). It is, however, unclear, to what extent high-light-induced leaf thickening (“sun-
leaf” formation) can occur in piyB mutants as all published data come from plants grown in a single
environmental condition. Without more comprehensive testing under a wider range of conditions, we
cannot be certain that the response is completely abolished in the phyB mutants. Therefore, the
possibility remains that PhyB is not an exclusive signal. There are some indications that
developmental acclimation to light does occur in this mutant (Kim et al., 2005). Future work should
aim to verify these observations.

If phytochrome is indeed involved, this involvement cannot be related to its traditionally-accepted
function of sensing light quality through the red:far red ratio, as gross changes in irradiance still cause
strong morphological acclimation without changes in light quality. An irradiance-sensing function has
been proposed for phytochrome B (Casson et al., 2009; Poorter et al., 2009). It has also been suggested
that both irradiance and red:far-red ratios affect leaf thickness in a complementary manner (McLaren
and Smith, 1978). Red:far-red ratios do not, however, alter leaf mass per area (a proxy to leaf
thickness) which responds much more strongly to changes in irradiance (Heraut-Bron et al., 1999;
Poorter et al., 2009).

The use of changes in red:far-red ratios as an experimental manipulation is not without drawbacks, as
the effects are confounded by simultaneous changes in the excitation balance between photosystem [
and photosystem II. This, in turn, affects plastid redox states (Pfannschmidt et al., 1999), which are
also known to have light signalling functions (see next section). This property makes it notoriously
difficult to separate the effects of plastid redox signalling from phytochrome signalling when applying
the well-established “PSI and PSII light” methodology, which essentially constitutes varying the
red:far-red ratio.

5.1.3. Plastid signals.

Energised components of the light reactions of photosynthesis also have light signalling functions.
Several mechanisms are known and a number are proposed (Baier and Dietz, 2005; Woodson and
Chory, 2008). One well-studied signal originates at the acceptor side of photosystem II and constitutes
the basis of the “excitation pressure” hypothesis (Huner et al., 1998). In this model, excitation pressure
is the reduction state of the mobile thylakoid redox carrier plastoquinone (PQ). PQ is reduced by
electrons from water splitting at PSII, diffuses in the thylakoid membrane and donates its electrons to
the cytochrome bef complex, from where they are further channelled to PSI. Its redox state thus
reflects the balance between the excitation rate of PSII upstream and the use of electrons downstream
by PSI and ultimately by metabolism or by alternative pathways such as the Mehler ascorbate-
peroxidase reaction (Badger et al., 2000). PQ redox state is quantitatively responsive to light quantity,
light quality (excitation imbalance between PSI and PSII), electron utilisation as well as temperature.

It has been shown experimentally that PQ redox state is the origin of signals for “state transitions” of
light harvesting complexes in the plastid (Allen et al., 1981) as well as retrograde signals regulating
the gene-transcription of nuclear-encoded plastid proteins (Escoubas et al., 1995; Maxwell et al., 1995;
Pfannschmidt et al., 1999; Fey et al., 2005). Furthermore, there is evidence that acclimatory changes in
chloroplast composition in response to high light are signalled by redox at PQ (Savitch et al., 1996;
Gray et al., 1997, Terashima et al., 2005).
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The second well-known plastid-derived light signal lies downstream of PSI and involves thioredoxins.
The signal begins in the plastid stroma when electrons are donated from reduced ferredoxin to
thioredoxin, via ferredoxin-thioredoxin reductase. Thioredoxins are known to be involved in the
regulation of many stromal enzymes through reduction of disulfide bonds (Porter et al., 1988; Scheibe,
1990; Buchanan et al., 1994; Jacquot et al., 1997; Zhang et al., 2002; Hendriks et al., 2003) as well as
regulation of plastid translation (Irihimovitch and Shapira, 2000; Kim and Mayfield, 2002) and control
of nuclear gene expression (Oswald et al., 2001).

Several other plastid redox carriers and factors that influence plastid redox status have been proposed
as having a signalling function, including reduced glutathione (Montané et al., 1998; Mullinecaux and
Rausch, 2005) the redox state of the cytochrome bsf complex (Pearson et al., 1993), the trans-
thylakoid proton gradient (Chen et al., 2004), the redox state of NADP"/NADPH (Baier et al., 2004),
reactive oxygen species (Bouvier et al., 1998; Pfannschmidt, 2003) and carotenoids (Corona et al.,
1996). The porphyrin precursors of chlorophyll have also been implicated in retrograde signalling
between chloroplast and nucleus (Oster et al., 1996).

The evidence for a connection of plastid signals to leaf development is based upon the investigation of
various variegated mutants with incomplete plastid biogenesis or defective plastids. Many variegated
mutants display aberrant morphological phenotypes in their white leaf sectors (Rodermel, 2001)
suggesting that plastids are required for normal leaf development. Most of the identified phenotypes
involve alterations in cell expansion and growth and do not resemble light-acclimation phenotypes.
The variegated Arabidopsis mutant ciami-3 lacks plastids and is unable to increase its leaf thickness
and number of mesophyll layers in white leaf sectors in response to high light (Tan et al., 2008). These
observations demonstrate that the presence of functional plastids is also required for morphological
acclimation to light. There have been suggestions that plastoquinone redox state may be involved in
the developmental aspect of light acclimation (Huner et al., 1998; Kim et al., 2005; Terashima et al.,
2005; Lopez-Juez et al., 2007) however experimental evidence for this is lacking. There is also no
documented evidence for the involvement of other redox signals.

5.1.4. Systemic signals.

It is possible that light itself might not be a direct signal for the morphological aspect of “sun” and
“shade” leaf development. A series of studies in three different species have shown that various
aspects of leaf morphology that are normally associated with high light, including palisade tissue
morphology and stomatal characters, respond to the light environment prevailing around the
developed, mature leaves (Yano and Terashima, 2001; Thomas et al., 2004; Coupe et al., 2006). There
was also a similar response to changes in CO, levels (Lake et al., 2001). Together these results
strongly imply a spatial separation of light sensing and the perception of the signal in developing
leaves, for which a systemic signalling process is required. In contrast, the acclimation of chloroplast
composition and properties to light was driven by the local light environment at the developing leaves,
indicating a separation between the two acclimation processes (Yano and Terashima, 2001).

5.1.5. Assimilates as a possible systemic signal.

The underlying mechanism of systemic signalling is unknown. Several authors have proposed the
products of photosynthesis (sugars) and their translocation to the growing sinks (ie. developing leaves)
as a plausible mechanism. It has been suggested as early as 1903, that light may drive leaf
morphogenesis at the early stages of development indirectly through bud nutrition rather than directly
(Nordhausen, 1903) and later authors suggested that assimilate supply to developing leaves may
constitute a signal (Friend et al., 1962). This is supported by various other observations, among them:
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1) High CO, makes leaves thicker in a similar manner to high light (Koerner and Diemer, 1987,
Vu et al., 1989; Radoglou and Jarvis, 1990)

2) Plants grown at low temperatures accumulate large amounts of sugars, in part due to slow
growth, and also have very thick leaves (Stitt and Hurry, 2002; Gorsuch et al., 2010)

3) Plants compromised in photosynthesis (e.g. Rubisco anti-sense) have been observed to have
leaves with a low leaf mass per area (Stitt and Schulze, 1994)

4) Mutants of plastid sugar transporters gptl and #pt have been shown to be impaired in dynamic
light acclimation of photosynthesis (Walters et al., 2003; Athanasiou et al., 2010), although no
characterisation of leaf morphology in these lines has been published

More recently, sugars have been proposed in several publications to act as morphogenetic signals for
light acclimation (Kim et al., 2005; Coupe et al., 2006; Terashima et al., 2006). Evidence in support of
this proposal is scarce due to the difficulty of manipulating in planta sugar levels without confounding
effects. As yet no evidence, correlative or otherwise, has been presented for a role for sugar levels as
morphogenetic signals for leaf anatomical traits.

5.1.6. Advantages of sugar signals.

Using sugars to sense the light environment presents several conceptual advantages. Sugars are the
direct and immediate output of photosynthesis. Photosynthetic rates depend almost linearly on light
irradiance over a certain range and the flux of sugar is thus an indirect quantitative indicator of light
irradiance through its effect on photosynthetic activity. Since photosynthesis is the eventual main
function of the developing leaf, a quantitative indication of photosynthetic activity in already existing
leaves can be a functionally informative cue for a leaf primordium, which may not receive light
directly during its early growth before emergence. Thus, if existing mature leaves are limited by light,
this will be reflected in photosynthetic activity and sugar output, allowing a developing leaf to adjust
pre-emptively and optimise its morphology and photosynthetic capacity for the prevailing light
environment.

Sugar delivery to developing leaves (i.e. sinks) can also be an integrative signal which reflects the
prevailing light conditions integrated over the general vicinity, allowing the plant to average the signal
from several locations (i.e. the source leaves). This is an obvious advantage in plant canopies, where
the light environment is complex and highly heterogeneous in both space and time, with irradiance
varying up to 100-fold between a shaded leaf and a sun-fleck over a distance of sometimes only
centimetres and a time-scale of seconds to minutes (Chazdon and Pearcy, 1991). Thus sensing light in
only one location (e.g. one developing leaf) can give very misleading estimates of actual light
availability. Finally, the integrative property of sugars as morphogenetic signals is evident from the
fact that sugar flux originating from photosynthesis can simultaneously integrate light quantity, CO,
concentration and temperature, all of which have been shown to affect leaf morphology in a manner
analogous to light irradiance.

There is a general scarcity of experimental data on leaf thickness and mesophyll morphology in the
literature on leaf development and photomorphogenesis, particularly in Arabidopsis. Leaf thickness is
not often measured in developmental and eco-physiological studies. This may be due to the relative
difficulty in measuring this parameter. Preference is usually given to other characters that are easier to
measure such as petiole lengths and hypocotyl growth or to indirect indicators of leaf thickness such as
specific leaf area, leaf density or dry matter contents, which are easier to measure.

In order for sugar concentrations to drive developmental changes in response to light, the sugar levels
themselves would have to respond to light in quantitative manner. While this may be expected due to
increased photosynthesis, it is not necessarily obvious as, for example, growth rates may increase with
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increasing irradiance and consume the extra photosynthate, keeping the sugar pool constant.
Furthermore, testing the hypothesis that sugars regulate leaf development indirectly in response to
light presents obvious difficulties which may have contributed to the lack of published investigations
on the subject. The first issue is the difficulty in separating the light input and its potential signalling
role from effects of sugar levels and sugar-related signals in their own right. Any change in light
quantity would be expected to alter sugar levels downstream and it is impossible to deconvolute these
two responses by manipulating light conditions.

Manipulating sugar levels independently of light brings a second complication: how to manipulate
sugar levels in the plant in a meaningful and exclusive manner. A popular and simple experimental
system for the study of sugar-related phenomena is supplying sugars exogenously in sterile culture
media. This method has been employed in the context of photomorphogenesis and shade avoidance
(Kozuka et al., 2005), however an examination of leaf thickness and mesophyll morphology in such a
system is yet to appear in the literature.

The results of such experiments must be treated with caution due to the non-physiological nature of
the treatments. Experiments have often included high sugar concentrations that would have osmotic
side effects, and sometimes sugars that are not usually translocated by the plant (e.g. glucose) have
been used. Even if low or moderate concentrations of a translocated sugar (e.g. sucrose) have been
applied, the movement of sugars from root to shoot is in the opposite direction to normal, which has
the potential to cause complex and abnormal responses due to perturbation of systemic signalling
(including hormone signalling) via the phloem. Exogenous sugar treatments do not always alter the
actual levels of sugars in planta, (Stitt et al., 2007). In addition, they affect the function of the
circadian clock (McWatters and Devlin, 2011; Flis, unpublished work), affect signalling processes
involved in the determination of flowering time (Ohto et al., 2001) and affect photoreceptor signalling
pathways (Dijkwel et al., 1997). Although exogenous sugar supplementation in sterile media is
experimentally simple, the results of such experiments are difficult to interpret, for the reasons
outlined above, and so this approach is not really appropriate for studies attempting to differentiate
between direct light signals and indirect light signals mediated by sugars.

An obvious and simple way to alter sugar levels without altering light and without exogenous
application is by manipulating CO, levels, to alter the rate of photosynthesis. While this uncouples
sugar production from light, it introduces a further complication as light and CO, act synergistically on
some traits related to light acclimation e.g. SLA and leaf thickness, and in opposing ways on other
traits e.g. stomatal densities (Woodward, 1987; Lake et al., 2001). The recent elucidation of CO,
sensing and signalling pathways in stomatal guard cells clearly showed that CO2 can affect leaf
function independently of its effects on photosynthesis and sugars (Young et al., 2006; Hu et al.,
2010).

A number of Arabidopsis mutants with defects in primary metabolism could be useful as a system for
the study of sugar signals and resolving these from light signals. Mutants in plastidial
phosphoglucomutase (pgm) and ADP-glucose pyrophosphorylase (adgl) lack the ability to synthesise
starch and undergo large fluctuations in sugar levels during the diurnal cycle and accumulate high
concentrations of soluble sugars during the day (Caspar et al., 1985; Sun et al., 2002; Gibon et al.,
2004) but experience carbon-starvation at the end of the night. The severity of the metabolic and
growth phenotypes of these mutants is known to be daylength-dependent, which gives them added
flexibility as an experimental tool to vary sugar levels.

Mutants with defects in sugar metabolism or its regulation can also have altered sugar levels. Plants
with decreased levels of the regulatory metabolite fructose 2,6-bisphosphate (e.g. f2kp mutants) have
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altered partitioning of carbon in favour of sucrose and elevated sugar levels (Stitt, 1990; Draborg et
al., 2001; Lee et al., 2006)

A recently published double mutant of two cytosolic invertase proteins in Arabidopsis (cinvIcinv?2) is
partially impaired in sucrose utilisation for growth and also accumulates sugars (Barratt et al., 2009).
Interestingly, a mutant of an invertase homologue in Lotus japonicus was shown to exhibit a
phenotype with very thick leaves and greatly increased proliferation of mesophyll cell layers, which is
very reminiscent of high-light-adaptated leaves (Welham et al., 2009).

5.1.7. Aims of the chapter.

The aim of the work described in this chapter was to test the hypothesis that in planta sugar levels
determine leaf morphological traits independently of light irradiance. This was done by comparison of
wild type and mutant plants with altered sugar levels grown under different environmental conditions.
Morphological traits were assessed using both direct microscopic observations as well as well as
analysis of leaf composition. A possible interaction of metabolic phenotype with plastid redox
function was also investigated.

5.2 Results
5.2.1 Leaf development in different light environments in Arabidopsis thaliana Heynh. Col-0

5.2.1.1. Leaf morphology.

Strong morphological acclimation was observed when Arabidopsis thaliana Col-0 was grown at four
different irradiances (75-420 pE m™ s™") with a fixed 12-h daylength (Fig. 5.1).

TSHE m-2 s-1 140pE m-2 - 270nE m-2 s-1 4201FE m-2 s-1

Fig. 5.1 Developmental light acclimation in Arabidopsis thaliana Col-0.

Transverse sections of Arabidopsis thaliana Heynh. Col-0 mature sixth leaf grown in light
environments indicated above in 12 hour daylength and a 20°C/20°C day/night temperature regime.
Magnification 200X, Toluidine-Blue staining.
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Leaf thickness increased more than 2-fold in a linear manner with growth irradiance (Fig. 5.2a). The
indirect leaf thickness estimation method, described by Vile et al., (2005) predicted actual leaf
thickness (measured by microscopy) very accurately (= 0.99 between values obtained by both
methods). The increase in leaf thickness was driven by a linear increase in the number of cell layers in
the leaf (Fig. 5.2b) as well as longitudinal elongation of cells along the abaxial/adaxial axis, leading to
a higher average thickness per cell layer (Fig. 5.2¢).
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Fig. 5.2. Morphological phenotype of Arabidopsis wild-type Col-0 grown in different light
environments.

Leaf thickness (a), number of cell layers (b) and the average thickness of one cell layer (¢) in mature
sixth leaves of Arabidopsis thaliana Heynh. Col-0 grown in four light environments in 12 hour
daylength and a 20°C/20°C day/night temperature regime. N=160 measurements on 32 sections from
eight leaves. Using the indirect method (Vile et al., 2005), mature leaves of the same eight plants were

analysed. Bars are stadard deviation.

Specific leaf area (SLA) decreased from 86 m* kg™ at 75 pE m™ s™ to 32 m* kg at 420 pE m™s™
growth irradiance (Fig. 5.3a) while leaf dry matter content was constant except in the highest light
treatment, where it was 25% higher (Fig. 5.3b).
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Fig. 5.3. Morphological phenotype of Arabidopsis wild-type Col-0 grown in different light
environments.

Specific leaf area (a) and leaf dry matter content (b) in mature leaves of Arabidopsis thaliana Col-0
grown in four light environments in 12 hour daylength and a 20°C/20°C day/night temperature regime.
N = 8. Bars are standard deviation.
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5.2.1.2. Soluble sugars.

The plants grown in four light levels in a 12-hour photoperiod were harvested at the end of the day and
the end of the night for metabolite analysis. A two-way nested ANOVA design was used to analyse
metabolite data for effects of light irradiance and timepoint. Pairwise differences between groups were
tested for significance using the Holm-Sidak step-down method. T-test probabilities are shown where
they are significant.

There were significant effects of light irradiance treatment (P=0.018) and time of day (<0.001) on the
levels of glucose (Fig. 5.4a) in rosettes. Levels of glucose at the end of the day did not increase with
light irradiance, with the exception of the highest light treatment, where levels of glucose were almost
double the levels in the other three conditions, and this difference was significant (P<0.001). The
pattern of glucose accumulation measured at the end of the night period was different and there was a
significant treatment:timepoint interaction (P=0.015). Glucose levels at the end of the night decreased
with increasing growth irradiance up to 270 pE m™ s, however no significant difference was found in
pairwise comparisons.

Levels of fructose (Fig. 5.4b) were very low and sometimes close to the limit of detection, particularly
in the two low-light treatments. There was no significant trend in fructose levels with different light
environments and the concentrations did not vary significantly between the day and night.

Levels of sucrose (Fig. 5.4c) varied with both irradiance and time of day with a high degree of
significance (P=<0.001) and there was a significant treatment:timepoint interaction (P<0.001) Levels
of sucrose at the end of the day increased in a near-linear manner with light irradiance and were almost
three-fold higher in high light than the lowest light treatment (all pairwise comparisons significant,
Holm-Sidak Test). End of night levels were 2-3-fold lower than end of day in all light treatments
(P<0.001) while also increasing with growth light irradiance, although by a smaller factor.
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Fig. 5.4. Sugar accumulation at the end of the day and end of the night in Arabidopsis wild-type
Col-0 grown in different light environments.

Soluble sugar content in whole rosettes of Arabidopsis thaliana. Col-0 grown in four light
environments in 12 hour daylength and a 20°C/20°C day/night temperature regime and harvested at
the end of the day and end of the night. N=5 samples containing 5 plants pooled. Bars are standard
deviation.

103



5.2.1.3. Relationship of leaf morphology with sugar levels.

There was a strong linear relationship between sucrose levels at the end of the day and both leaf
thickness and number of cell layers in the leaf (Fig. 5.5). Glucose showed a weaker relationship with
the morphological traits, but fructose was not correlated at all (not shown).
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Fig. 5.5. Relationship between levels of sucrose at the end of the day and leaf thickness and
number of cell layers in the leaf in Arabidopsis thaliana. Col-0 grown in four light environments
Plants were grown in four light environments in 12 hour daylength and a 20°C/20°C day/night
temperature regime. The lines show the linear regression between the traits. Bars are standard
deviation.

5.2.2. Leaf morphology in metabolic mutants of Arabidopsis thaliana with altered levels of
sugars.

5.2.2.1. Leaf morphology

In order to differentiate direct light signalling from indirect light signalling by sugars, the patterns of
sugar accumulation and leaf morphology were examined in a set of Arabidopsis mutants — pgm, f2kp
(two independent T-DNA lines in the same gene, named here: f2kp-1 and f2kp-2), and the cinvicinv2
double mutant — which all have altered levels of sugars in the rosettes. Two control genotypes were
included in the experiment, wild type Col-0 and a wild type line segregant from a SALK T-DNA
insertional mutant (SALK WT). The aim of the experiment was to test the hypothesis that endogenous
sugar levels influence the developmental program of the leaf, generating ‘sun’ or ‘shade’-like
morphological traits.

The starchless pgm and the cinvicinv? double mutants both exhibited severe growth and
developmental phenotypes when grown with a 12-h photoperiod and an irradiance of 160 pE m” s™.
Relative growth rates were the same in both mutants and amounted to 0.22 d', which was 30% lower
than the wild type (P<0.001) and resulted in an 8-fold reduction in biomass at the time of harvest. The
two wild type genotypes did not differ significantly from each other in relative growth rate.

Fig. 5.6 shows the leaf thickness and the number of cell layers in the leaf determined by microscopic
examination of transverse thin sections of leaves in the six examined genotypes. Both wild type
genotypes had a similar leaf thickness of 219 and 231um in the Col-0 and SALK WT respectively
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(Fig. 5.6a). The pgm mutant had very thick leaves (359um) which was 64% higher than wild type and
a highly significant difference (p<<0.001). None of the other mutants were significantly different from
wild type.

Both wild type genotypes had the same number of cell layers in the leaf (Fig. 5.6b), averaging 5.9. The
pgm mutant had more cell layers in the leaf, with a mean of 6.9 (P<0.001). The f2kp-2 mutant showed
a small but significant increase in the number of cell layers compared to both wild types with 6.3
layers on average (P=0.008). The cinvicinv2 double mutant showed a marginal increase in cell layers
to 6.2. This difference had a marginally significant t-test probability in a test against Col-0 (P=0.04)
and SALK wild type (P=0.05), however using the Holm-Sidak correction for Type I error in multiple
comparisons, this was judged as a false discovery.
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Fig. 5.6. Leaf morphology in metabolic mutants of Arabidopsis grown in one light environment.
Leaf thickness (a) and the number of cell layers in leaf 6 (b) in metabolic mutants of Arabidopsis
thaliana growing in 12h days at an irradiance of 160 uE m™ s™'. Significant differences (t-test with
Holm-Sidak correction) from the relevant wild type are shown as * P < 0.05, ** P < (.01, *** P <
0.001. N=8. Bars are standard deviation. Values are means of measurements on 8 leaves, with 20
measurements from four separate sections per leaf.

Both leaf thickness and the number of cell layers were subject to significant effects of the plant’s
position within the growth cabinet (ANOVA P=0.002 for thickness and P=0.038 for cell layers),
presumably due to light and temperature gradients within the cabinet. Higher values of both traits were
observed in plants from the centre of the cabinet, which received more light and experienced slightly
higher temperatures. The genotype means are assembled from a balanced selection containing eight
samples, each from a different part of the growth cabinet, to minimise bias from position effects.

The changes in leaf thickness and cell layers were accompanied by changes in leaf composition (Fig.
5.7). Leaf dry matter content was significantly elevated in the cinvicinv2 double mutant (P<0.001)
while the pgm mutant had less dry matter in the leaf (P<0.001), corresponding to a higher water
content (Fig. 5.7a). Compared to both wild types, SLA (Fig. 5.7b) was significantly lower in both
cinvicinv2 and pgm mutants (P=0.008 and P<0.001 respectively vs. Col-0). The wild type genotypes
were not significantly different from one another.
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Fig. 5.7. Leaf dry matter content (a) and specific leaf area (b) in metabolic mutants of
Arabidopsis thaliana

Plants were grown in 12h days at an irradiance of 160 uE m™ s™'. Significant differences (t-test with
Holm-Sidak correction) from the relevant wild type are shown as * P <0.05, ** P < (.01, *** P <
0.001. N=8. Bars are standard deviations.

5.2.2.2. Sugar levels.

Plants were harvested at the end of the day and end of the night for metabolite measurements.
Metabolite levels were analysed for effects of genotype and timepoint in a two-way nested ANOVA
design. Pairwise differences between ANOVA groups were tested for significance using the Holm-
Sidak step-down method.

Fig. 5.8 shows the soluble sugar contents of the six genotypes samples at the end of the day and end of
the night.
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Fig. 5.8. Soluble sugar levels in metabolic mutants of Arabidopsis.

Soluble sugar content at the end of the day (ED) and the end of the night (EN) in metabolic mutants of
Arabidopsis thaliana grown in 12h days at an irradiance of 160 uE m™ s™'. Significant differences (t-
test with Holm-Sidak correction) from the relevant wild type within timepoints are shown with
probabilities * P < 0.05, ** P <0.01, *** P <0.001. N=5 rosettes. Bars are standard deviations.

Glucose varied significantly between genotypes (P<0.001) and time of day (P<0.001) and there was a
significant genotype:timepoint interaction (P<0.001). Differences in glucose content between the two
wild type genotypes were not significant at either timepoint. All of the mutants tested had significantly
elevated levels of glucose at the end of the day compared to both wild types. This was particularly
pronounced in the pgm mutant, where glucose levels were 25-fold higher than in Col-0. The
cinvlcinv2 double mutant accumulated 5.6-fold higher glucose levels than the SALK wild type, a
highly significant difference (P<0.001). The f2kp mutants were not significantly different from one
another and both had double the glucose levels found in the SALK wild type, which was significant
(P=0.004 and 0.015 for the two f2kp lines). End of night levels were not significantly different
between genotypes.

Fructose levels were also significantly affected by genotype (P<0.001) and time of day (P<0.001). The
pgm mutant had 14-fold higher fructose concentrations than the Col-0 wild type at the end of the day
(P<0.001). The cinvicinv2 and f2kp mutants had lower daytime fructose levels than the SALK wild
type (P=0.001). There was also a significant difference between the two wild type genotypes, with
more fructose in the SALK wild type (P<0.001). End of night levels did not differ significantly
between genotypes.

Levels of sucrose varied significantly between genotypes (P<0.001) and timepoints (p<0.001). Sucrose
was the most abundant and the least variable sugar between genotypes. In contrast to glucose and
fructose, the levels of sucrose in the pgm mutant were elevated only 87% at the end of the day
compared to Col-0 (P<0.001). At the end of the night the pgm mutant had lower levels of sucrose,
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however this was not significant. The cinvicinv2 mutant had significantly elevated levels of sucrose
both at the end of the day and end of the night, with 41% higher levels than the SALK wild type at the
end of the day. The two f2kp mutants differed significantly between each other. The f2kp-1 mutant line
had lower levels of sucrose than the SALK wild type at the end of the day while f2kp-2 was not
significantly different. End of night sucrose levels were not significantly different between genotypes
except in the cinvicinv2 double mutant, where they were elevated to more than double the wild type
values (P=0.001).

5.2.3. Leaf morphology and sugar levels in the starch-deficient adgl and pgm mutants.

5.2.3.1. Leaf morphology.

A second starch-deficient mutant was used to test whether the increased leaf thickness and cell layer
phenotype observed in the pgm is specific to this mutant or if it is a general feature of starchless
mutants. The adgl mutant lacks the small subunit of plastidial ADP-glucose pyrophosphorylase which
is part of the biosynthetic pathway of starch, converting glucose-1-phosphate to ADP-glucose, the
substrate of starch synthase.

Fig. 5.9 shows the leaf thickness and the number of cell layers in the adg/ mutant grown in 16h days
along with the pgm mutant for comparison and the Col-0 wild type. Cross sections of leaves from Col-
0 and the adgl mutant, stained with iodine to show the absence of starch in the latter, can be seen in
Fig4.9.

400 ‘T 8
a) - S |
/é\ *-ilr—* g -T— -
E! 300 A = 6 _
2 5
2 " 7
200 A 4
3 -
= =
= S
= Y
3 100 4 5 o
- @
Qo
S
S
0 T T T Z 0 T T T
Col-0 pgm adg1 Col-0 pgm adg1

Fig. 5.9. Leaf morphology in two starch-deficient mutants of Arabidopsis.

Leaf thickness (a) and number of cell layers in leaf 6 of starchless mutants in Arabidopsis thaliana
grown in 16h days at an irradiance of 160 uE m™ s™'. Significant differences (t-test with Holm-Sidak
correction) from wild type are shown as * P < 0.05, ** P <0.01, *** P <(0.001. N=5 leaves. Bars are
standard error of the mean.

The adgl mutant had a similar phenotype to the pgm, with leaf thickness significantly elevated by
67% compared to the wild type (P<0.001). This was accompanied by a significant increase in the
number of cell layers in the leaf (P<0.001). The phenotype was more pronounced in the adg/ mutant
than the pgm, however the differences between them were not significant.
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Fig. 5.10. Leaf cross-section of starch-deficient adgl mutant of Arabidopsis.

Transverse sections of Arabidopsis thaliana Col-0 wild type and starchless adg/ mutant grown in 16h
days at an irradiance of 160 pE m™ s™. Lugol-iodine staining makes starch visible as dark blue
granules.

5.2.3.2. Sugar levels.

Sugar levels at the end of the day were similarly elevated in the adg/ mutant as in the pgm (Fig. 5.11).
Like pgm, the adg/ mutant had significantly elevated levels of glucose (P=0.009) and sucrose
(P<0.001) compared to wild-type Col-0 however it also accumulated significantly more sucrose than
pgm (P<0.001). Starch contents in both mutants were negligible at the end of the day and were <1% of
the wild type values (not shown). The lack of starch is also evident in Fig. 5.10, where starch is visible
as a dark-blue coloration due to iodine staining.
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Fig. 5.11 Sugar accumulation in two starch-deficient mutants of Arabidopsis.

Soluble sugar content at the end of the day in Arabidopsis thaliana Col-0 wild type and starchless pgm
and adgl mutants grown in 16h days at a light irradiance of 160 uE m™ s™'. Bars are standard
deviations. N=5. Significant differences (t-test with Holm-Sidak correction) from wild type are shown
as ¥ P<0.05, ** P <0.01, *** P <0.001.
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5.2.4. Effect of daylength on leaf morphology in the pgm mutant.

5.2.4.1. Sugar levels.

The metabolic and growth phenotypes of the pgm mutant are known to vary with daylength, offering a
further opportunity to manipulate sugar levels in the plant. The effects of sugars on leaf development
were studied in further detail by growing wild type Col-0 and the pgm plants in three daylengths —
medium (12 h), long (16 h) and very long (22 h) — at the same irradiance (160 pE m™ s™). Sugars were
measured in rosettes sampled at the end of the day.

There were significant effects of daylength on the levels of glucose (P<0.001), fructose (P=0.029) and
sucrose (P<0.001) as well as highly significant effects of genotype (P<0.001). The two genotypes
differed in their response to daylength and there were significant genotype:daylength interactions for
the levels of all three sugars (P<0.001). There was an upward trend in the levels of all three sugars
with increasing daylength in the wild type (Fig. 5.12). Levels of glucose increased almost three-fold
between 12-h and 16-h days (P=0.012) but did not increase further in 22-h days. Fructose levels
increased 5.5-fold between 12 and 22 hours (P=0.002) while sucrose rose 81% (P<0.001).

The pgm mutant exhibited a contrasting phenotype. No significant differences from wild type could be
distinguished in any of the sugars in 22-hour days. A progressively more pronounced sugar
accumulation phenotype became evident with a shortening in the length of the day period. Levels of
glucose in the pgm were more than 5-fold higher in 12-h days compared to 22 hours, reaching 26-fold
higher levels than the wild type in the same conditions. Fructose levels rose similarly in shorter days,
being almost 3-fold higher than in 22-h days and 14-fold higher than wild type levels. Sucrose
behaved slightly differently with a drop between 22 and 16 hours (P=0.007) and rising again in shorter
days to reach 84% higher levels than wild type (P<0.001).
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Fig. 5.12 Daylength-dependence of sugar accumulation in the starch-deficient pgm mutant of
Arabidopsis.

Levels of glucose (a), fructose (b) and sucrose (¢) in Arabidopsis thaliana Col-0 wild type and
starchless pgm mutant rosettes grown in three different daylengths at an equivalent irradiance of 160
uE m™s” and sampled at the end of the day. Bars are standard deviations. N=5.
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5.2.4.2. Leaf morphology.

Leaf morphology followed a similar pattern to the metabolic phenotype and largely tracked changes in
the content of sucrose (Fig. 5.13). In the wild type, leaf thickness increased between 12 and 16-h days,
followed by a sharper increase in 22-h days. The number of cell layer did not change between 12 and
16 hours but increased sharply in 22-h days.

The phenotype of the pgm mutant grown in 22-h days was not significantly different from wild type in
leaf thickness and number of cell layers. In 16-h days leaf thickness and number of cell layers were
slightly elevated relative to wild type but these differences were not significant while in 12-h days the
pgm mutant had significantly thicker leaves relative to wild type (P<0.001), with significantly more
cell layers in the leaf (P<0.001). Overall in the pgm mutant leaf thickness decreased in 16-h days
relative to 22 hours, sharply rising again in 12-h days compared to 16 hours.
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Fig. 5.13. Daylength-dependence of leaf morphology in the starch-deficient pgm mutant of
Arabidopsis.

Leaf thickness (a) and the number of cell layers in leaf 6 (b) in Arabidopsis thaliana Col-0 wild type
and starchless pgm mutant grown in three different daylengths at an equivalent irradiance of 160 uE
m~s™. Bars are standard deviations. N=5-8 leaves.

5.2.5. Photosynthetic properties of the pgm mutant.

As pointed out in the introduction, plastid function has been implicated in leaf development and light
acclimation. The restriction in carbohydrate utilisation and the consequent high sugar accumulation
may exert a feedback effect onto the plastid. Both these metabolic restrictions may result in altered or
inhibited carbon metabolism in the chloroplast and this may in turn feed back onto the light reactions
which energise it. Plastid redox components involved in the light reactions are well known sources of
several light signalling processes (see introduction). Furthermore, excitation pressure, a plastid redox
phenomenon, has been implicated in morphological light acclimation. The use of the starchless pgm
mutant allowed these possibilities to be tested. For this a combination of gas exchange and sensitive
measurements of chlorophyll fluorescence were employed.
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5.2.5.1. Photosynthesis

Fig 5.14 shows the net rates of CO, assimilation in the pgm mutant in comparison with the wild type
in response to different irradiance levels of white light. The pgm mutant was compromised in
photosynthesis on a mass basis measured on a whole rosette level throughout the range of light
irradiances and the differences were significant above 50 pE m~s™.
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Fig. 5.14. Light-response of photosynthetic rate in the starch-deficient pgm mutant of
Arabidopsis compared to wild type.

Net rates of CO, fixation measured on whole rosettes of Arabidopsis thaliana wild type Col-0 and
pgm mutant grown in 16 hour days at an irradiance of 160 uE m™ s™'. Bars are standard deviation,
significant differences from the wild type are marked with stars (Holm-Sidak).

5.2.5.2. Hexose phosphates.

Table. 5.1 shows the content of some of the hexose phosphate sugars in rosettes of wild type and pgm
mutant sampled at the end of the day. The adg/ mutant is analysed for comparison.

GIP G6P F6P FBP Total
Col-0 3245 270£25 173+£25 6610 542+59
pgm 3443 411+£23 275+18 120+10 834+20
adg-1 5443 478+86 239+109 119+6.0 96635

Table. 5.1 Hexose-phosphate content (nmol g”' FW) of leaves from wild type Arabidopsis thaliana
Col-0 and the starchless pgm and adgl mutants.

Data are mean £ SD. Plants were grown in 16-h days at an irradiance of 160 pE m™ s and harvested
at the end of the day. Glucose-1-phosphate (G1P), glucose-6-phosphate (G6P), fructose-6-phosphate
(F6P), and fructose-1,6-bisphosphate (FBP) and total hexose-phosphates were measured by LC-
MS/MS. Significant differences from wild type (P<0.05) are highlighted in boldface (Holm-Sidak).
N=5.

5.2.5.3. Chlorophyll fluorescence.
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Analysis of chlorophyll fluorescence is a non-invasive method with which the fate of absorbed light
energy in the chloroplast can be assessed in a living leaf. Pulse-amplitude modulated fluorescence
(PAM) measurements were used to assess the fate of excitation energy at photosystem II. Fig. 5.15
shows: (a) the quantum efficiency of electron transport at PSII (¢PSII), (b) the fraction of absorbed
light quanta dissipated by regulated thermal dissipation (¢NPQ) and (c) the fraction of PSII reaction
centres which are closed, which is also known as excitation pressure (1-qL). This latter parameter
corresponds to the reduction state of the primary quinone acceptor at PSII (Q4), which is a proxy to
the redox state of plastoquinone just downstream. All three measures occur on scales from 0 to 1. The
measurements were carried out in plants grown in 12-hour days, where the pgm mutant has a very
severe metabolic and developmental phenotype (the measurements were carried out on the same plants
used for morphology and metabolite measurements, shown previously).

At very low light irradiance almost all PSII reaction centres were in the open state, regulated thermal
dissipation was not induced, with values close to 0 and PSII was operating close to its maximum
quantum efficiency of around 0.8, which is observed in a dark adapted state (F,/F,,). With increasing
irradiance, excitation pressure increased sharply as more reaction centres were excited and reduced the
quinone acceptor, becoming closed. NPQ showed a threshold response, becoming induced and rising
sharply with light irradiance above 200 uE m™ s while ¢PSII steadily decreased with increasing light.

The pgm mutant did not differ significantly from the wild type at low light irradiances. With
increasing irradiance PSII in the pgm mutant became progressively less efficient than in the wild type
at providing electrons (¢PSII), the differences becoming significant above 310 pE m™ s while a
significantly higher proportion of absorbed light quanta was dissipated as heat compared to the wild
type (pNPQ). Excitation pressure did not differ significantly from wild type at any light irradiance.
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Fig. 5.15. Excitation energy conversion by photosystem II in Arabidopsis wild type and the
starch-deficient pgm mutant.
Quantum yield of electron transport at PSII (a), fraction of absorbed excitation energy dissipated by
regulated non-photochemical quenching, pNPQ (b), and excitation pressure (1-qL, c) measured by
chlorophyll fluorescence at different irradiances of red light in Arabidopsis thaliana wild type Col-0
and starchless pgm mutant grown in 12-hour days at a light irradiance of 160 uE m™ s™'. Bars are
standard deviation. N=6 plants. Significant differences from wild type (P<0.05) are indicated by stars
(Holm-Sidak).
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5.3. Discussion.

5.3.1. Irradiance, sugars and leaf morphology in Arabdiopsis wild type Col-0.

Arabidopsis thaliana wild type Col-0 plants exhibited a strong acclimatory response to light
irradiance, with leaf morphology showing marked changes. This illustrates the value of Arabidopsis as
a model organism for the study of developmental light acclimation. It also contrasts with previous
suggestions that Arabidopsis and Col-0 in particular cannot acclimate to light (Athanasiou et al.,
2010).

The levels of soluble sugars varied strongly between light treatments which is consistent with the idea
that sugar concentration could act as a signal. The observed increase in sugars in response to light
refutes the possibility that growth matches the supply flux of sugars, resulting in a constant pool size
across the range. The observed close covariance between sucrose levels and morphology further
supports the possibility of a signalling connection between the two.

Even though sugar contents were measured in whole rosettes, there is little doubt that sugars are
translocated to the growing tissues and this is also supported by evidence from systemic signalling
experiments, where sugar levels were found to be elevated in developing leaves when mature leaves
were exposed to high light or high CO, (Coupe et al., 2006). The sugar content of whole plants is thus
a reflection of plant sugar status. In a plant such as Arabidopsis the whole-rosette sugar content should
directly reflect the sugar status of the growing tissues as there is only one growing meristem in the
shoot, which receives nutrition from all the leaves on the plant.

5.3.2. Metabolism and leaf morphology in mutants with altered sugar levels.

The use of metabolic mutants allowed manipulations of plant sugar levels to take place without
changing light, CO, or temperature, providing the opportunity to study interactions between
metabolism and development with no complications from changing environmental conditions. This
study is one of the first to characterise developmental phenotypes in well-known metabolic mutants.
The identification of strong developmental phenotypes linked to metabolism in the starch-deficient
mutants highlights the potential of this approach for finding possible metabolic inputs into the
regulation of plant development.

The pgm mutant appeared to have a leaf phenotype similar to that of high-light grown plants. This is
consistent with a proposed role for sugars as indirect signals of light levels. The increased leaf
thickness was associated with the leaves having more cell layers, which indicates that cell
development changes are required, rather than the increased leaf thickness being caused simply by
turgor-driven cell expansion. Although the pgm mutant had a lower dry matter content, this can
probably be ascribed to the lack of starch, as the samples were collected during the light period. The
lower SLA in the cinvicinv2 mutant can be ascribed to higher leaf dry matter content rather than an
increase in leaf thickness. These results in the Arabidopsis cinvicinv2 mutant contrast with the
findings of a mutant in an invertase homologue in Lotus japonicus, where leaves were much thicker
than wild type and had more cell layers in the leaf (Welham et al., 2009). Although some of the
observed developmental phenotypes appeared to be linked to sugar levels, comparison of the starch-
deficient mutants against the other mutants suggests that sugars are not the causal factor for the
developmental differences. Like the starch-deficient adgl and pgm mutants, the cinvl cin2 double
mutant had high soluble sugar levels, but its leaf phenotype was essentially indistinguishable from
wild type, or from the f2kp mutants which had only slightly elevated sugar levels. In addition to their

115



high-sugar phenotype, the two starch-deficient mutants are likely to share other metabolic differences
with each other that set them apart from the cinvicinv2 mutants, despite this also having high sugar
levels. For example, neither adgl nor pgm is likely to contain much maltose, the main product of
starch degradation at night, and the cinvicinv2 had notably high sucrose levels at night (Fig. 4.7). Such
metabolic differences are likely to have a broader impact on patterns of gene expression and growth,
which might account for the contrasting leaf phenotypes of the starch-deficient mutants compared with
other high-sugar mutants and wild type plants.

Although developmental phenotypes were observed which appear to be linked to sugar levels, the
sugar concentrations seem not to be causal as the same phenotypes were not observed in the
cinvlcinv2 mutant in spite of severe sugar accumulation and in the f2kp mutants which have a mild
metabolic phenotype. The identification of the same phenotype in two different starch-deficient
mutants suggests that this phenomenon is restricted to this group only and is not caused directly by
sugars or at least not by the sugars measured here. The generality of this effect in two starchless
mutants suggests that lack of starch synthesis as a whole, and not specific metabolic steps or
metabolites, is responsible for the observed effects.

The effect of daylength on the leaf phenotype of pgm was investigated in detail. The experiments
revealed a dramatic increase in sugar accumulation at shorter daylengths, which at first sight seems
paradoxical. Caspar et al. (1985), who first described the pgm mutant, concluded that: “because it is
unable to store net photosynthate in starch, it accumulates relatively large quantities of sucrose and
hexose in both leaf and stem tissue”. The implication from this interpretation of the phenotype is that
when pgm is grown under short-day conditions, it should have less time to produce photosynthate and
thus accumulate less sugar, not more, than when grown under long-day conditions. Caspar et al.
(1985) also noted in their study that the growth phenotype of pgm became more severe in short days
but disappeared in long days.

It was later shown by other groups that the pgm mutant exhibits numerous transcriptional changes at
night which are similar to those seen in wild type plants after an extension of the night This treatment
causes the plants to exhaust their reserve carbohydrate supply and enter a period of starvation, during
which growth and carbohydrate utilisation are repressed to conserve energy (Gibon et al., 2004). Thus
the sugars in pgm leaves, although initially high at the beginning of the night, are rapidly consumed,
and the absence of reserve starch means that they cannot be replenished. Therefore, pgm plants enter
C-starvation prematurely during the night. This causes a cessation of growth which carries on to the
following day period, when the decreased use of newly-synthesised carbohydrates causes them to
accumulate to high levels again. The inhibition of night growth has since been confirmed in the pgm
mutant using high-resolution growth analysis of leaves (Wiese et al., 2007) and roots (Yazdanbakhsh
and Fisahn, 2011). This pattern of night-time C-starvation and suppression of growth during the early
part of the day is repeated on a daily basis. This also explains why the growth and metabolic
phenotypes of pgm become less evident with increasing daylength, and when grown under very long
day conditions (22-h photoperiod) they are essentially indistinguishable from wild type (Fig. 4.12).
Under such conditions, carbon starvation is avoided because the soluble sugar stores are sufficient to
last the short (2-h) night. In shorter daylengths, the period of night-time carbon starvation becomes
longer and more severe, causing a proportionally stronger sugar accumulation the next day.

Given the described mechanism, two causal scenarios are possible for the morphological phenotype
observed in the pgm mutant in different daylengths. First, the morphological phenotype may be
dependent on the severity of carbon starvation at night and not on the daytime sugar accumulation.
This would explain the apparent link between sugar accumulation and the morphological phenotype,
as both would have the same cause, i.e. carbon starvation at night. It may also explain the lack of
observed phenotypes in the other mutants; cinvicinv2 maintains high sugar levels at night and has
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starch, f2kp mutants had essentially wild type starch levels (not shown) and showed no signs of
carbon-starvation at night as sugar levels at the end of the night were very similar to wild type (Fig.
4.7). However, if the morphological phenotype of the starch-deficient mutants does depend on night-
time starvation, it would be difficult to compare this to actual light acclimation as high-light grown
wild type plants did not starve at night and, instead, had higher sugar levels.

The second possible explanation for the different leaf phenotypes of the mutants could involve some
other factor that is not directly related to metabolism but is affected by the differences in metabolism
between the mutants. The possibility that a plastid signal might be such a factor is discussed in the
following section.

5.3.3. Plastid function in the starch-deficient pgm mutant.

The pgm mutant was compromised in photosynthesis. It has previously been reported otherwise when
photosynthetic rates were measured on a leaf area basis (Gibon et al., 2004) The pgm mutant has
thicker leaves than wild type plants. Therefore, if both have the same rates of photosynthesis on an
area basis, the pgm will have lower rates when these are expressed on a mass basis, as was seen in the
current study. The mutant may have compensated for its metabolic restriction by increasing leaf
thickness to maintain equivalent photosynthesis per area. This is further supported by the observation
of lower photosynthetic rates in starchless mutants when expressed on a chlorophyll basis in
Arabidopsis (Caspar et al., 1985; Sun et al., 1999) and in other species (Krickerberg et al., 1989).
Some other studies have shown reductions on an area basis as well (Hanson, 1990; Peterson and
Hanson, 1991; Eichelmann and Laisk, 1994; Lytovchenko et al., 2002) thus confirming the results of
this study.

Elevated levels of phosphorylated sugars in the pgm mutant suggest that plastid metabolism may be
disturbed in these plants, although the metabolites presented are also present in other compartments in
the cell, which may also be affected. Similar results have been presented previously in starchless
mutants of Arabidopsis (Kofler et al., 2000), tobacco (Eichelmann and Laisk, 1994) and potato
(Lytovchenko et al., 2002), where high levels of hexose phosphates were found to accumulate. A
possible mechanism of photosynthetic limitation in the starchless mutants may be a limitation by
inorganic phosphate as the free phosphate pool in the plastid stroma is locked up in phospho-ester
bonds with carbohydrates. The release of inorganic phosphate from organic compounds can limit the
maximum rate of photosynthesis in some conditions (Sage, 1990), particularly in high light, high CO,
and low O, conditions, where the maximum possible photosynthetic rates are observed (Sharkey et al.,
1986). Phosphate is released from phosphorylated intermediates during starch synthesis in the plastid
as well as during sucrose synthesis in the cytosol, after which it is recycled back to the plastid through
stoichiometric exchange with triose phosphate through the chloroplast triose phosphate translocator
(Hausler et al., 2000). Starchless mutants are unable to release inorganic phosphate inside the plastid
and must rely exclusively on phosphate release in the cytosol through sucrose synthesis and its
transport back into the plastid (Sun et al., 1999). It has been suggested previously that photosynthesis
may be limited in the starchless mutants by the capacity for cytosolic phosphate release and recycling
back to the chloroplast (Peterson and Hanson, 1991; Eichelmann and Laisk, 1994; Lytovchenko et al.,
2002). This is supported by several observations of oxygen-insensitive photosynthesis at saturating
light and CO, levels in starchless mutants (Eichelmann and Laisk, 1994; Sun et al., 1999). The ability
of inorganic phosphate to limit photosynthesis has been confirmed by mannose or glycerol-feeding
experiments, which depletes the free phosphate pools in the cytosol and stroma and causes feedback
limitation of photosynthesis and oxygen insensitivity (Sharkey and Vanderveer, 1989; Morcuende et
al., 1997; Takizawa et al., 2008). Manipulations of free phosphate pools by phosphate deprivation and
phosphate feeding have also been shown to be able to cause or alleviate phosphate limitation and
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oxygen insensitivity of photosynthesis (Leegood and Furbank, 1986; Sivak and Walker, 1986;
Takizawa et al., 2008). Phosphate feeding was not, however, able to rescue photosynthetic rates in a
starchless tobacco (Eichelmann and Laisk, 1994).

CO, fixation via the Calvin-Benson cycle is the major sink for reductant produced by chloroplast
electron transport. Therefore, as photosynthetic CO, fixation is compromised in the pgm mutant, the
capacity of this sink to consume reducing equivalents is decreased. Electrons would thus be expected
to accumulate in plastid electron carriers and cause them to become over-reduced. This may have
implications for signalling as plastid redox states are the sources of various light signals (see
introduction). It is conceivable that metabolic restriction in starchless mutants feeds back to affect the
redox state of plastoquinone, a known light signal. However, chlorophyll fluorescence analysis of the
pgm mutant does not support this hypothesis. Linear electron transport was indeed decreased, as
expected, but a higher amount of regulated thermal dissipation (NPQ) served to decrease the excitation
rate of PSII reaction centres. This effectively compensated for the decreased electron demand, keeping
the redox state of plastoquinone unchanged.

The increase in regulated non-photochemical energy dissipation observed in the pgm mutant points to
an increase in the trans-thylakoid pH gradient. NPQ is mediated by the enzymatic conversion of
thylakoid carotenoids into active excitation-quenching species by violaxanthin de-epoxidase (VDE) in
the xanthophyll cycle (Bassi and Caffarri, 2000; Ma et al., 2003) and also by another mechanism
involving the PsbS protein, which is not yet understood (Hieber et al., 2004). Both mechanisms are
directly induced by thylakoid lumen acidification as VDE requires low lumen pH to become active
(Yamamoto, 1979) and specific amino acid residues within PsbS become protonated at at low lumen
pH, which is necessary for the induction of non-photochemical quenching (Li et al., 2004). NPQ has a
photoprotective function and quenches excess light energy in high light conditions, preventing PSII
from becoming photoinhibited (Li et al., 2002).

The increased induction of NPQ in the pgm mutant may be caused by the phosphate limitation
discussed above. It has been shown that the proton conductivity of plastid ATP synthase can drop if
the concentration of free phosphate in the stroma is decreased below its K,, by mannose feeding,
trapping more protons in the thylakoid lumen (Takizawa et al., 2008). This was shown to result in
greater acidification of the thylakoid lumen and an up-regulation of non-photochemical quenching,
similar to that observed in this study. An increase in NPQ has been observed previously in a starchless
mutant of tobacco (Peterson and Hanson, 1991). The redox state of plastoquinone thus seems to be
buffered against downstream restrictions in electron consumption and severe phosphate limitation
through decreases in the excitation rate of PSII, which may be adaptive because it should prevent
catastrophic PSII damage in such cases.

It is concluded that plastoquinone redox state (excitation pressure) cannot be the signal causing the
leaves of the pgm mutant to develop the characteristics of a “sun” leaf, as the plastoquinone pool was
not over-reduced. However its role in light acclimation cannot be ruled out. It may still be part of a
complex of signals regulating developmental adaptation. Plastoquinone redox state was not affected in
spite of decreased electron utilisation due to compensatory photoprotective mechanisms which
decreased the excitation rate of PSII. Other redox components, for example those downstream of
photosystem I, also cannot be ruled out. Although some components of NPQ may also be involved in
regulating the excitation of PSI, for example some xanthophyll carotenoids (Thayer and Bjorkman,
1992), PSI largely possesses different photoprotective mechanisms (Munekage et al., 2002). These
may or may not be able to compensate fully for an increased electron pressure at the acceptor side. An
over-reduction of the PSI acceptor side has been inferred from measurements of light absorption at
830nm in leaves of a starchless tobacco mutant (Eichelmann and Laisk, 1994). Future work should
aim to clarify this issue by examining in more detail the function of PSI in the starchless mutants.
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5.4. Chapter summary.

In summary, the work presented in this chapter aimed to investigate the acclimation of leaf
morphology to irradiance in Arabidopsis with special reference to the hypothesis that the amounts of
sugars arriving from mature leaves to developing leaves may act to indirectly signal the light
environment and adjust the development of leaves. Leaves of wild type Arabidopsis became thicker
and developed more cell layers in the leaf in high irradiance and sugar levels were correlated with
these morphological traits. A series of knockout mutants with perturbed primary metabolism were then
grown in one light environment and their leaves investigated. The mutants contained a range of sugar
levels which were higher than wild type. Very thick leaves were observed in the starchless pgm
mutant, which was reminiscent of high-light-adapted leaves, while no alterations to leaf thickness
could be observed in other mutants in spite of high sugar levels. A similar phenotype was observed in
adgl, a different starchless mutant. The pgm mutant was grown in three different daylengths and
compared to the wild type. Both the metabolic and developmental phenotypes became progressively
more pronounced in shorter daylengths, with very high sugar content and very thick leaves in a short
daylength. It was then investigated whether the metabolic alterations observed in the pgm affect
plastid function and alter the redox state of plastoquinone, a known light-signalling component of
chloroplasts. The pgm mutant had lower rates of CO, uptake and this was accompanied by lower rates
of electron transport in the chloroplast. However, a higher proportion of light energy was dissipated as
heat and this compensated for decreased electron demand. As a result, plastoquinone redox state was
unaltered. It is concluded that sugar levels do not signal the developmental changes which occur in
leaves in response to light. A morphological phenotype resembling high-light-adaptation seems to be
restricted to starchless mutants, where it correlates with the severity of their metabolic alterations in
different daylengths. Alterations in plastoquinone redox state are not responsible for this phenotype as
they did not occur.
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Chapter 6. Natural variation in leaf morphology, its relationship to growth,
leaf function and plant performance.

6.1. Introduction.

6.1.1. Leaf morphology traits.

As discussed in the introduction, plant growth is measured relative to existing biomass and expressed
as RGR, which is often decomposed into three components: NAR, SLA and LMR (Hunt, 1982)
Decomposing RGR into its components has been very useful in partitioning variation in growth in a
simple mechanistic framework which has greatly aided our understanding of plant growth and its
regulation (Poorter and van der Werf, 1998; Poorter and Nagel, 2000; Wright and Westoby, 2000).
However, there is scope for deeper exploration by examining leaf morphology and leaf function in
more detail.

Leaf morphology can be thought of as an integrative or emergent phenotype that is generated by
interactions between a complex of traits. Not all leaves in nature are the same and both leaf
morphology and the underlying traits are variable. It is obvious that some trait combinations will be
subject to tradeoffs. Probably most or all of the traits vary within certain upper and lower limits due,
for example, to developmental or structural constants. Some of the varying traits can be dependent on
each other or can co-vary with other traits. It is also probable that some trait combinations will be
subject to tradeoffs. Evolution may select for certain sets of traits and trait covariances which confer
fitness advantages in certain environments or all environments (e.g., (Shipley et al., 2006)), with
implications that different environments may be expected to produce different trait relationships due to
changes in associated tradeoffs. There is limited information on the relationships between leaf
morphological traits themselves, and especially their relationships to whole plant processes and
growth.

6.1.2. Cell division.

Leaf size has often been decomposed into cell number and average cell size, which provides
information about the relative contributions of cell division and cell and tissue expansion to variation
in leaf size. The expansion of cells is well coordinated with cell division and shows similar responses
to diverse environmental conditions (Granier et al., 2000). Strong correlations between leaf area and
cell number are usually identified while the contributions of cell size to leaf area variation have been
low (Cookson et al., 2005; Gonzalez et al., 2010). Such studies have shown that cell number chiefly
drives variation in leaf area in response to light irradiance (Cookson and Granier, 2006), daylength
(Cookson et al., 2007) and temperature (Granier and Tardieu, 1998). These observations are consistent
with a cell theory of organ size control. The cell theory states that the cell is the basic morphogenetic
unit which determines the shapes and sizes of organs (Fleming, 2007). The cell theory has been
challenged by observations of uncouping between cell division and cell expansion in some cell
division mutants (De Veylder et al., 2001; Horiguchi et al., 2006) which, within some limits, results in
compensation for altered cell number by reciprocal changes in cell size. Responses consistent with the
compensation mechanism also occur under some natural conditions e.g. during shade acclimation
(Cookson and Granier, 2006) and mild water limitation (Aguirrezabal et al., 2006). Further analysis of
leaf size control using chimeric plants has implicated non-cell-autonomous compensation mechanisms
and interactions between cells in leaf size control (Kawade et al., 2010; Marcotrigiano, 2010). These
observations imply that there are organ and even organism-level controls on leaf size (Tsukaya, 2003)
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and support the broader organismal theory of organ size control (Kaplan and Hagemann, 1991; Day
and Lawrence, 2000; Fleming, 2002; Fleming, 2006).

6.1.3. Cell expansion.

The expansion of cells and biomass is a component of leaf morphology and function. The
determination of SLA is related to the expansion of biomass during leaf growth (Tardieu et al., 1999).
As SLA is a major functional parameter associated with growth, variations in cell size driven by
biomass expansion have the potential to influence whole plant function and growth rates. This is due
to the compound return on investment that extra leaf area brings, which should drive more growth.
The state of biomass expansion may also be reflected in the dry matter content of leaves. This is
particularly interesting, since recent studies on Arabidopsis accessions have identified robust negative
associations between plant growth and rosette protein content on a fresh weight basis (Sulpice et al.,
2010). Protein is a significant component of plant dry matter and is relatively expensive to produce
and maintain (Poorter, 1994; Piques et al., 2009). Further work has shown that high protein content in
small accessions is associated with increased copy numbers of ribosomes and the loading of these
ribosomes on active polysomes, indicating higher rates of protein synthesis and, possibly, turnover
(Ishihara, unpublished data). These seemingly counter-intuitive observations suggest that the biomass
of small accessions has a higher synthesis and maintenance cost and this may constitute an inefficient
use of carbon and may therefore preclude higher growth rates. It is unclear how leaf morphology is
involved in this trend. For example, less cell expansion in smaller accessions may cause more dry
weight biomass to be concentrated in leaves, driving a trend for a high content of dry matter and its
components in smaller accessions, which may explain the observed trend in protein. Biomass
expansion should be reflected in SLA, dry matter content and perhaps cell size, but it also carries with
it a hidden component which is related to the abovementioned benefits of creating more leaf area from
biomass and therefore intercepting more light. This component may be seen as part of the efficiency of
carbon use which is driven by returns on biomass investment and may thus also be one of the
components of NAR.

6.1.4. Leaf thickness.

The vast majority of previous studies treat leaves as flat two-dimensional objects while the third
dimension of the leaf (leaf thickness) is not explored. As seen in chapter 4, leaf thickness variation can
be brought about by elongation of mesophyll cells and/or extra cell divisions to generate more cell
layers. It thus potentially involves cell division as well as cell and biomass expansion, but in a
different plane to that which drives leaf area generation. Leaf thickness correlates with the capacity for
gas exchange per unit leaf area. This is because a thicker leaf allows a larger internal cellular surface
area per unit leaf area, and thus aids CO, uptake within the leaf (Syvertsen et al., 1995; Terashima et
al., 2001). At a given biomass input, leaf thickness trades-off with leaf area, which can be seen as the
capacity for light interception (Roderick et al., 1999; Terashima et al., 2001). Leaf thickness also has a
role in light interception along with leaf area. As leaf thickness is decreased below a critical value,
which will depend on the irradiance regime, an increasing proportion of the incident light will pass
through the leaf rather than being absorbed. On the other hand, if a leaf is too thick, not enough light
will reach the lower layers of the leaf and drive photosynthesis, which would leave un-used capacity
and decrease the efficiency of resource use (Evans et al., 1993). Therefore, leaf thickness is a major
component of developmental acclimation to high light, where a high capacity for gas exchange is
required.

121



It has been proposed that leaf thickness is regulated at the organ level. During light acclimation in
Chenopodium album leaves, cell divisions are partitioned to extra mesophyll cell layers while keeping
a constant total cell number in the leaf (Yano and Terashima, 2004). Vile et al., (2005) demonstrated
that leaf thickness can be accurately predicted from SLA and leaf dry matter content. Little is known
about leaf thickness and its relationship to leaf growth and other traits in Arabidopsis. Due to the
inherent trade-offs that leaf thickness is associated with, it may be expected to be related to leaf size.
Furthermore, as leaf thickness is strongly involved in light acclimation, its genotypic variation in
plants grown in one light environment is not expected to be large and to potentially drive some
variation in growth.

6.1.5. Leaf number.

Analysis of leaf growth is almost always carried out in the context of a single leaf (Cookson et al.,
2005; Gonzalez et al., 2010). A good example is the large EU-financed integrated project AGRON-
OMICS, which focuses on a detailed molecular and metabolic analysis of the development of the sixth
leaf of Arabidopsis (Micol, 2009). On the other hand, in whole plant growth analysis, terms like SLA
and NAR are sometimes applied to data that is obtained by analysis of a single representative leaf, or
to an average value obtained by analysis of the whole shoot or rosette. However, a shoot or rosette
usually consists of many leaves. It can be anticipated that there will be interdependencies between the
growth rates of different leaves. In principle, a given leaf area could be generated by having a small
number of large leaves, or a large number of small leaves. It can also be anticipated that the growth of
individual leaves or all leaves will be affected by the overall rate of plant growth.

The number of leaves puts leaf size and leaf morphology in a whole plant context and offers an
opportunity to investigate organism-level controls on leaf development i.e. interactions between
leaves. Positive correlations between the rate of leaf initiation and the rate of cell division during early
leaf growth indicate that early organ growth and organ production may be co-regulated (Cookson et
al., 2005). This implies that more plant growth results in larger organs as well as more of them being
produced. However, different leaf primordia can also be viewed as a set of sinks competing for limited
photosynthate. This viewpoint indicates there may be a trade-off between an increased rate of leaf
initiation, and leaf area growth. Resources are limited and a set amount of growth (or a set number of
cells) may be partitioned between more or fewer leaves. Seen from this viewpoint, variation in leaf
initiation rate should have a direct inverse effect on the size of leaves. However this inverse
relationship may only be evident if growth were held constant, and would otherwise be masked. If
there is an increase in the growth rate, the plant would be able to accommodate more leaves and make
leaves bigger. Nevertheless, the question still arises, if there is variation in the relation between the
rate of leaf initiation and the rate of leaf growth and the consequent traits, leaf number and leaf size. A
trade-off between leaf number and leaf size may (and in some ways must) be a part of organism-level
control of leaf size and, perhaps, morphology.

The preceding discussion prompts the question: what is the optimal rate of leaf initiation? Should a
growing plant make many small leaves or a few large ones from a set amount of biomass? Which
strategy leads to better outcomes (growth, fitness etc?). How does this affect the morphogenesis of
leaves? What regulates the number and size of leaves at the genetic, molecular, cellular, organ and
organism level, and how do regulatory mechanisms at these different levels interact? In reality, plant
growth, leaf production and leaf size vary simultaneously and the relationships between them are not
obvious and not well explored. The three components must thus be studied together in a whole plant
context. There is evidence for such a trade-off on leaf number from studies of trees, where leaf number
has been shown to trade-off isometrically with leaf size when normalised on current year growth of a
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single module (Kleiman and Aarssen, 2007; Yang et al., 2008), however its relationship with whole-
plant growth is unclear.

An understanding of morphological trait variation and trait relationships may shed light on the
fundamental ways leaves are constructed and the inherent trade-offs which shape their form. Such an
examination in natural, genetically diverged populations should give information on the factors and
pressures shaping the evolution of individual traits and of leaf form as a phenotype. Since the
populations are geno typically-differentiated, the manifest traits in such a system are genetically
determined (rather than being environmentally-influenced); the genetic bases for them should be
accessible to quantitative genetic methods.

6.1.6. Aims of the chapter.

In this chapter, leaf and rosette morphology and function were characterised in 20 wild accessions of
Arabidopsis thaliana with the aim of establishing relationships between leaf morphology components
in the context of leaf and whole plant function and performance and to build a model of Arabidopsis
growth incorporating leaf morphological variables, leaf function indicators and whole plant growth.
Leaf morphology is probed on multiple facets and includes cellular traits such as cell size and cell
number data, composition traits, the third dimension of the leaf in the form of leaf thickness and
combined with the number of leaves to put morphology in a whole rosette context. Photosynthesis and
respiration rate measurements are used as indicators of leaf function and their relationship with leaf
morphology and plant growth is explored. Such a comprehensive analysis on Arabidopsis accessions
has not been published previously.

The aims of the chapter are:

1. Identify key axes of variation in leaf morphology traits and their relationships in natural accessions
of Arabidopsis thaliana

2. Construct a model and identify the relative importance of variation in different variables to whole
plant growth, leaf size, cell size and leaf thickness

3. Identify and explore tradeoffs between traits
4. Assess the contribution of leaf morphology to leaf function

5. Assess the contribution of leaf function to plant performance (growth)
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6.2 Results.

6.2.1. Leaf morphological trait variation in Arabidopsis accessions.

Twenty wild accessions differing in growth rate and morphology were grown for 38 days in a short
day (8h), low light (160 uE m-2s") environment and a number of morphological traits measured at
harvest. Accession means and their cross-genotypic variability (coefficients of variation, CV) are
displayed in Table. 6.1, together with the abbreviations and units for each measured and calculated
trait. Accessions means were normally-distributed in all traits (Shapiro-Wilk Test) with the exception
of abaxial stomatal density, where the distribution was strongly skewed to the right by two strong
outliers (data not shown).

Leaf initiation was measured by counting leaves emerging from the apical region at four times during
growth (14, 19, 24 and 29 days after sowing) and taking the average rate in the three time periods
leaves d'. The rate of leaf initiation (RLI) varied between accessions somewhat more than the growth
rate. Total leaf area, cell number per leaf and cell density were determined in leaf 6, as a representative
for mature leaves. The area of leaf 6 varied substantially, as did the number of cells in the leaf. Cell
size, determined as the inverse of mesophyll density was less variable. Traits relating to leaf
morphology and composition - specific leaf area (SLA), the amount of leaf area displayed per unit leaf
biomass, leaf dry matter content (LDMC) and leaf thickness showed very low variance between
accessions. Stomata were present on both sides of the leaf, with a higher density on the abaxial side.
Two accessions (Ler-1 and Van-0) were very strong outliers with respect to stomatal density on the
abaxial side, with very high densities found there.

Rosette fresh weight at harvest exhibited a large genotypic variability (Table. 6.1) and ranged more
than three-fold between the smallest and largest accessions, with a CV of 29.5%. This was the largest
variance for any of the traits studied. However, as discussed in the introduction, fresh weight is a
product of incremental growth over a period of time, which allows small differences in growth rate to
accumulate over time and thus greatly over-represents the actual variance in growth.

The actual rate of growth is given by the relative growth rate (RGR). RGR was estimated by taking the
difference between the log-transformed biomass values at two points in time and dividing it by the
length of the time interval. The differences in the estimated RGR were quite modest between
accessions. The CV for RGR (5.1%) was actually the smallest found of all traits that were measured or
calculated in this study. Other traits with relatively small CVs included leaf dry matter content
(LDMC, 6.2%), leaf thickness (LT, 6.4%) and specific leaf area (SLA, 7.1%), while intermediate CVs
were found for the rate of leaf initiation and leaf number (RIL, LN, both 13%) and mesophyll cell
density (CellDens; 15.9%) stomatal density (13%) and stomatal density (16.7 and 25.7% for adaxial
and abaxial, respectively) and cell number per leaf (CellNo, 22.6%).

Analysis of variance was used to test whether accessions differed in growth and morphology, as well
as for position effects. The results of the ANOVA are listed in Table 6.2. There were strong and highly
significant effects of genotype (accession) on all morphological parameters and genotype was the
largest source of variation in the dataset for most traits. Most traits (with the exception of stomatal
characters) were also subject to weak but significant position effects within the growth chamber (tray).
The pattern of variation between trays was consistent with gradients of irradiance and/or heating
received. Variance between trays accounted for up to 26% of total variance in traits, with the strongest
effects on fresh weight and leaf thickness (both were higher in trays in the middle of the chamber,
which received more light, data not shown). The accessions were randomised through the growth
space using a random number generator and accession means are an average from many trays
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(although not every tray was always represented in each accession sample), thus compensating for this
variance due to position effects. All but one accession:tray interactions were not significant, indicating
that tray position affected accessions in the same way. The exception was cell number per leaf, where
the interaction was significant. No generalisation could be made about this interaction.

Factor: Accession Tray Accession x Tray Error
Trait
df=19 df=7 df=109 df=24

F 10.9 15.2 0.71

FW (g) p value <0.0001 <0.0001 0.87
Variance % 51 26 18 5

RLI F 24.5 9.9 0.96

(leaves d) p value <0.0001 <0.0001 0.585
Variance % 60 9 14 18

LA F 15.5 10.1 0.7

(mmz) p value <0.0001 <0.0001 0.89
Variance % 63 15 16 5

MD F 8.9 2.6 0.99

(cells mm?) p value <0.0001 0.036 0.54
Variance % 53 6 33 7

F 24.1 11.7 2.5

C(ileluf)o p value <0.0001 <0.0001 0.005
Variance % 54 10 33 3

F 5.5 2.6 1.4

(mszli{[;) p value <0.0001 0.038 0.156
Variance % 35 6 52 8

F 34 5.7 0.9

(g DI{KI??;C FW) p value 0.003 0.001 0.649
Variance % 29 18 43 11

LT F 9.5 19.4 1.6

(um) p value <0.0001 <0.0001 0.089
Variance % 35 26 34 4

F 6.2 1.1 0.7

(stomseftjz (rlnm'z) p value <0.0001 0.403 0.881
Variance % 52 3 34 11

F 29.3 1.7 1.3

(s tomitt[: lt)nm'z) p value <0.0001 0.152 0.226
Variance % 76 2 19 3

Table. 6.2. Analysis of variance of morphological variation in 20 wild accessions of Arabidopsis.
Two-way fixed effects analysis of variance (Model I) of the effects of accession, tray position and
their interaction on morphological parameters measured on 20 wild accessions of Arabidopsis thaliana
grown in 8-hour days at an irradiance of 160 pE m™s™ in a 20°C/20°C diurnal temperature regime. F
(variance ratio) is the ratio of the mean squares between groups to the error mean square (within group
error). P values were calculated by testing the F statistic against the F-distribution with the listed
degrees of freedom (df). Significant effects at P < 0.05 are highlighted in boldface. Variance
components are the sum of squares of each factor and the error variance as a proportion of the total
sum of squares. All parameters were measured on 8 replicates per accession, randomly distributed
across 8 trays. For rate of leaf initiation the number of replicates was 14 per accession in 8 trays,
making the corresponding degrees of freedom 19 (accession), 7 (tray), 111 (interaction) and 141
(error). A model I design was chosen to allow an exact variance partitioning between the factors and to
have an exact estimate of the error variance as a percentage of the total.
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6.2.2. Principal Components Analysis.

Table 6.3 shows the Pearson correlations between all variables. Fresh weight and RGR were
significantly and positively correlated with leaf area (LA), (r = 0.71 and 0.72 respectively, p < 0.001),
the rate of leaf initiation (RLI) (r = 0.72 and 0.68 respectively, p<0.001) and leaf number at harvest
(LN) (r = 0.73 and 0.69 respectively, p<0.001) and positively but less strongly correlated with cell
number per leaf (CellNo) (r = 0.47 and 0.50, p = 0.04 and 0.02 respectively). RGR was significantly
correlated with leaf dry matter content (LDMC, r = 0.46, p = 0.04). Leaf area (LA) was strongly and
positively correlated with cell number per leaf (CellNo, r = 0.82, p<0.001). Specific leaf area (leaf area
per unit dry weight) was negatively correlated with leaf dry matter content (LDMC, r = -0.51, p =
0.02) and with leaf thickness (LT, r = -0.47, p = 0.04). The density of stomata on the adaxial and
abaxial surface was correlated strongly with each other (r = 0.72, p < 0.001) but not with any other
traits.

Principal components analysis (PCA) was used as an exploratory tool to identify key axes of variation
in the multivariate dataset and to look for patterns in the data. To do this, the data were first
normalised as standard deviates, normalising it to give every trait a mean of 0 and a standard deviation
of 1. PCA was then carried out on the correlation matrix. The results were visualised using a biplot
(Fig. 6.1). The multivariate dataset had a high total variance, requiring a large number of principal
axes to summarise it. The first two principal axes of variation accounted for only 54% of the total
variance in the dataset while the 3™ and 4™ explained a further 29%. The first four components were
retained as informative as they captured the majority of the variation (82%) and were the components
with eigenvalues greater than 1. Rescaled principal component coefficients of each variable (also
referred to as factor loadings) are presented in Table. 6.4.

The first principal component axis separated large accessions from small ones based on rosette fresh
weight. Variables relating to leaf size and leaf number as well as CellNo per leaf and SLA were
strongly loaded on the first PC along with FW, while MD and LDMC had opposing laodings.

The second principal component was dominated chiefly by variance in leaf morphology variables. A
dichotomy between LT and stomatal densities on one hand and cell size (inverse of MD) and high
LDMC on the other, dominated the axis. MD was strongly associated with LDMC on the second
principal component while LT was negatively related to these variables. MD was equally loaded on
the first and second axis, identifying it as a contributor to both growth and morphology. Interestingly,
neither total biomass (FW), nor SLA was not a component of the second axis.

On the third principal axis leaves with high SLA are contrasted with leaves with high LDMC and
small cells (high MD). CellNo was also a strong contributor to the third axis.

The fourth principal component was dominated by a trade-off between high RLI and high numbers of
cells per leaf (CellNo).
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Axis: PCl1 PC2 PC3 PC4

Variance Explained, % 33 21 18 12

Rosette Fresh Weight (Fw, g) 0.50 0.03 -0.12 0.32
Rate of Leaf Initiation (RLI, leaves d) 0.29 -0.19 -0.09 0.66
Leaf 6 Area (LA, mm?) 0.45 0.17 -0.24  -0.24
Mesophyll cell density (MD, cells mm™) -023  -032 -0.36 -0.27
Cell Number in Leaf 6 (CellNo, cells x 10°) 0.33 0.00 -0.48 -0.40
SLA (m®kg' DW) 0.25  -0.03 0.58 -0.29
LDMC (gDW g' FW) -0.32  -0.31 -0.36 0.20
Leaf Thickness (LT, um) 0.08 0.51 -0.22 0.12

Adaxial Stomatal Density (StAd, stomatamm®) -0.23  0.54  -0.19  -0.03
Abaxial Stomatal Density (StAd, stomata mm?) -0.28 .42 0.07 0.18

Table. 6.4. Rescaled coefficients of the first four principal component axes derived from a
dataset of morphological variables collected from 20 wild accessions of Arabidopsis thaliana.

0.6 Ler-1

0ul StAd LT L

an-0StADb
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0.0 FW |
-0.2] i
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0.4 0.2 0.0 0.2 0.4 0.6

Fig. 6.1 Principal components analysis of leaf morphological variation in 20 wild accessions of
Arabidopsis thaliana.

Biplot of the first two principal components of a dataset of morphological parameters in 20 wild
accessions of Arabidopsis thaliana growing in short day conditions. Variable abbreviations are: FW —
rosette fresh weight at harvest (g), LA — leaf 6 area (mm?), MD — mesophyll cell density (cells mm™),
Cell no — cell number per leaf (cells), SLA — specific leaf area (m” kg DW), LDMC — leaf dry matter
content (g DW g FW), LT — leaf thickness (um), StAd — stomatal density on the adaxial side (stomata
mlm'z), StAb — stomatal density on the abaxial side (stomata mm™), RLI — rate of leaf initiation (leaves
dh).
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6.2.3. Factor analysis.

While principal component analysis summarised the principal axes of variation in the multivariate
data, further insight can be gained by trying to explain the variation by means of a small number of
derived common factors which explain as much variance as possible in multiple variables. The
principal component axes can be rotated orthogonally in such a way as to maximise the loadings of
multiple variables on them. In this way, the multivariate dataset can be simplified for interpretation.
The isolation of a small number of important factors also allows a model to be postulated for the data,
something which is not possible with principal components alone. Rotation of principal components is
one of the methodologies of exploratory factor analysis.

Principal components were rotated using Varimax rotation (Kaiser, 1958). This method finds optimal
rotation parameters in order to achieve a few large loadings and many near-zero loadings on each axis.
Four rotated axes (factors) were retained. The factors each explained approximately the same
proportion of total variance (18-23%). Table. 6.5 shows the rotated loadings of the variables on the
factors. The four factors achieved a high degree of communality (the proportion of variance in each
variable explained by the factors).

Factor 1 Factor 2 Factor 3 Factor 4 Commu
nality
Rosette Fresh Weight (W, ¢) 0.52 -0.04 -0.3 0.77 0.95
Rate of Leaf Initiation (RLI, leaves d™") 0.05 -0.19 0.04 0.92 0.88
Leaf 6 Area (LA, mm?) 0.86 0.08 -0.31 0.23 0.90
Mesophyll cell density (MD, cells mm?) 0.11 -0.27 0.71 -0.34 0.70
Cell Number in Leaf 6 (CellNo, cells x 10%) 0.96 -0.05 0.11 0.03 0.95
SLA (m’ kg DW) -0.01 -0.42 -0.85 -0.11 0.90
LDMC (gbw g' Fw) -0.25 -0.11 0.87 -0.02 0.82
Leaf Thickness (LT, um) 0.27 0.76 -0.12 0.14 0.67
Adaxial Stomatal Density (StAd, stomatamm?) ~ -0.03 0.87 0.09 -0.3 0.86

Abaxial Stomatal Density (StAd, stomatamm?®) ~ -0.41 0.68 -0.02 -0.18 0.67

Table. 6.5. Factor analysis of leaf morphological variation in 20 wild accessions of Arabidopsis
thaliana.

Loadings of morphological variables on four factors derived from principal components by Varimax
rotation.

Each factor represents an unobserved or latent variable which can be linked to a growth process or a
strategy, with associated trade-offs.

Factor 1 can be interpreted as a leaf growth factor and was strongly related to leaf size and cell number
in leaves, as well as fresh weight.

Factor 2 was a leaf thickness factor which was also associated with high stomatal densities as well as
low SLA.

Factor 3 was a cell expansion factor not related to leaf thickness (cell expansion in the plane of the
leaf). In this factor, small cells (high MD) were associated with high LDMC and low SLA. There was
a discernable effect on leaf area but it was largely independent of leaf thickness (cell expansion in the
plane of the leaf).
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Factor 4 was a leaf number factor which was strongly related to both rate of leaf initiation and fresh
weight.

6.2.4. Morphology and rosette size — a modelling approach

In order to further investigate trait relationships and their integration in the context of plant growth and
development a series of models derived from the generalised linear model were constructed. The fresh
weight of an Arabidopsis plant is divided between a number of leaves of a certain size. In this
experiment leaf 6 was chosen as a representative leaf and its area was measured. The area of the leaf
can be factorised into a number of cells of a certain size. The density of palisade mesophyll cells, i.e.
how many cells there are per unit leaf area, was measured. Their size is the inverse of cell density and
is the cross-sectional area in the paradermal plane. It should be noted that the density estimation
includes all the area of the leaf, including the intercellular air spaces. Therefore no area is left
unaccounted for and cell number and cell size are directly multiplicative to give leaf area. Finally, leaf
area can be related to leaf fresh weight through an appropriate conversion factor. Specific leaf area
(SLA) expresses the amount of leaf area displayed per unit biomass invested in the leaf. Since SLA is
expressed on a dry weight basis, the content of leaf dry matter in a unit of leaf fresh weight biomass
(leaf dry matter content, LDMC, g DW g FW) completes the conversion. It can thus be shown that
rosette fresh weight is related to the above components by the relation:

* Area * L
FW - CellNo * CellArea * LN ©.1)
SLA* LDMC
SLA and LDMC are inversely related to leaf thickness (Vile et al., 2005) by the relation
1
(6.2)

I'=————
SLA* LDMC

It can be shown that leaf thickness is the conversion factor relating leaf area to leaf fresh weight,
assuming a specific gravity of 1g cm™. This assumption has been shown to be true across a range of
species (Vile et al., 2005). Equation 6.1 essentially captures multiple levels of variation in leaf and
rosette morphology, and encompasses the four factors derived from factor analysis.

Equation 6.1 can be converted to a linear form by log-transformation of all variables.
In(FW) = B, In(CellArea) + B, In(CellNo) — 3, In(SLA) — B, n(LDMC) + B, In(LN)+C  (6.3)

where [3; are coefficients and C is a constant intercept term. This relationship can now be subjected to
multiple linear regression modelling and the contribution of each trait to the variation in fresh weight
assessed by computing the coefficients of each variable using least squares regression.

Table 6.6 shows the multiple linear regression model for rosette fresh weight based on Eq. 6.3. The
same data was treated in two different ways and two models are presented. The first model was
computed using log-transformed data and the table lists the partial regression coefficients. For the
second model the log-transformed traits were transformed a second time into standard deviates
(subtracting the mean and dividing by standard deviation) and the table lists the standardised partial
regression coefficients. For both models, confidence intervals of coefficient estimates were obtained
by non-parametric re-sampling 1000 times. To control for over-fitting and to test the performance of
the model on an independent dataset, 5-fold cross validation was performed on the multiple regression
model, yielding low RMSE values of 0.09 and 0.31 for the ordinary and standardised models
respectively.
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The partial regression coefficients in the first model in Table 6.6 represent the unique effect of each
trait on rosette fresh weight when all other variables are kept fixed. In essence they state how much
change in fresh weight is to be expected (or predicted) for a one unit change in each trait. However,
each trait is expressed in its own arbitrary units and the coefficients cannot be directly compared. The
standardised partial regression coefficients of the second model allow direct comparisons to be made
because they express the unique effects of each trait in standard deviation units of fresh weight per one
standard deviation change in each variable.

Fig. 6.2 plots the regression model and its five log-transformed components individually against log-
rosette biomass. Least squares regression is susceptible to being strongly influenced by outliers and
robust regression based on M-estimation (Huber, 1964) in the MASS package for R (Venables and
Ripley, 2002) was used to correct for this. The lines of both regression methods are presented. Robust
regression made little difference to the regressions.

The regression model explained 94% of the variance in fresh weight, which was highly significant.
The signs of the partial regression coefficients agree with the postulated model in equation 5.3. Cell
area, cell number, dry matter content and leaf number all contributed to predicting fresh weight while
the effect of SLA was not significantly different from 0. Leaf number exhibited the greatest unique
effect (coefficient p = 1.37), while the effects of cell area and cell number (together giving the area of
leaf 6) were also large and positive and were, when summed, approximately equal to the effect of leaf
number (0.79+0.69 = 1.48). Dry matter content had a smaller negative effect (f = -0.82).
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Fig. 6.2. Variation in morphology parameters in 20 wild accessions of Arabidopsis thaliana and
their relationship to rosette fresh weight at harvest.

Complete linear model predicting fresh weight as a function of all five components (a) and partial

models of the bivariate relationships of fresh weight with mesophyll cell area (b), cell number in leaf 6
(c), specific leaf area (d), leaf dry matter content (¢) and leaf number (f). Model parameters are listed
in Table 6.6. Solid lines are linear regressions, dotted lines are robust regressions performed using the
rlm() function the MASS package in R.
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The amount that variation in a trait actually contributes to the observed variation in fresh weight is
distinct from the unique effect and requires further calculation. A trait can have a large unique effect
within its range of variation but contribute little to fresh weight because it does not vary very much
(i.e. it explains only a small part of the variation in fresh weight). An example of this is LDMC. This
parameter had a large negative unique effect. This is expected, because if LDMC were doubled, fresh
weight biomass would be halved given the same dry weight input. However, its total variance was
quite low (Table. 6.1) and its actual contribution would thus be expected to be smaller.

A trait’s apparent contribution can also be decreased if its variation is counteracted by variation in
another variable which compensates for the change in the first, i.e. when there are negative
covariances between predictors. An example of this is SLA. This parameter would also be expected to
have a large positive unique effect. A doubling in SLA should double leaf area, doubling light
interception per unit biomass, which should have large implications for growth. However, SLA was
seen to co-vary strongly and negatively with LDMC, as a high LDMC means dry weight biomass is
more concentrated and not spread over a large area by expansion. Thus the effect of SLA might be
masked by its negative co-variance with LDMC.

The assessment of the real effect of a predictor calls for statistical methods to calculate relative
importance. The existence of several methods and a lack of a clear consensus on which method is best
make this field somewhat controversial. Four metrics were calculated here, ranging from simple
bivariate correlation (marginal effect) to the computationally-intensive Img statistic based on analysis
of variance. The results are shown in Table. 6.7.

Marginal effect, represented by r* values of bivariate association, identified leaf number as the main
contributor to variation in biomass, followed by cell number in the leaf while LDMC had a moderate
effect and SLA was not associated with rosette size. The sum of the explained variances exceeded the
total variance in fresh weight by 19%, indicating some co-incident variation. Marginal effects are, by
definition, not a measure of relative importance.

The variance decomposition method (Importance) takes into account negative covariances between
variables and calculates importance values by decomposing the variance in biomass into individual
variance and covariance components of the predictors (Rees et al., 2010). This method instead
identified variation in cell number per leaf and cell area as the stronger sources of variation
determining fresh weight while leaf number was less important.

The ANOVA effect size n* (Eta square) partitions the total sum of squares of the model in Table 6.6
(the multiple r* of the model) between the different model components. This statistic again identified
cell number per leaf as the strongest determinant of fresh weight, ascribing 42% of total variance to
cell number. It identified leaf number as another important contributor (35% of the total variance in
FW). The effect sizes sum up to 95.4%, the variance explained by the multiple linear model.

Explained variances are dependent on the order in which the components are added to the model, the
model being of a Type I design. The 1 statistic shows the effect sizes of the single model with the
order of components as shown in Table. 6.6. The hierarchical partitioning technique (Chevan and
Sutherland, 1991), presented here as the Img statistic (Groemping, 2006), permutes all possible models
with different parameter ordering and calculates an average effect size between all possible models.
The Img metric is here considered the most robust due to its exhaustive methodology. When the Img
method was used, variation in leaf number explained the most variance in fresh weight (43%), with
cell number, cell area and LDMC the next strongest, in that order. The summed importance of cell
number and cell size was again approximately equal to that of leaf number.
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ANOVA Effect

Marginal effect r* Importance Size 1 Lmg

Cell area (um®) 16.7 26.6 16.7 14.1
Cell no. (cells) 27.1 42.1 42.7 26.9
SLA (m* kg' DW) 4.1 7.4 0.3 1.6
LDMC (g DW g' FW) 19.0 9.7 1.0 9.9
Leaf no. (leaves) 51.0 14.2 34.8 43.0
Sum 118.5 100.0 95.4 95.4

Table. 6.7. Relative importance of modelled leaf morphological traits to rosette fresh weight.
Effect sizes, relative importance and variance decompositions, in percentage terms, of five
morphological parameters predicting rosette fresh weight in a dataset collected from 20 Arabidopsis
accessions. Marginal effect is the coefficient of determination (r*) of each variable’s bivariate
relationship with fresh weight, Importance was calculated by decomposing the variance in fresh
weight into variance and covariance components of the component variables, as in Rees et al. (2010),
1’ is the r* decomposition of the linear model (ANOVA effect size) of each component of the multiple
linear model (each predictor’s explained percentage of the total sum of squares), Img is an extension
of 1%, showing the average effect size from all possible permutations of predictor variable
combinations, computed by hierarchical partitioning (Chevan and Sutherland, 1991). The variance
explained by the multiple linear model was 95.4%.

While the methods differed in their assessment of which variable was the most important (cell number
or leaf number), they clearly identified that SLA had a negligible effect on fresh weight growth while
LDMC had a small negative effect, similar to the effect of cell size, with which it was also correlated.
Combining all four models and taking into consideration their robustness, it appears likely that leaf
number is one important determinant of total biomass (explaining 35-50% of the total variance), and
that leaf area makes a similar contribution (40-50%), the latter being driven by cell number (27-43%)
and, to a lesser extent, by cell area (14-17%). It might be noted that leaf number (which is probably
strongly dependent on proliferation in the shoot meristem) and the cell number per leaf are both
strongly dependent on the rate of cell division at different times during the establishment of the leaf.

6.2.5 Leaf size — more cells or bigger cells?

The above analysis shows that leaf cell number has more impact on rosette FW than leaf cell area. The
next section investigates the impact of the various leaf morphology and composition variables in the
context of a single leaf. Leaf 6 area can be factorised as:

In Leaf 6 Area = In CellNo + In CellArea + C (6.4)

Since cell number was calculated from area per cell (including air spaces) and leaf size, the above
relation is true by definition and regression modelling would always yield a perfect fit with
coefficients of 1 and an intercept (C) of 0, conveying little information. In such cases, the slope of a
log-log regression represents the variation explained by each variable (Renton and Poorter, 2011). The
log-log slopes in such datasets sum to 1 between all predictors and explain all the variation. This
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method is superior to coefficients of determination (r*) as they do not necessarily add up to the total
variance when summed. It has been shown by Renton and Poorter (2011) that lo-log slope analysis is
equivalent to decomposing the variance in a dependent variable into the variance and covariance
components of the independent variables (this is similar to the Importance measure in Table 6.7).

Fig. 6.3 shows log-log correlation plots of cell area (a) and cell number (b) in leaf 6 with least squares
regression slopes. Coefficients of determination (1) are listed for comparison. Leaf area was
determined chiefly by variation in the number of cells in the leaf, which explained 76% of the
variation while the remaining 24% was explained by cell area.
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Fig. 6.3. The contributions of variation in cell area (a) and number of cells per leaf (b) to leaf 6

area.
The log-log scaling slope shows the proportion of variance explained by mesophyll cell area (a) and
the number of mesophyll cells in the leaf (b) in 20 wild accessions of Arabidopsis thaliana. Ordinary
least squares slopes are shown. Solid lines are linear regressions, dotted lines are robust regressions

performed using the rlm() function the MASS package in R.

Cell area can in turn be factorised into cell biomass and the degree of expansion of that biomass. A
“fresh weight per cell” was calculated from cell area, SLA and LDMC. log-log slopes were then used
to analyse their relative contributions. Fig. 6.4 shows the log-log plots and the corresponding slopes.
Cell area was basically determined by cell fresh weight (slope = 1.10) and there was a positive effect
of SLA on cell area, while LDMC counteracted this variation. Leaves with larger cells tended to have
higher SLA (explaining 13% of variation) and lower LDMC (23% of variation) corresponding to a
high water content. Thus, in accessions with larger leaves, cell expansion by addition of water,
effectively diluting the biomass invested and at the same time increasing SLLA, played a part in the
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variation in cell size, accounting for 36% of its variation. Both strategies effectively increased the area
available for light interception per unit biomass invested.
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Fig. 6.4. The contributions of variation in cell fresh weight (a) specific leaf area (b) and leaf dry
matter content (c) to leaf 6 area.
The log-log scaling slope shows the proportion of variance in cell area explained by cell fresh mass
(a), specific leaf area (b) and leaf dry matter content (c) in 20 wild accessions of Arabidopsis thaliana.
Ordinary least squares slopes are listed. Solid lines are linear regressions, dotted lines are robust
regressions performed using the rlm() function the MASS package in R.
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6.2.6 Leaf thickness

While SLA made an apparently minimal contribution to growth and leaf size, it was an important
determinant of leaf thickness, accounting for a little under half the variation, and LDMC explaining
the remainder. Log-log slopes against leaf thickness were -0.47 for SLA and -0.53 for LDMC. Fig 6.5
shows the log-log correlation plots and corresponding slopes.
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Fig. 6.5. The contributions of variation in specific leaf area (SLA, a) and leaf dry matter content
(LDMC, b) to leaf thickness.
The log-log scaling slope shows the proportion of variance in leaf thickness explained by specific leaf
area (SLA, a) and leaf dry matter content (LDMC, b) in 20 wild accessions of Arabidopsis thaliana.
Ordinary least squares slopes are listed. Solid lines are linear regressions, dotted lines are robust
regressions performed using the rlm() function the MASS package in R.
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6.2.7. Leaf Fresh Mass.

Leaf fresh mass is the product of leaf area and leaf thickness, assuming a specific gravity of 1
(equivalent to an equal volume of water, as shown by Vile et al. (2005)). In Fig. 6.6 log-log slope
analysis was used to assess the contribution of these two components to variation in leaf fresh mass.
Variation in leaf fresh mass was chiefly determined by leaf area, which explained 89% of the variation
while the remaining 11% was explained by leaf thickness.
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Fig. 6.6. The contributions of variation in leaf area (a) and leaf thickness (b) to leaf fresh weight.
The log-log scaling slope shows the proportion of variance in leaf fresh weight (LeafFW) explained by
leaf area (a) and leaf thickness (b) in 20 wild accessions of Arabidopsis thaliana. Ordinary least
squares slopes are listed. Solid lines are linear regressions, dotted lines are robust regressions
performed using the rlm() function the MASS package in R.
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6.2.8. Rosette Fresh Weight

Finally, the contribution of leaf fresh weight and leaf number to rosette fresh weight was assessed. Fig.
6.7 shows the log-log slope analysis. Rosette fresh weight was chiefly determined by leaf mass, which
explained 71% of the variation, while leaf number explained 28%
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Fig. 6.7. The contributions of variation in leaf fresh weight (a) and leaf number (b) to leaf fresh

weight.

The log-log scaling slope shows the proportion of variance in rosette fresh weight explained by leaf
fresh weight (a) and leaf number (b) in 20 wild accessions of Arabidopsis thaliana. Ordinary least
squares slopes are listed. Solid lines are linear regressions, dotted lines are robust regressions
performed using the rlm() function the MASS package in R.
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Fig 6.8 shows a summary of the relationships between the traits, as identified by log-log scaling slope
analysis above.
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Fig. 6.8. Summary of trait relationships at the cellular, organ and organism levels in 20 wild
accessions of Arabidopsis.

Arrows and show variance explained in percentage terms, determined by log-log scaling slope
analysis.

6.2.9. Leaf Size vs. Leaf number

High plant biomass was simultaneously associated with high leaf initiation rates and larger leaves
(Fig. 6.9). Leaf initiation rates and leaf size, here shown as leaf area, were not correlated (r’=0.03).
Nevertheless, the largest accessions were clearly making more leaves (1°=0.52) and those leaves were
larger at the same time (r’=0.53). Thus, superficially, there does not seem to be a trade-off between
leaf number and leaf size.

However, the analysis performed so far does not take into account that a different amount of total
growth had occurred in each accession. The positive correlations between rosette biomass and both
leaf number and leaf size might therefore still mask a more complex relationship. The key question is:
how does each genotype partition a set amount of biomass between leaves. To investigate the trade-off
between leaf size and leaf number in a whole plant context, the number of leaves was normalised on
plant biomass. The resulting parameter is analogous to the “leafing intensity” found in studies of the
numbers of leaves on tree branches (Kleiman and Aarssen, 2007). However, for the Arabidopsis data
set, the analysis was done for the whole rosette, and the units are leaves per gram rosette fresh weight).
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Fig. 6.9. Relationship between leaf 6 area at full expansion and the rate of leaf initiation in 20

Arabidopsis accessions.

Plants were grown in 8h days. Size of points indicates fresh weight at harvest. Line is linear regression
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r=0.03

Leafing intensity showed a strong negative relationship to whole plant growth (r*=0.73, p<0.001, Fig.
6.10). The contribution of leaf number to variation in leafing intensity was not significant (r*=0.15,
p=0.09, not shown). Log-normalised leafing intensity scaled linearly and negatively against log-leaf
fresh weight (r’=0.81, p<0.001, Fig. 6.11a) and log-leaf area (r’=0.80, p<0.001, Fig. 6.11b) with a
slope not significantly different from -1, indicating an isometric trade-off. Per unit biomass, the larger
accessions had fewer leaves, which were consequently larger while small accessions had more leaves
and their leaves were smaller. Both decreased cell division and decreased cell expansion were behind
the decreased leaf size in accessions with high leafing intensities. High leafing intensity was
associated with fewer cells per leaf (r’=0.39, p=0.003) as well as with smaller cells (cell density
1’=0.22, p=0.04) and a low degree of biomass expansion LDMC (r’=0.42, p=0.002). The relationship
with leaf thickness was not significant (r*=0.17, p=0.07), indicating that cell expansion and not leaf
thickness was responsible for the effect of LDMC.
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Fig. 6.10. The relationship between rosette fresh weight at harvest and leafing intensity (in leaves
g rosette fresh weight at harvest).
Line is linear regression.
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of log-transformed data.
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The interactions of leafing intensity with rosette fresh weight, leaf number and leaf size are
summarised in Fig 6.12.
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Fig 6.12. The relationships between rosette fresh weight, leaf size, leaf number and leafing
intensity.
Arrows and numbers represent coefficients of determination (r*) in percentage terms.

6.2.10. Photosynthesis and dark respiration.

A subset of 10 accessions with variation in growth rates were grown in a separate experiment in the
same above-ground conditions to perform measurements of CO, exchange on whole rosettes. There
were differences in the below-ground conditions, because the plants were grown in different pots,
which allowed gas exchange measurements to be conducted. Relative growth rates were nevertheless
highly reproducible between the two experiments (r*=0.90).

Rates of photosynthesis at growth irradiance measured on whole rosettes varied little between
accessions (Table. 6.8). A large proportion of the genotypic variation was driven by a single outlier,
C24, which had much lower rates than all the other accessions on both mass and area basis (see Table
6.8).

Interpretation of measurements of CO, exchange conducted on whole rosettes is complicated by the
fact that rosette leaves overlap and shade each other to some extent. This causes complications when
normalising gas exchange rates on a rosette area basis, as not all leaf area is accounted for, resulting in
over-estimated rates on an area basis. Mass-based rates are unaffected as all rosette mass is accounted
for when the plant is weighed. An estimate for the amount of leaf overlap was obtained by comparing
the mass per area of leaves (LMA) with the mass per projected area of whole rosettes (RMA). Leaf
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overlap percentage, derived from the ratio of RMA to LMA, ranged between 27 and 56% and was
somewhat positively related to growth (r’=0.30, not shown), meaning that faster-growing plants
overlapped more. This may of course be a consequence of their larger biomass at harvest, rather than a
cause of the faster growth.

Leaf and rosette morphology had some impact on gas exchange rates. Table 6.9 lists Pearson
correlation coefficients between gas exchange variables expressed on a FW and leaf area basis and leaf
morphological parameters. There were few significant associations of gas exchange and
morphological traits. Leaf thickness was significantly negatively correlated with photosynthetic rate
(p=0.003) and net daily CO, gain on a FW basis (p=0.003). The density of mesophyll cells was
negatively related to photosynthetic rates on an area basis measured at saturating (p=0.02) and growth
irradiance (p=0.03) as well as to net daily CO, gain (0.05), however this was driven chiefly by one
outlier (C24) which also had the highest overlap percentage. Overlap percentage did not significantly
affect photosynthetic rates. Respiration on an area basis was significantly correlated with leaf
thickness, but this relation disappeared when respiration was expressed on a FW basis.

Cell

SLA LDMC Thickness  Density Overlap RGR

2 -1 -1 1 1-

m” kg gDWg 2 gg d
Parameter Units DW FW Hm cells mm & !
o Amax R 0.25 0.28 -0.48 -0.58 -0.60 0.10
Z A pmol COTE EW 0 38 0.46 0.79%% 036 042 021
; R -0.17 0.15 0.07 0.22 -0.46 -0.63

&) . umol CO? ¢! FW

Net Daily g 0.40 0.43 -0.79%** -0.39 -0.34 0.31
.2 Amax -0.23 0.08 0.17 -0.72% -0.62 0.08
s A umol CO, m?s™"  -0.20 0.31 -0.09 -0.68* -0.60 0.27
8§ R -0.67* -0.16 0.82%* 0.04 -0.23 -0.40
< Net Daily  umol co,m?d*  0.07 0.35 -0.39 -0.64* -0.47 0.40

Table. 6.9. Correlations between morphological traits and gas exchange rates in 10 Arabidopsis
accessions.

Pearson correlations (r) between CO, exchange variables on a FW and area basis and morphological
variables determined in 10 wild accessions of Arabidopsis thaliana grown in 8-hour days at an
irradiance of 160 LE m-2 s-1 in a 20°C/20°C diurnal temperature regime. Correlations were calculated
on the means of accession values. Area-based rates were corrected for leaf overlap. Amax — net
assimilation rate at saturating irradiance (1000 uE m-2s-1). A — net assimilation rate at growth
irradiance (160 uE m™ s™), R — dark respiration rate. Net daily — daily CO2 gain calculated assuming
constant photosynthesis for 8h and constant respiration for 16h per 24h cycle. RGR — relative growth
rate. Significant correlations are displayed with stars, with * (p<0.05), ** (P<0.01), *** (P<0.001).

Gas exchange rates expressed on a projected rosette area basis were corrected using the estimates of
leaf overlap percentage (column Overlap % in Table. 6.8) to express them on a total leaf area basis.
The corrected area-based rates of photosynthesis were not correlated with RGR (1°=0.07, Fig. 6.13a)
and there was a very weak negative correlation of respiration rate and RGR, which was not significant
(r’=0.16, Fig. 6.13b). The rate of dark respiration on an area and FW basis was more strongly
negatively correlated with biomass (1‘2 = 0.39). The net daily carbon gain per unit area, calculated by
assuming constant photosynthesis for 8 hours of daylight and constant respiration for the 16-hour
night, was similarly not associated with RGR (1’=0.00, Fig. 6.13c). The rates of photosynthesis and
respiration were not correlated with each other (r*=0.00, not shown).

Expressed on a rosette fresh weight basis, photosynthetic rates were also not correlated with RGR
(1’=0.04, Fig. 6.13d) while respiration rates were negatively related, which was marginally significant
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(r’=0.40, p=0.05, Fig. 6.13¢). Net daily carbon gain did not correlate with RGR (r*=0.09, Fig. 6.13f).
The percentage of daily photosynthesis respired at night averaged 28% and was weakly negatively
related to RGR (1"=0.21, not shown). This parameter was, however, itself driven chiefly by
photosynthesis, with higher percentage respired when photosynthesis was low, as respiration rates did
not vary much.

The main findings of these gas exchange measurements are that there is a weak negative relation
between R and RGR, irrespective of whether R is expressed on a rosette area or a FW basis. This is
interesting because it implies either (i) the costs of growth are lower in the large accessions or (b) the
large accessions grow less at night than do smaller accessions or (c¢) the maintenance costs of the large
accessions are lower. These possibilities are not mutually exclusive. The interpretation of the
photosynthesis data are complicated by leaf overlap. It appears that there is only a very weak and non-
significant, or even no relation between, RGR and either the ambient or the maximum rate of
photosynthesis. There is also only a weak and non-significant positive relation between RGR and net
carbon gain per day. Another interesting finding is that R on an area basis is strongly related with leaf
thickness.

6.3 Discussion.

A series of simple techniques were assembled and optimised to allow a comprehensive array of
morphological variables to be measured on a single leaf with sufficient throughput to enable an
analysis of 20 accessions with reasonable replication. This study is the most comprehensive study of
leaf morphology and function conducted in Arabidopsis accessions. Further application of this set of
methods should expedite efforts to understand and integrate morphological variation in Arabidopsis.

In performing such studies, choices needed to be made about which variables to select as
“representative”. Leaf 6 was chosen as it is a standard leaf often analysed in literature. It is initiated
relatively early in the development of the plant and completes its expansion before flowering or the
beginning of leaf senescence in other leaves. In contrast to the majority of literature, however, palisade
mesophyll cells were chosen as an indicator of cell size instead of epidermal pavement cells, which
have traditionally been the model of choice. Only a very few studies have addressed the size of
mesophyll cells as a morphological parameter (Terashima et al., 2001; Miyazawa et al., 2003).
Mesophyll cells were chosen in this study chiefly because they are the main photosynthetic tissue of
the leaf and the study aimed to link morphological properties with photosynthetic function. It is
intuitively difficult to link leaf photosynthesis with epidermal cells as an indicator, while mesophyll
cells are conceptually easier to link to function. Mesophyll cells are also much easier to quantify as
they are approximately uniform in shape and size and can be easily counted while epidermal cells have
irregular shapes, cannot be easily counted and have a very broad size distribution, requiring very many
measurements to have reasonable confidence in the mean values obtained. Another advantage of
mesophyll cells as part of a comprehensive set of traits is that differences in leaf thickness are driven
by the cells elongating and/or dividing perpendicular to the plane of the leaf, while the cells dividing
an expanding the plane contributes to leaf expansion. This makes it possible to compare the different
expansion modes of the same cells and cell size and thickness as manifestations of these expansion
modes. In contrast, epidermal cells hardly contribute to thickness variation as they expand chiefly in
two dimensions only. This study is one of a very few to address mesophyll cell size as a
morphological and functional parameter in any species.

Wild Arabidopsis accessions proved a good system for the study of leaf morphology. All the measured
traits varied between accessions with a high degree of significance, although not all traits were highly
variable. It is ironic that the trait which seems superficially to be the most variable between the
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genotypes, namely plant size in the form of fresh weight, was actually the result of very small
differences in relative growth rate, which turned out to be the least variable trait in the set. This is also
related to the fact that many morphological variables, such as leaf thickness or cell size, are not
superficially obvious which, together with inherent difficulties in measuring some of them, may be the
reason they are often ignored in routine studies.

Key axes of variation were identified using exploratory statistical techniques. A simple model can be
proposed based on the results of factor analysis where leaf cell division, cell expansion, leaf thickness
and leaf number are the main drivers of variation in rosette size. This analysis could be extended to
include these four factors as latent variables in a structural equation model and explore causal
relationships between the factors and the observed variables, similar to what was done by Tisné et al.,
(2008) however the current dataset lacks sufficient size to attempt such a model.

The multivariate dataset had a high degree of total variance. Since principal components are, by
definition, not correlated with each other, the large number of them explaining substantial portions of
variation indicates that there is much independent, uncorrelated variation. This contrasts with the
results of the similar analysis in Chapter 3, where most traits were correlated to high degrees with each
other. A high degree of scatter reduces the statistical power and makes it difficult to resolve potentially
important relationships which have a low effect size i.e. explain only a small percentage of the
variation in the target trait. An example of this are negative associations of leaf protein content with
rosette biomass in Arabidopsis accessions, which explained approximately 10% of the variation in
biomass but are only robustly resolved in large datasets of 100 accessions or more (Sulpice et al.,
2009). In this dataset, LDMC and cell area had similar low effect sizes on rosette growth. Their
bivariate correlations with fresh weight were, in fact, not significant, however when included in a
linear model integrating several morphological components, both parameters came out as significant
predictive components of the model. This highlights the utility of integrating the variation of different
traits rather than considering them separately. The effect of SLA on growth was not resolved as
significant by any approach, suggesting that if it does have an effect, it is likely to be low. Statistical
power was also a major issue in the analysis of gas exchange, where only 10 accessions were
measured, increasing the likelihood that any trends, or lack of them, may be driven by single points or
outliers. Thus caution must be taken when interpreting this data, as contributions from traits with a low
variance may have been missed, even if they have quite a large impact on the target trait.

6.3.1 Sources of variation in rosette size.

The model presented in Table. 6.5 is a model predicting rosette weight from, essentially, leaf number,
leaf area and leaf thickness, the last of which is divided into the biomass allocation strategy to leaf
area (SLA) and the state of hydration of the biomass (LDMC). The multiple linear model presented in
Table. 6.6 explained 95% of the variation in fresh weight (94% adjusted). The prediction is not perfect
even though Equation 6.3 should be true by definition. The residual variance can probably be
explained by the use of only leaf 6 as a representative leaf, as well as various error components,
including measurement error. This leaf was chosen because it occurs relatively early in the
development of the plant and completes its expansion before flowering or the beginning of leaf
senescence. The best but not very practical approach would be to quantify each leaf of the rosette and
compute and average leaf size, which should give a perfect model fit. However, assuming variation in
the size of leaf 6 is correlated with the variation in all the other leaves (i.e. that leaf 6 is truly
representative of leaf size), it should be sufficient for modelling purposes and should give
approximately the same result because it is not the absolute sizes of the leaves but the extent of
variation in leaf size between genotypes that are of interest. The discrepancy between the model and a
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perfect prediction is quite narrow, suggesting that measuring leaf 6 alone is sufficient to capture the
variation in leaf size.

While the methods in Table. 6.7 differed in their assessment of which variable was the most important
for rosette growth, they all identified leaf number and cell number per leaf as having a large positive
effect on total rosette biomass, cell size having a moderate positive effect and LDMC a small negative
effect, while SLA had a negligible effect on fresh weight growth. The strong effects of leaf number
and cell number per leaf on growth broadly indicate, that cell division activity in meristems and in
growing leaves largely underlies the variation in growth between genotypes while the contribution of
cell size was relatively small. Similar results have been presented previously in Arabidopsis leaves
(Cookson et al., 2005; Tisné et al., 2008; Gonzalez et al., 2010). SLA and LDMC were associated with
both cell expansion and leaf morphology. However, as the contribution of cell expansion to growth
was low, so was the contribution of SLA and LDMC. These two parameters were much stronger
contributors to morphological variation, being strongly related to leaf thickness. There was some leaf
morphological variation, however it was a largely independent axis of variation from that of growth.

6.3.2. Specific leaf area.

In light of the overwhelming amount of literature evidence for SLA being strongly related to growth,
as discussed in the introduction, one would expect it to have a dominant role in determining RGR
among Arabidopsis accessions, however this was not the case. The few published studies where
growth and SLA data is available in Arabidopsis all found near-zero effects of SLA on growth or
fitness, with some studies even finding negative effects, which is a puzzling result. In a study of forty
Arabidopsis accessions where a complete growth analysis was conducted both LAR and SLA were
negatively related to growth while LMR was weakly positive and the contribution of NAR was strong
(Li et al., 1998). A study of Arabidopsis recombinant inbred lines growing in two CO, environments
also found a negative covariance between SLA and growth (Lau et al., 2007), as did a study of a set of
forty accessions growing in two light environments (Pigliucci and Kolodynska, 2002).

Did SLA simply not vary enough between Arabidopsis accessions to cause a noticeable effect on
growth? Indeed, both the variation in SLA and its contribution to RGR were very small. This
constrasts with cross-species studeisn, where the ranges of variation in both SLA and RGR are very
large, especially if different functional groups are included. However in a study of genotypes of a
single grass species Poorter et al. (2005) found SLA variation to be quite low and of a similar range to
this experiment, however SLA was still the strongest predictor of growth (Poorter et al., 2005). While
SLA did not co-vary with growth in this experiment, it did strongly affect other traits, in particular
mass-based photosynthetic rates, cell size and leaf thickness. Thus the argument that variation in SLA
is irrelevant to growth because it did not occur is not adequate. These results suggest that other factors
may counter-act the supposed benefits of high SLA. Since SLA cannot explain a significant proportion
of growth, attention must be turned to the other components of RGR: NAR and LMR.

6.3.3Net Assimilation Rate and Leaf overlap.

Li et al. (1998) concluded that NAR was responsible for the majority of growth variation between 40
Arabidopsis accessions. Since a complete growth analysis was not conducted in this study (root
biomass was not measured), the values of NAR are not available. Photosynthesis and respiration are
significant components of NAR (Poorter and van der Werf, 1998). However, photosynthesis was
unrelated or only very weakly and non-significantly related to RGR in the study presented here, while
R showed a slightly stronger negative relation but coulds at the best only exlain a small part of the
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varaiton in RGR and (by implication, as SLA does not affect RGR) NAR. The interpretation of this
relationship of these gas exchange traits is again complicated by leaf overlap. Gas exchange was
measured at the time of harvest when significant leaf overlap had developed while much of the growth
had occurred before leaves began to overlap. Thus, leaf overlap not only decreases the rates of
photosynthesis but may also decrease the apparent contribution of photosynthesis to growth, if growth
is measured by classical growth analysis. Whole-plant gas exchange measurements may instead reflect
instantaneous growth rates (for example on the day of measurement) while comparing them with mean
RGR over the life of the plant may not be very informative due to the confounding effects of leaf
overlap.

Since the measurable components of NAR (photosynthesis and respiration) as well as SLA explained,
at best, only a negligible portion of the variation in growth, other (non-apparent) components of NAR
may be responsible. In addition to photosynthesis, both carbon content and the efficiency of carbon
use have been shown to be components of NAR (Poorter and van der Werf, 1998; Loveys et al., 2002).
The efficiency of carbon use has been interpreted as the amount of growth per unit fixed carbon. One
of its components is the amount of fixed carbon which is lost through respiration (Loveys et al., 2002).
However the rate of respiration was only weakly associated with growth and explained a small portion
of the variance. As discussed in the introduction, NAR is a complex variable which may include
components other than photosynthesis and respiration. Another component of NAR may be the
efficient investment of biomass in the capacity for light interception i.e. leaf area, for which biomass
expansion is required.

6.3.4. Leaf mass ratio.

It is also possible that LMR, the third component of RGR, may be responsible for some of the variance
in growth. In an Arabidopsis rosette there is a minute stem fraction and the whole rosette may be
considered to consist of leaves, making LMR essentially equivalent to shoot:root ratio. Thus, under
these conditions, genetically encoded differences in biomass allocation to roots may explain both the
lack of effect of SLA on growth and the lack of association of mass-based photosynthesis and RGR,
however this requires experimental verification. Unfortunately, root biomass could not be reliably
measured in my study, which used soil-grown plants. Arabidopsis roots are very fine and it is
practically impossible to quantitatively extract them from the soil. This mean that any contribution of
LMR can only be imputed. Variation in shoot:root ratio has been observed in Arabidopsis accessions
although they do not seem to be large (Narang et al., 2000; Reymond et al., 2006). Further, the
shoot.root ratio in nutrient-replete conditions, like those used in my study, is usually > 3, so that it is
unlikely that differences in the shoot:root ratio could have a large impact o RGR.

The relative biomass allocation to shoots, of which leaves are a part, responds to the prevailing
conditions in a manner consistent with the “functional equilibrium” hypothesis, which states that
plants increase their investment in structures involved in the acquisition of a limiting resource
(Brouwer, 1962, 1963). Thus allocation to leaves increases in low light environments while allocation
to roots increases on low-nutrient soils (Poorter and Nagel, 2000). Consequently, the contribution of
LMR to growth rate variation becomes stronger in studies where plants from growing on nutrient
gradients are compared (Wright and Westoby, 1999) and where nutrient manipulations drive changes
in growth rates (Poorter et al., 1995). This trend has been shown to influence selection and species
adapted to low nutrient soils tend to have low SLA and LMR and higher root mass fractions and,
consequently, low RGR (Wright and Westoby, 1999). Biomass allocation fractions have also been
found to be heritable traits within a single grass species growing on high and low productivity sites
with similar rainfall (Elberse et al., 2004; Poorter et al., 2005), suggesting that soil and nutrient factors
may drive genotypic differentiation of within-species populations through selection.
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The collection of Arabidopsis accessions in general and the set used in this experiment are mainly
derived from a relatively narrow geographic range in northern Europe, dominated by sites in Germany.
The range of habitats lies in broadly similar climatic zones with respect to rainfall and temperature
(temperate-humid continental to humid oceanic). Arabidopsis accessions show some phenotypic
differentiation on the basis of latitude, in which temperature and photoperiod may be the main factors
(Li et al., 1998), however the latitudinal range of the accessions used here is also quite narrow.

In the narrow range of climatic environments and latitudes, variation in soil properties, particularly
nutrient contents, may be the biggest source of variation among populations because soils are
extremely heterogeneous, being strongly affected by numerous factors over small distance scales,
among them: mineralogy of the bedrock, position along topographic clines, run-on and run-off effects
on nutrient and water availability, soil age, composition and state of weathering of clay minerals
(which affects nutrient holding capacity), soil structure, erosion, sediment deposition and biotic factors
affecting mineralisation of nutrients. Thus variation in shoot:root ratios, which are related to soil
nutrient acquisition, may be expected to be important factors in the phenotypic differentiation between
wild Arabidopsis populations as nutrient availability may be the biggest source of variation the species
encounters in its natural range.

6.3.5 Cell Number and Cell Size.

The dominant role of cell number in determining leaf size is in broad agreement with previous studies
on Arabidopsis (Cookson et al., 2005; Tisné et al., 2008; Gonzalez et al., 2010) and is superficially
consistent with the cell theory of leaf size control, however the relatively smaller role of cell size must
not be ignored, as it may be functionally important.

Increasing leaf size through cell expansion has advantages and disadvantages. Building a leaf from
bigger cells may be a “cheaper” strategy to increase light interception by a given biomass investment
i.e. increasing SLA and the amount of light capture per unit leaf biomass. This can occur through
addition of water to increase the volume of the vacuole and expand cells, requiring no additional
biomass investment and thus lowering LDMC. The expansion of cells and biomass was clearly
beneficial for growth as larger accessions had lower LDMC (corresponding to a higher water content
in fresh weight biomass), which was also associated with larger cells, suggesting that differential cell
expansion may drive this trend. This differential cell and biomass expansion may also explain
previously-observed negative associations between growth and leaf protein content (Sulpice et al.,
2009), ribosome abundance (Ishihara, unpublished) and leaf nitrogen content (Wright and Westoby,
2001) which all had similar effect sizes (around 10%) to that of LDMC in this study.

The increase in cell size can occur in three dimensions and may increase leaf size, leaf thickness or
both. When cells expand in the plane of the leaf by increasing their water content (and lowering
LDMC) leaf size increases and dry weight biomass is spread across a larger area, increasing SLA at
the same time. Thus, if this mode of leaf expansion is important in leaf size variation, LDMC and SLA
must be intrinsically linked. Indeed, LDMC and SLA were negatively related. Furthermore, in the
model in Table. 6.6 the contribution of SLA to both rosette and leaf areca growth, which was
apparently minimal, may in fact be masked by the negative covariance between these two predictors
and the fact that they are closely related in this way. In contrast to the other methods in Table. 6.7, the
“Importance” variance decomposition measure (Rees et al., 2010) takes negative covariances into
account by taking absolute values, and here the apparent contributions of SLA and LDMC are
approximately equal, although not large.
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When rationalising cell size variation between accessions, it must be considered that, at 50-60um in
diameter the mesophyll cells in Arabidopsis are very large relative to other plants (Terashima et al.,
2001) with variation between accessions occurring on this high background value. Arabidopsis is a
fast growing herbaceous pioneer species. Such species are characterised by high SLA, high
photosynthetic rates on a mass basis, fast growth and low longevity (Reich et al., 1997). The SLA
values found in Arabidopsis are relatively high compared to many species (Reich et al., 1997). Large
cells with high water content may be a strategy for achieving high SLA without making leaves unduly
thin. It is also obvious that at a set rate of growth and a given rate of cell division, a larger final cell
size allows a much faster growth rate, which has been demonstrated experimentally in Arabidopsis
roots (Beemster et al., 2002). This allows for faster leaf expansion rates and maturation of
photosynthetic function (Miyazawa et al., 2003), which is consistent with the strategy of rapid growth.
The largest accessions indeed had the largest leaves and the largest cells, however the overall effect
size of cell size on total rosette growth was not large, indicating that this strategy did not contribute
strongly.

On the other hand, large cells have a low surface area:volume ratio and an increased resistance to CO,
diffusion. In order to maintain high photosynthetic rates and decrease wasteful photorespiratory losses
the CO, concentration in solution at Rubisco must be maximised (Caemmerer and Farquhar, 1981).
This requires a high chloroplast surface area in contact with the intercellular airspaces in the leaf,
which decreases the resistance to CO, diffusion (Terashima et al., 2005; Tholen et al., 2008; Evans et
al., 2009). Large cells have longer diffusion paths as well as decreased surface area available for
chloroplasts to occupy, which causes a high resistance to CO, diffusion (Terashima et al., 2001) and
this may limit photosynthesis, particularly in high light (Niinemets et al., 2009, 2009). Consistent with
this theory, Arabidopsis has a low internal conductance relative to many species (Flexas et al., 2007;
Flexas et al., 2008) although the role of cell size in this remains to be established, as other factors also
play a role in internal conductance.

The data presented here showed no trend towards lower photosynthetic rates (on mass and area bases)
in accessions with smaller cells. In fact a distinct effect of cell size on photosynthesis could not be
discerned. The results suggest that the benefits of large cells, i.e. high SLA and light interception per
biomass, may outweigh the purported negative effects. The downsides of large cells may also be
compensated for. One mechanism of compensation could be an increase in leaf thickness when cells
become large, which allows for a maintenance of exposed chloroplast surface on a leaf area basis
(Terashima et al., 2001). This was however also not evident, with no correlation between cell size and
leaf thickness. This also suggests that expansion of mesophyll cells in the plane of the leaf is
independent from the expansion which occurs to increase leaf and mesophyll thickness.

When cells expand perpendicular to the plane of the leaf, changes in leaf thickness are the result. Here,
again, both SLA and LDMC are involved. If cells expand purely by water addition to make the leaf
thicker the amount of biomass per area stays the same and SLA is unchanged. If cells expand purely
by biomass addition, LDMC should not change and SLA would determine thickness exclusively.
Changes in thickness may also be driven by more cell layers being generated, in which case extra
cross walls and other cell components need to be built, decreasing SLA. In fact, both LDMC and SLA
contributed almost equally to leaf thickness variation, indicating that thickness differences are driven
partly by both: extra biomass input as well as some degree of expansion by addition of water.
Furthermore, this again constrains SLA and LDMC to co-vary negatively. This constraint has been
predicted theoretically (Roderick et al., 1999). Empirical evidence also exists (Stewart et al., 1990).

It is clear that the large accessions were using light more efficiently for growth (since they were all
grown in the same light environment). Given the low-light growth environment used in this
experiment, photosynthesis would be expected to be limited by electron transport (and thus light
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capture) rather than Rubisco carboxylation rate (Ogren and Evans, 1993). Since light capture is
directly proportional to leaf area, the benefits of large cells with high water content and the consequent
high SLA are obvious. Together these results suggest that in this growth environment large leaves with
large cells and high SLA are clearly beneficial for growth and the benefits outweigh possible
disadvantages of large cell size. Consistent with these results are observations that mesophyll cells
become larger in low light in Chenopodium album (Yano and Terashima, 2004). Arabidopsis leaf
epidermal cells are also larger in shade (Cookson and Granier, 2006). The variation in cell size
observed between accessions may thus be part of a differential adaptive response to low light.

6.3.6. Leaf number

The number of leaves in the rosette was a major component of variation in fresh weight growth.
Information on the number of leaves allows leaf size and morphology to be treated in a whole-plant
context and allows possible whole-organism regulatory processes to be investigated. While both leaf
number and leaf size correlated strongly with rosette growth, there appeared to be variation in the
balance between them (leafing intensity). The observed trade-off between leaf size and leaf number,
when expressed per unit biomass, supports the findings of previous studies. Similar results have been
found when studying single modules of deciduous trees (Kleiman and Aarssen, 2007; Yang et al.,
2008) and this approach has also been scaled up to stand level in a forest model (Ogawa, 2008). These
studies used a different method and leafing intensity was expressed on the basis of the growth in a
season of a single module, a twig or stem, not including the leaves. Since Arabidopsis does not have a
stem and all the growth occurred in a single “season”, the whole shoot biomass was used, i.e. the
rosette. The trade-off of leafing intensity with leaf size is partly self-evident. Leafing intensity in
leaves per mg fresh weight is the inverse of mg fresh weight per leaf i.e. the average size of a leaf in

1
the rosette at harvest. Thus leaf size should scale with leafing intensity as the hyperbolic function —
X

which, after logarithmic transformation, becomes the straight line -1 log(x), hence the slope of -1.
However, this holds only for a comparison of plants with the same growth rate. In my experiments,
there were differences in RGR. Accessions with a higher RGR tended to have, per unit plant weight, a
smaller number of larger leaves. This finding poses several questions. First, what are the molecular are
cellular mechanisms that underlie these differences in leaf intensity. Second, how is resource allocated
to maintain appropriate rates of cell division and cell growth in the meristem and primordia, and in
growing leaves? Third, do changes in leafing intensity and leaf size have any functional significance?
The observation that leafing intensity correlates negatively with rosette biomass and RGR indicates
that a growth strategy that is biased to producing a smaller number of larger leaves either increases
growth efficiency or increases leaf performance.

A high leafing intensity implies that more leaf primordia are initiated at the apex relative to the plant
biomass which supplies resources to the apex. Leaf primordia and young growing leaves are strong
sinks until they reach a certain threshold and become self-sufficient. This threshold is known as the
sink-source transition and occurs when the leaf is 30%-60% of its final length (Guedes Corréa, 2009).
High leafing intensity may thus be associated with a higher competition between individual sinks
(primordia) for resources. Since the rates of photosynthesis did not vary very much between
accessions, this may mean less assimilate supply to individual primordia at the early stages of their
development. This may constitute a metabolic organism-level input at the early developmental phases
of leaf growth.

The rates of cell division and relative leaf expansion at the early stages of leaf growth have been
shown to correlate with final leaf size and cell number (Cookson et al., 2005), indicating that this is a
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crucial phase when leaf size is determined and when regulatory inputs should be acting strongly. This
early stage of leaf development has also been implicated in determining the events of the later stages,
where the duration of leaf expansion provides some plasticity in leaf growth through control of cell
size. This last phase has been implicated as the factor responsible for the compensation phenomenon
(Tsukaya, 2003; Cookson et al., 2005). No compensation-like behaviour was observed in response to
variations in leafing intensity as high leafing intensity was associated with both fewer and smaller
cells. This suggests that variations in sink demand caused by leafing intensity may exert effects on
both the early and late processes in leaf size control and it may thus be a true organism-level influence.
Based on these results, it is proposed that in plants with a high leafing intensity high sink demand from
the many growing leaves may prompt growing leaves to stop expanding sooner. This may prevent a
full cell and biomass expansion, resulting in smaller cells with a high LDMC, which has further
negative effects on growth due to the importance of biomass expansion for generation of leaf area and
its payback effects. This may be one of the factors in the missing variance in growth, which could not
be accounted for by SLA and photosynthesis.

Alternatively, if a larger number of leaf primordia are initiated per unit plant growth, the plant may
have a higher proportion of sink tissue at any given time, and consequently a smaller proportion of
source tissue to supply it, which may reduce growth. This may explain the strong negative association
of leafing intensity with rosette fresh weight.

A relatively larger number of leaf primordia in small accessions may also explain the observation of
high abundances of biosynthetic machinery (ribosomes) in the rosette biomass of small accessions
compared to large ones (Ishihara, unpublished data). These puzzling observations suggest that the
efficiency of ribosome use may drive the variation in growth between accessions. Ribosomes are a
substantial part of the total protein pool (Warner, 1999). Young leaf primordia contain high
concentrations of ribosomes, which decline as the leaf expands (Ishihara, unpublished data). Smaller
accessions may have more ribosomes per unit biomass because they have more growing leaf
primordia. The creation of a leaf primordium requires not only active synthesis of new cell
components (proteins etc), but also the production of the biosynthetic machinery required to synthesise
them (ribosomes). As leaf primordia and growing leaves are strong sinks before acquiring
photosynthetic competence after emergence, they are heterotrophic and rely on imported carbon.

Continuing this arguments, the expansion of an existing leaf may be cheaper than the creation of a new
one because 1) the leaf already contains biosynthetic machinery, which can be re-used, increasing the
efficiency of its use and 2) emerged leaves become photosynthetic and can grow from their own fixed
carbon rather than growing heterotrophically from imported carbon, which is more expensive. The
latter point may also be related to the fact that protein synthesis is less expensive in energy terms in
the light, as reducing equivalents and ATP are available from chloroplast electron transport and
photophosphorylation respectively, while they must be provided by respiration in heterotrophic
conditions. In the light, this considerably decreases the cost of nitrate reduction and protein synthesis,
which are major sinks for reducing power and ATP in plant cells (De Vries, 1975). There is both
theoretical and experimental evidence that protein synthesis in plants is cheaper in the light (Sajitz-
Hermstein and Nikoloski, 2010). This may explain why low leafing intensity is associated with higher
growth — by making fewer heterotrophic leaf primordia and expanding existing leaves the plants can
grow more efficiently by re-using existing ribosomes for growth, as well as allocating more growth to
autotrophic tissues, where biosynthesis is cheaper in the light. This may also explain the lack of
correlation between growth and photosynthesis and SLA as the biomass of slower-growing accessions
may be more expensive to produce, requiring more photosynthate per unit carbon fixed. As this is
clearly part of carbon-use-efficiency, this may be a hidden component of NAR.
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Leafing intensity may thus link together variation in leaf number, leaf size and whole plant growth as a
whole-organism process. Investigations on the source-sink relationships associated with leafing
intensity, as well as how it may contribute to protein and ribosome contents in the context of growth,
should prove very interesting and may unravel the causes and effects of this phenomenon.

The existence of variation in leafing intensity leads to the presumption that it may be adaptive. If low
leafing intensity is beneficial for growth, why should it be high in some accessions? It has been
suggested that high leafing intensity may have fitness benefits in trees because it creates a larger
number of axillary meristems, which are needed for profuse flowering, as well as to regenerate from
herbivore damage (Kleiman and Aarssen, 2007). It remains to be tested whether this is also true in
Arabidopsis. It is also clear that not all plants have evolved to simply grow very fast or very large,
indicating that something other than growth rates constrains the evolution of plant form. There is
evidence from a number of species that the fitness benefits of fast growth are compromised when
plants experience disturbance, and in such conditions slow growth leads to higher fitness in an
ecological setting (Rose et al., 2009).

6.4. Chapter Summary.

In summary, this chapter documents exploratory work to attempt to integrate leaf morphology in the
context of whole plant growth and function using natural accessions of Arabdopsis thaliana as a
source of variation and exploring variation in the traits at the cellular, organ and organismal levels of
variation. There were four key axes of variation in rosette and leaf morphology — leaf area growth and
cell division, leaf thickness, cell expansion and leaf number. These four processes were integrated in
the context of whole plant growth by models that employed a multiple linear regression approach. This
identified variation in leaf number and cell number per leaf as the main positive drivers of variation in
plant growth rate and rosette biomass, with a relatively smaller effect of cell size and a smaller impact
of leaf dry matter content. The relationships between the parameters were then explored further by
using log-log scaling slope analysis to partition the variance in leaf size, cell size, leaf thickness and
plant size between their components to identify further relationships between traits. The variance in
plant growth could not be explained by variation in SLA or photosynthetic rates on a mass or area
basis and only to a small degree by variation in rates of dark respiration, implicating LMR or a hidden
component of NAR as a major causal factor underlying the differences in growth rates. The
relationship of leaf number to whole plant growth and leaf size was further investigated by
normalising leaf number on rosette fresh weight to estimate a parameter termed leafing intensity.
Leafing intensity integrates leaf number, leaf size and whole rosette growth in a series of trade-off
interactions, which seem to result in a growth benefit when plants make fewer but larger leaves per
unit biomass. This may be related to the strong sink-capacity of leaf primordia or to intrinsic
differences in the matter and energy costs of making new leaf primordia compared to expanding
existing leaves. These factors are implicated as a causal driver of variation in leaf and whole plant
growth and may account for the hidden variance in growth, which could not be accounted for by other
components. The relationship of leaf number to leaf and whole plant growth is addressed in more
detail in the next chapter.
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Chapter 7. Relationship between leaf production and growth

7.1. Introduction.

As seen in the previous chapter, the initiation of new leaves is a major component of plant growth and
contributes substantially to variation in growth rates between wild genotypes. However, the rate of leaf
production as a component of plant growth has not received a quantitative treatment in a mathematical
framework. This chapter aims to gain a quantitative understanding of the rate of leaf production in the
context of whole plant growth.

Biomass growth and leaf initiation are conceptually separate from one another. Initiations of leaf
primordia at the apical meristem are discrete physical events which determine the beginning of a
continuous process — the subsequent growth of the leaf. The growth of the primordium and later the
leaf contributes biomass to the plant while initiation events can be seen simply as a pattern-forming
process. Seen from this perspective, primordium initiation per se involves almost no biomass
formation, which makes it difficult to link leaf production with growth directly. In addition, leaf
number is a discrete variable and occurs on an integer scale while biomass growth is clearly a
continuous process. Each discrete event leading to leaf initiation creates a large demand for biomass
formation in the future. Putting this another way, growth is often viewed by physiologists as an issue
of resource gain and allocation that is studied independently of the fact that the resources are allocated
to a discrete number of individual organs (leaves). On the other hand, leaf initiation is often viewed by
developmental biologists as a localised developmental switch in part of the meristem and is studied
without reference to the fact that this switch creates a sink that will require considerable resources for
its future growth. Further, leaf initiation is often taken as an internal chronometer (plastochron index)
with which to measure the chronological age of a plant (Lamoreaux et al., 1978). Some of the
environmental variation in the rates of leaf production can be accounted for by thermal time as an
indicator of physiological age (Granier et al., 2002). However this approach might be called into
question if there is also genotypic variation in the leafing index in plants grown in the same conditions.

Physiologists have studied the number of leaves in the context of the conductive tissue architecture
needed to supply and support them — the stems, branches and twigs. It has generally been observed
within and between species that total and individual leaf area is proportional to the amount of
conductive tissue supporting it (Corner, 1949; Westoby and Wright, 2003; Whitman and Aarssen,
2010). This may mean a stem, branch or twig in woody species or all above-ground non-leaf biomass
in herbaceous plants. Leaf number constrained to twig size, the so called leafing intensity, is seen to
trade-off isometrically with leaf size in a variety of species (Kleiman and Aarssen, 2007; Yang et al.,
2008; Whitman and Aarssen, 2010) however direct tradeoffs of leaf number and leaf size have rarely
been observed. The topic is extensively reviewed in (Westoby et al., 2002).

Arabidopsis and other rosette plants are a special case within herbaceous species because they have a
negligible stem during vegetative growth and leaves can be thought, simplistically, to constitute the
whole above-ground portion of the plant. The production of leaves, its trade-off with leaf size and its
relation to growth must thus be examined on a whole plant basis. The relationship of appendage sizes
and proportions to whole body size is a special branch of biomathematics — the study of allometry
(Huxley, 1932; Niklas, 1994, 2004). It can be seen throughout nature that the sizes of constituents
(organs, appendages etc) scale with the size of the organism as power laws. Two scaling scenarios are
possible:
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1) In isometric scaling (or isometric growth), size increases in such a way that proportions are
maintained — all parts grow at the same rate as the whole. The roots, stems and leaves of plants
(as fractions of total biomass) grow isometrically and maintain constant (but species and
environment-specific) ratios of shoot:root and root:leaf throughout growth (Poorter and Nagel,
2000; Niklas, 2004).

2) Any deviation (positive or negative) from isometry results in allometric scaling — parts
increase at different rates from the whole, leading to a change in proportion with increasing
size. Allometric scaling laws apply on broad scales spanning many orders of magnitude of size
variation throughout nature and extend beyond size and shape to also include physiological
processes and growth (West et al., 1999; Enquist et al., 2007). They can also be extended
beyond the individual organism to encompass whole community properties in ecology (Niklas,
2004; Ogawa, 2008). They have thus been interpreted as “universal laws” guiding the
evolution of plant form and function (Enquist, 2002).

An examination of leaf number in an allometric context may yield insights into the relationship
between leaf production and growth. It may, in particular, provide a conceptual framework to analyse
partitioning of growth between leaf number and size. Arabidopsis and other rosette plants are a good
choice of species for such an approach due their simple growth form. During early growth the above-
ground portion of the plant consists of a single growing module, which grows in biomass by producing
leaves This makes Arabidopsis an attractive experimental system to search for relations between
leafing intensity, leaf size and biomass production. This is a simpler system than in plants where
complications are introduced by stems and branching. The life cycle of Arabidopsis also bypasses the
limitation of using single season growth of single modules (twigs), encountered in larger plants such
as trees.

A whole plant approach to leaf number and its relation to plant size has only been conducted
theoretically in the past. Based on fractal-like hierarchical properties of living organisms, a series of
universal allometric scaling laws have been predicted for various attributes by (West et al., 1999). This
model was applied to plant vascular systems with several constraints to predict scaling laws for
different plant parts in trees (Enquist, 2002). Using this approach, leaf number was predicted to scale
with plant size as a ¥4 power law. Surprisingly, this prediction has not been empirically tested before
or since the publication of that notable theoretical study.

Total shoot biomass increases exponentially, at least during the early stages of plant growth (see e.g.
Tschoep et al., 2009 for a recent study in Arabidopsis). The temporal kinetic of leaf production during
growth in Arabidopsis (or in other plants) is not clear. A prediction of allometric scaling implies a
pattern of leaf initiation which is also exponential in time. Many Arabidopsis studies ignore leaf
number while some simply present leaf number data at a given point in time, ignoring temporal
patterns as well as whole plant growth. Where temporal data is available, some literature suggests leaf
production at constant rates, giving a linear increase in leaf number over time (Cookson and Granier,
2006; Cookson et al., 2007) while other studies present curves with clearly accelerating rates which
bear resemblance to exponential growth, particularly during the early growth of the plant (Wang et al.,
2008; Méndez-Vigo et al., 2010). At least three distinct developmental phases have been distinguished
in the vegetative growth of Arabidopsis, differentiated by cell and leaf morphology (Wu and Poethig,
2006; Poethig, 2009; Wu et al., 2009) and, incidentally, leaf initiation rates (Wang et al., 2008;
Meéndez-Vigo et al., 2010).

As pointed out in the introductory chapter, leaf initiation rates also respond to environmental factors
and metabolic status. However these factors are also known to affect whole plant growth and the sizes
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of leaves. An investigation of leaf initiation in a whole plant context is needed in order to assess how
leaf number is integrated in variation in plant and organ growth.

7.1.1. Aims of the chapter

In this chapter the production of leaves in Arabidopsis will be quantitatively analysed in a whole plant
context with the following aims:

1. Examine the temporal pattern of leaf initiation during early growth of Arabidopsis and
describe it mathematically

2. Examine the relationship between the temporal pattern of leaf initiation and the exponential
growth in biomass in an allometric context — test for the existence of a scaling law with plant
biomass during growth and examine its properties

3. Examine how the allometry of leaf production relates to leaf size during growth and in plants
where it is altered

4. Examine responses of leaf number and leaf number allometry when growth rates are altered
by changing the light regime.

7.2. Results.
7.2.1. Leaf initiation is allometric with respect to biomass growth.

Leaf number growth may be predicted to be allometric to plant biomass growth if the profile of leaf
size throughout the life of the Arabidopsis plant is examined. Each leaf of Arabidopsis at full size is
larger than the leaf preceding it (Fig 7.1). Similar changes have been seen in innumerable studies. This
is clearly a change in proportion with increasing plant size, and would therefore not be expected if leaf
production had the same rate of increase as biomass (i.e. if it was isometric with growth). It suggests,
instead, that biomass growth is relatively faster than leaf initiation, necessitating an increase in leaf
size which must, itself, also be allometric. This may, among other things, reflect the fact that with time
the sink tissues at the apex of Arabidopsis plant are being supplied with carbon from an increasing
number of leaves, which will drive increasingly rapid growth. The same conclusion can be reached
from the fact that young Arabidopsis plants grow exponentially (Tschoep et al., 2009). This simple
observation implies that the shoot apex produces an increasing amount of leaf material per unit time.
However, this earlier study did not resolve the extent to which the increase in rate of production of leaf
material was due to an increase in the rate of leaf initiation or leaf growth.

'”??” "’ "

Fig. 7.1. Consecutive fully expanded leaves of an Arabidopsis thaliana rosette.
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Data was collected during the experiment on metabolic mutants in Arabidopsis presented in Chapter 5
and analysed to provide quantitative information about the temporal kinetics of leaf initiation and the
increase in total shoot biomass. Fig. 7.2 shows the growth in rosette biomass and the number of
emerged leaves over time during the growth of wild type Arabidopsis thaliana Col-0 and two
metabolic mutants in starch biosynthesis (pgm) and sucrose breakdown (cinvicinv2). In Fig. 7.2a
biomass growth was modelled assuming exponential growth between the two harvests. Wild type
plants grew at a rate of 0.303 g g d”' while the pgm and cinvlcinv2 mutants had lower and almost
identical growth rates of 0.225 and 0.223 g g d”' respectively.
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Fig. 7.2. Biomass and leaf number growth in Arabidopsis wild type and two metabolic mutants.
Biomass growth (a) and leaf emergence (b) of Arabidopsis thaliana wild type Col-0 and two
metabolic mutants. Bars are standard deviations, N=8 (biomass), N=12 (leaf number). Curves are
exponential functions fitted to the data. Biomass growth was modelled from initial (14 days after
sowing) and final harvest biomass with constant relative growth rates. The plants were grown in a 12-
hour photoperiod, with 160 pE m™ s light irradiance and a 20°/20° day/night temperature regime.

The number of emerged leaves was scored by visual inspection at 4 time points. Leaf emergence
accelerated with time and the fitted curves were mildly exponential (Fig. 7.2b). An observation that
was made during these investigations is that leaf production is close-to linear with time when plants
are grown in small pots (6cm diameter and Scm high, 140cm’) but is clearly exponential when each
plant was grown in one large pot. The plants in Fig 6.2 were growing in large pots (9.5cm diameter,
7cm high, 500cm’), with one plant in each pot. This suggests that pot space and/or nutrient constraints
may influence the growth and developmental program of Arabidopsis and this should be taken into
account in developmental studies. The exponential curves regressed onto the leaf number data yielded
almost perfect fits (r* > 0.99). The pgm and cinvIcinv2 mutants formed leaves slower than the wild
type Col-0 and had fewer leaves at any given point in time however the cinvicinv2 double mutant
formed leaves faster than pgm even though both increased in biomass at the same rate. Leaf
emergence rates reflected by the exponents of the curves were 0.09 d' for wild type, 0.076 d™' in pgm
and 0.079 d' in cinvIcinv2. The exponents have the same interpretation as that of relative growth rate,
expressed as leaves leaf’ d” and will be termed “relative leaf emergence rate”.

To investigate the relationship between leaf number and growth, growth trajectories of leaf number
and biomass were modelled using the parameters determined above and leaf number was plotted
against biomass (Fig. 7.3a and b). Relative growth rate (of biomass) was predicted to exceed relative
leaf emergence rate, which results in a non-linear trajectory during growth. The trajectories become
linear on a log-log plot (Fig. 7.3b). This is the defining feature of a power law or scaling law.
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Fig. 7.3. Leaf production as a function of biomass during growth in Arabidopsis wild type Col-0
and two metabolic mutants.

Modelled growth trajectories of leaf production against plant biomass in Arabidopsis thaliana Col-0
wild type and two metabolic mutants modelled from values for RGR and the relative leaf emergence
rate that were estimated form the data and parameters presented in Fig. 7.2 and in the text. Each point
is the modelled cumulative response during one further day of growth.

Since biomass growth was relatively faster than leaf production, mean leaf size is predicted to increase
as the plant grows. In Fig. 7.4 the mean biomass per leaf is modelled a plant grows in size. This is the
inverse of the leafing intensity parameter described in Chapter 6.
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Fig. 7.4. Mean biomass per leaf as a function of whole plant biomass during growth of
Arabidopsis wild type Col-0 and two metabolic mutants.
Each point is the modelled cumulative response during one further day of growth.

The log-log trajectory of leaf number as a function of biomass (Fig. 7.3b) can be described by the
linear function:

In LeafNo =Inb +kIn FW (7.1

The reader may recognise Eq. 7.1 as an application of the allometric growth equation (Huxley, 1932).
The slope k can be interpreted as an unchanging ratio between the relative rates of increase in leaf
number and biomass during growth (White and Gould, 1965) and is otherwise known as an allometric
coefficient. Table 7.1 lists the model parameters obtained. Two coefficients can be obtained. One is
the allometric coefficient of leaf number, which is derived from Fig. 7.3. The second is the allometric
coefficient of mean leaf size, which is derived from Fig. 7.4.
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The slopes (allometric coefficients) for the relation log LeafNo = logb +k logFW were different from
1, indicating that leaf production is allometric with respect to biomass growth (rather than isometric).
The allometric coefficient for leaf number in wild type Col-0 was 0.304. This means that the relative
rate of increase in leaf number is 0.304 of the rate of biomass growth. Both metabolic mutants had
higher allometric coefficients of leaf number, indicating that leaf production relative to biomass
growth was faster compared to wild type. Both mutants thus had more leaves than wild type Col-0 at
an equivalent plant size. They had fewer leaves than wild type Col-0 at any point in time but this is
because they grew more slowly.

Mean leaf mass also increased allometrically with respect to biomass, with a coefficient of 0.696 in the
wild type. The metabolic mutants had their biomass distributed over more leaves at a given plant size
and average leaf mass was lower at a given total biomass. Consequently, their allometric coefficients
of mean leaf size were also lower.

Mean leaf size is the residual component of whole plant growth and is reciprocal to leafing intensity.
Consequently, the allometric coefficients of leaf production and of mean leaf size sum up to 1 in each
genotype, a consequence of the additive nature of leaf number and leaf size to give total growth. Mean
leaf size is a complex parameter which includes all the leaves on the plant, some of which are growing
and some of which are mature. While mean leaf size increased with increasing biomass, the slope of
this increase was high at the start, when all the leaves are growing, but decreased with time, probably
reflecting an increasing proportion of leaves which have stopped growing. It thus does not have a
straightforward interpretation, however it is probable that mean leaf size also reflects the final size of
leaves. It is also probable, that with data on the momentary sizes of leaves throughout growth as well
as their final sizes, a mathematical formulation can be devised to decompose mean leaf size into (i) the
final size of each leaf and (ii) how much of the final size has been obtained by each leaf at a given
time.

log LeafNo = logb +k logFW

Genotype b k

Wild Type Col-0 3.962 0.304
pgm 3.291 0.340
cinvlcinv2 3.531 0.367

log LeafFW = logb +k logFW

Genotype b k

Wild Type Col-0 0.252 0.696
pgm 0.304 0.660
cinvlcinv2 0.283 0.633

Table. 7.1. Allometric equation parameters of the relationship between leaf number and mean
leaf mass with plant mass during growth in Arabidopsis thaliana wild type Col-0 and two
metabolic mutants.

The numbers were derived by extracting the slopes and intercepts of the modelled lines in Fig. 7.3 and
7.4.

As already pointed out, the mean leaf mass is a complex trait. To obtain better insights into the
consequences for the mature leaf, the measured area, fresh mass and thickness of leaf 6 at harvest in
the three genotypes is plotted in Fig. 7.5. Both mutants had smaller leaves than the wild type. The
sixth leaf of the pgm mutant weighed 85% as much as a wild type leaf (Fig. 7.5a) but was only 52%
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the area (Fig. 7.5b). In the cinvIcinv2 mutant the sixth leaf was 38% of the mass and 37% the area
compared to wild type. Thus the area of pgm mutant leaves was decreased much more than leaf mass
compared to the wild type. This can be explained by leaf thickness. It was 70% higher in the mutant
(Fig. 7.5¢), which results in more fresh mass per area. Thus, at a given biomass investment in a leaf,
higher leaf thickness results in a smaller leaf area. The smaller size of leaves in the mutants can be
understood to be a consequence of more leaves being produced compared to biomass, which results in
less biomass per leaf and, in the case of pgm, increased leaf thickness causing a further decrease in
area per mass invested in the leaf.
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Fig. 7.5. Measured area of leaf 6 and leaf fresh mass and leaf thickness measured at full
expansion in Arabidopsis thaliana Col-0 wild type and two metabolic mutants.

7.2.2. Leaf size is a balance between whole-plant growth rate and leaf production.

In Fig. 7.6 mean leaf mass at 35 days after germination is modelled as a function of the allometric
coefficient of leaf production at three arbitrary growth rates (Fig. 7.6a) and as a function of growth
rate at two arbitrary allometric ratios (Fig. 7.6b). At a constant growth rate, high allometric ratios led
to an exponential decline in mean leaf size. At constant allometric ratios, higher growth rates led to
exponentially larger leaves. A very large mean leaf size was possible only with a combination of high
biomass growth rates and low allometric ratios. It should be noted that this simple model does not
make any predictions about the momentary size or the final size of individual leaves. It is likely that a
decrease in average leaf size will usually be accompanied by a decrease in all final leaf sizes, rather
than a large variation in final leaf size, with some being large and the others small. This is supported
by visual inspection of the rosettes of wild-type Col0, pgm and cinvicinv2. However, a larger data set
would be needed to quantify this tentative conclusion, and to learn whether it can be generalised.
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Fig. 7.6. Modelled mean leaf size at different rates of biomass growth and different allometric
coefficients.

Modelled mean fresh mass per leaf after 35 days of growth at three growth rates and varying
allometric ratios of leaf production (a) and two allometric coefficients and varying growth rate (b).
Lines are exponential regressions fitted to modelled data.

7.2.3. Leaf production rates vary in concert with the rate of growth in different environments.

To further investigate the relationship between leaf production and growth, Arabidopsis thaliana Col-
0 wild type was grown in a series of light environments. The data was collected during the irradiance
experiment presented in Chapter 5, where plants were grown in a daylength of 12h and four light
irradiance levels ranging from 75 to 420 uE m™ s, and a separate experiment where plants were
grown in a constant irradiance of 200 uE m™ s and daylengths ranging from 4 to 18 hours light. In the
irradiance experiment, all seedlings were first grown at an intermediate irradiance (160 uE m™” s™ and
were transferred to the different light environments 14 days after germination. The plants were grown
in the large pots discussed above (500cm®) and the number of leaves was counted on two occasions
between 17 and 20 days after germination. In the daylength experiment all seedlings were first grown
in an intermediate daylength (8h) and were transferred to different daylengths after 21 days. The plants
were grown in smaller long pots which are used for gas exchange analysis on whole rosettes (115cm’)
and the number of leaves was counted between 22 and 31 days, which was extended to a third count
at 42 days in the shorter daylengths. The experiments were thus conducted in different conditions and
had different sampling strategies. Data is therefore comparable within the experiments but may not be
exactly comparable between them.

When RGR is plotted against the daily quantum input, RGR increased with increasing quantum input
and then saturated (Fig. 7.7a). Quite similar maximum rates were obtained in both experiments (0.31 g
g d"' in the daylength experiment and 0.34 g g" d”' in the irradiance experiment) indicating that the
slight differences in the growth protocol may not greatly affect maximum growth rates. At limiting
daily quantum inputs, there was a linear relation between quantum input and RGR over the range 2.8 —
8.8 mol m-2 (equivalent to 4-12 hours light) for the photoperiod data set. At these limiting daily
quantum inputs a higher RGR was obtained in the experiment where plants were grown in a 12 h and
irradiance was decreased.
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Fig. 7.7. Biomass growth and leaf production in different light environments.
Relative growth rate (a) and relative rate of leaf emergence in Arabidopsis thaliana Col-0 wild type
grown in constant light irradiance and different daylengths (black dots) and constant daylength and
different irradiances (white dots). Light inputs are shown as daily input of light quanta for comparison
between experiments.

Leaf emergence rates increased in a pattern similar to that of growth rate before saturating at high light
and long daylengths (Fig. 7.7b). Plants grown in longer daylengths or higher irradiances formed leaves

faster and had more leaves at a common age. Relative rates of leaf emergence at equivalent daily
photon input were higher in the irradiance experiment than the daylength experiment at all levels of
light input. This may be related to the size of the pots in this experiment, as the plants were grown in

small pots to enable analysis of gas exchange on whole rosettes.

In both experiments, leaf emergence was linearly related to the rate of growth (Fig. 7.8). Leaf
emergence increased with a higher slope in the experiment where irradiance was varied than in the
experiment where daylength was varied.
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Fig. 7.8. Relative rate of leaf emergence as a function of relative growth rate in biomass in
Arabidopsis wild type Col-0 grown in different light environments.
Arabidopsis thaliana Col-0 wild type were grown in constant irradiance and different daylengths
(black dots) and constant daylength and different irradiances (white dots). Lines are linear regressions.
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7.2.4. The allometry of leaf production varies with the rate of growth in different light
environments.

Acclimation to variation in daylength was associated with changes in the allometric ratio of leaf
production (Fig. 7.9a). The allometric coefficient of leaf production was high in very short daylengths,
indicating that plants produced a larger number of leaves relative to their biomass. The coefficient
decreased with increasing daylength and became almost stable at the top of the range. In contrast,
variation in light irradiance at constant daylength did not lead to a change in the allometric coefficient
of leaf production. However, as seen above, low irradiances did not lower RGR to very low levels,
leading to different rates of growth at the same daily quantum input in the two experiments. When the
allometric ratio is plotted against the rate of biomass growth (Fig. 7.9b) the responses to daylength and
irradiance converged, with similar values at high growth rates, and a high value at low growth rates.
Thus variation in growth rate, not light input, seems to drive responses in the allometric coefficient of
leaf production, with the most notable feature being an increase n the allometric coefficient at low
growth rates.

The values obtained in these experiments in Col-0 in a wide range of light environments lay between
0.49 and 0.30, with higher values in short day conditions, but rather stable values in neutral and long
days, which were independent of irradiance. The latter values agree well with those obtained in an
independent experiment on Col-0 wild type, presented in Table. 7.1.
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Fig. 7.9. The dependence of the allometric coefficient of leaf production on the light environment
and on relative growth rate in biomass.

Allometric coefficient of leaf production as a function of daily light input (a) and relative growth rate
(b) in Arabidopsis thaliana Col-0 wild type grown in constant light irradiance and different daylengths
(black dots) and constant daylength and different irradiances (white dots).

Leaf growth will require a much larger energy input than leaf initiation; it is therefore possible that in
conditions where growth is strongly resource limited, more leaves are initiated than can be supplied
during subsequent growth. However, this is a tentative conclusion, that requires testing by experiments
at lower light intensities, and also in other where growth is limited by other resources. Further, the
observed variation must, be interpreted with caution due to issues with the growing conditions. The
plants were initially grown in the same conditions and were later moved to higher or lower light
conditions (irradiance or daylength). Subsequent to the transfer, leaf initiation may adjust to the new
conditions, however a pool of pre-formed and yet un-emerged primordia is present, which emerges at
a later date. In high light conditions this emergence may under-estimate the real new rate of leaf

initiation in high light because fewer leaf primordia were formed in the initial conditions. In low light
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conditions the number of emerging primordia may be higher than the real new rate as they were
formed in higher-light conditions, where they are formed faster. This issue may be particularly
pronounced at the extremes of the range, in very low and very high light conditions, as they are the
farthest removed from the initial conditions. Thus this data should be treated with caution and should
be verified in plants germinated and grown in a constant environment from the start. The allometric
coefficient in Col0 may therefore be more stable between conditions than is indicated by the initial
analysis presented here.

7.2.5. The allometry of leaf production varies with the rate of growth in different accessions.

In Chapter 6 it was found that leafing intensity was negatively related to plant growth in twenty
Arabidopsis accessions. Leafing intensity is the ratio of the number of leaves to plant biomass at a
given timepoint and varies with time as the plant grows while the allometric coefficient is the slope of
this variation and is therefore the constant determining factor behind leafing intensity. Allometric
coefficients of leaf production were estimated for the accession data presented in Chapter 6 by
comparing leaf initiation rates with biomass growth. The accessions were grown in 8-h days at 160 uE
m~ s”'. The allometric coefficients lay in a relatively narrow range between 0.32 and 0.40, in close
agreement with the values obtained in the experiments presented in this chapter. The allometric
coefficient was negatively related to rosette biomass growth in the accessions (1°=0.74, p<0.001, Fig
6.10). The relationship of plant biomass and RGR have also been calculated for a number of other
morphological and dry matter content in Chapter 6, as well as total protein, starch and over 60 low-
molecular-weight metabolites (Sulpice et al., 2009), over 20 enzymes (Sulpice et al., 2010) and
ribosome numbers and polysome loading (Ishihara, unpublished). The relation between the allometric
coefficient of leaf production and RGR is the strongest correlation uncovered to date.
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Fig. 7.10. Genetic variation in the allometric coefficient of leaf production in Arabidopsis
accessions and its relationship with relative growth rate.

Allometric coefficient of leaf production as a function of relative growth rate is 20 wild accessions of
Azrabidopis thaliana grown in 8-hour days at an irradiance of 160 pE m™ s, Line is linear regression,
r=0.74.
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7.3. Discussion.

7.3.1. Development of a model and estimation of the allometric coefficient for leaf initiation in
Arabidopsis

A simple growth model is presented, placing the production of leaves in the context of whole plant
growth. It has frequently been observed in Arabidopsis that sequential leaves increase in size. The
theoretical analysis presented in this Chapter analyses this phenomenon in an allometric context. The
results clearly indicate that leaf production is allometric with respect to biomass growth, yielding new
insights into plant and leaf growth. By applying this analysis to empirical data, this chapter also
provides parameterised values for the allometric constant and provides some initial information about
how it may vary between different genotypes and environments.

The allometric properties presented here are estimates. The deficiencies of the method are as follows.
Biomass growth was modelled with constant RGR, ignoring temporal variation in growth, which is
known to occur. Growth rates decline with plant size, in fact RGR itself has been predicted to scale
with biomass with an allometry of -% (Enquist et al., 1999). In addition, biomass measurements
included only the above-ground portion of the plant, ignoring the roots. Since roots grow isometrically
with the shoot and with the whole plant (Niklas, 2004), this should not affect the RGR estimate as it is
the same in all plant parts. It would affect the estimates of allometric scaling however, as leaf number
should be compared against total plant biomass, which includes the roots. Furthermore, even though
leaf number was quantified at several timepoints during growth, only emerged leaves were recorded.
A large number of young growing primordia can be present at the shoot apex before emerging. For
example Arabidopsis leaf 6 spends the first seven days of its life concealed there before emerging
(Cookson and Granier, 2006).

The model presented identifies leaf size as the result of a trade-off interaction between plant growth
rate and the rate of leaf production. The allometry of leaf production was seen to have a
complementary relationship to that of leaf size, the two coefficients summing to 1, reflecting the
additive nature of leaf number and leaf size to give total rosette size. It is possible that the trade-off
between faster leaf initiation and slower leaf growth has the consequence that at high allometries of
leaf production a larger proportion of the leaves will still be growing. This would lead to a decrease in
mean leaf size (independent of any effect on the final leaf size) and, as a mathematical consequence,
an increase in the allometric coefficient of leaf production. Alternatively, a high allometry of leaf
production may mean that leaves stop expanding sooner and the number of growing leaves is the
same. This may also explain the lower mean leaf size in these situations. Analysis of Arabidopsis
accessions in Chapter 6 indicates that high leafing intensity (and therefore the allometric coefficient of
leaf production) is in fact related negatively to final leaf size (of leaf 6), suggesting that mean leaf size
is also an indicator of final leaf size, although perhaps not an absolute one.

A treatment of leaf primordia as sinks competing for a limited resource can explain the trade-off, with
more primordia the available biomass (i.e. growth) is split between more sinks, and each sink grows
less. This property illustrates how leaf number has a direct inverse effect on leaf size at a given growth
rate — the leaf number vs. size trade-off is an inevitable part of plant growth. This highlights the
importance of considering leaf number and whole plant growth when thinking about variation in leaf
size. This is largely missing from studies on leaf and organ size in Arabidopsis, for example Gonzalez
et al. (2010). In that study it was attempted to alter the size of leaves by modifying the expression of
single genes belonging to different functional classes. The results were varying depending on
environment and leaf position, with some genes only affecting the sizes of growing leaves and others
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affecting mature leaves. However it was not taken into account that the size of leaves involves trade-
offs with leaf number, with growth and with sizes of other leaves on the plant. It can be seen from this
chapter that plant growth rate alone can determine the size of leaves, without changes in leaf
production or its allometry. In practice, leaf production, growth rates and the relationship between
them (allometry) were seen to vary between genotypes and environmental conditions.

Clear effects on leaf size consistent with allometric scaling are evident in a study where leaf initiation
rates were manipulated by manipulating the expression of miR156, which targets SPL genes and
regulates developmental stage progression (Wang et al., 2008) and leaves became bigger when there
were fewer of them and smaller when more were initiated while plant biomass growth seemed to be
equal (judging from presented images).

In my experiments, several observations are also consistent with a primary role for the allometry of
leaf production. First, despite an acceleration of leaf initiation, final leaf size also increases in
successive leaves in Arabidopsis Col-0 (see Fig. 7.1). This implies leaf initiation is being accelerated
more slowly than the resource generation which supports biomass growth. Second, the starch
metabolism mutant pgm and the sucrose breakdown mutant cinvicinv2, which had lower growth rates,
both showed an increased allometric coefficient, resulting in a larger number of smaller leaves at a
given total shoot biomass than in wild type Col-0. Third, accessions with lower rates of growth had a
higher allometric coefficient, again resulting in a larger number of smaller leaves at a given total shoot
biomass. In this case, the slow-growing accessions actually tend to have higher levels of starch,
sugars, amino acids and other low weight metabolites (Sulpice et al., 2009; 2010; Sulpice and
Keurentjes, unpubl.), indicating that the high allometric coefficient for leaf production in slow-
growing accessions is not a secondary consequence of low resources leading to slow growth. Fourth,
there was a trend to a higher allometric coefficient when Col-0 was grown with a decreased daily
quantum input (although see the results section for possible sources of error in this experiment).
However, it should be stressed that changes in the rate of leaf initiation may not always be the main
driver that determines the relation between leaf number and leaf size. It is also possible that in some
cases, feedback mechanisms that are triggered by resource availability or other physiological states in
growing leaves may regulate the rate of leaf initiation. It has been proposed that (Caspar et al., 1985;
Fleming, 2006) that the meristem activity determining leaf production is flexible and accommodates
regulatory inputs from metabolism, particularly from carbon status.

In the studies in my preliminary analysis, the response of leaf production to the environment seems to
be disproportionate to variation in biomass growth and biomass is allocated disproportionally to fewer,
larger leaves at higher growth rates. Analysis of natural accessions growing in one environment
yielded an essentially equivalent trend. The existence of genotypic variation for this trait suggests that
there may be an adaptive advantage of having fewer leaves and making them bigger. This is possible if
a lower allometric coefficient allows a more efficient investment of resources, which leads to higher
growth in a particular environment.

The allometric coefficient of leaf production found in this study (0.303) is very different to the
theoretically-predicted % allometric scaling law for trees (Enquist, 2002) meaning that fewer leaves
were produced than would be predicted. Some drawbacks of the approach in the present study were
discussed above. If the missing root biomass is included in the calculation, it would decrease the
allometric slope, not increase it, thus this factor cannot account for the discrepancy. Un-emerged
primordia are also unlikely to explain the difference, since the number of them would have to be very
large to allow for a % slope. Thus, there may be other reasons for a lower than expected allometric
coefficient of leaf production. The % scaling law prediction for trees in Enquist (2002) was made with
a number of key assumptions, among them a constant size of leaves and petioles. This assumption may
well be true in leaves of trees on branches but clearly does not hold in the case of Arabidopsis (see Fig
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6.1). The model of Enquist (2002) also includes a biomechanical component which constrains the
lengths of branches to scale with their radius, which is important in trees for resistance to buckling.
Since the Arabidopsis rosette does not have stems or branches and is not prone to experiencing the
dynamic loads which cause buckling in trees (i.e. wind gusts), the above assumption may well be
irrelevant to Arabidopsis.

A scenario deviating from the prediction may be possible if the creation of extra biomass is included.
This can occur if leaves grow from their own fixed carbon after becoming net sources. Having fewer
primordia in total may allow them to emerge earlier and expand faster, which might allow an earlier
sink-source transition with the result that the leaves become self-sufficient sooner. This may improve
growth due to the possible efficiency benefits of growth in the light, compared to heterotrophic
import-driven growth, as discussed in Chapter 6. On the other hand, if leaves expand preferentially
using their own fixed carbon they may be able to export less, which may affect leaf initiation
downstream and therefore further lower the allometry. This may also be a reason for the deviation
from the predicted % slope since fewer leaves were initiated than predicted.

The optimal allometric coefficient may depend on the environment. The findings presented here
suggest that it may vary between environments, although this requires verification due to issues with
experimental design. There may be an adaptive advantage of high allometry at very low growth rates.
As seen in Chapter 5, increasing light interception by increasing leaf area should be an advantage in
light-limited environments. However, as also pointed out there and in literature (Westoby et al., 2002)
large leaves overlap more, which decreases carbon fixation and is therefore an inefficient use of
biomass. At very low growth rates large leaves are not possible, even at very low allometry of leaf
production. Decreasing self shading in a rosette with a few small leaves, such as that which occurs in
very low light, can be achieved using two strategies — lengthening the petiole (increasing the distance
between leaves) or making relatively more smaller leaves. Lengthening the petiole requires extra
biomass, which will decrease the amount of leaf lamina that can be produced for the same biomass
investment. In contrast, altering the allometry to make more, smaller leaves requires only a re-
partitioning of the same amount of biomass between leaves. The nature of phyllotaxy in Arabidopsis is
such that new leaves grow into the gaps between pre-existing leaves, thus avoiding self-shading and
optimising the use of available space. A rosette with a few small leaves does not use space efficiently
and leaves unused spaces between leaves. In this way, making many small leaves may be a strategy to
cover more ground area and increase light interception without investing in additional structural
components in the petiole. On the other hand, it can also be argued that the increase in the allometric
coefficient in plants that are growing slowly is due to a resource-restriction of leaf growth. Viewed
from the perspective of rosette function, this would lead to the same result.

Smaller leaves also have fewer structural support requirements in the form of vascular architecture
within the leaf. Large leaves require thicker (and probably longer, see previous paragraph) petioles and
thicker veins for mechanical support and the hydrodynamic requirements of transpiration, a factor
contributing to a lower SLA in large leaves both within and between species (Milla and Reich, 2007;
Niinemets et al., 2007). Fibres and tracheary elements, the load-bearing components of plant vascular
systems, contain a high percentage of lignin, a phenolic polymer which is among the most costly
substances that plants produce, (Poorter, 1994) and is present in substantial amounts to constitute a
significant synthesis cost to the plant (lignin is the second most abundant biological substance on
Earth). Minimising the production of costly biomass components may be advantageous in carbon and
energy-limited environments and may favour the production of small leaves where this is
advantageous — in rosettes with low growth rates, few leaves and limited carbon.
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7.3.2. Possible functional consequences of allometric scaling of leaf size

One consequence of the proposed allometric scaling of leaf size is the slope of the increase in final leaf
size with leaf number in Arabidopsis (as in Fig. 7.1). A low coefficient of leaf number allometry (and
as a formal consequence, a high one for leaf size) would cause a steeper increase in mean leaf size
(Fig. 7.3), which may be accompanied by steeper increases in the sizes of consecutive leaves at full
expansion. If leaf growth were to be modelled with strictly isometric scaling with plant biomass (with
a coefficient of leaf number allometry of 1), all of the leaves on the rosette would have the same final
size. In such a scenario, for a set increase in biomass (e.g. a doubling) there is an increase in leaf
number of the same magnitude (also a doubling), leaving no scope for variation in mean leaf size and,
possibly, final leaf size. For very high allometry of leaf number, as occurred in 4-h days, the model
predicts a rosette made of many small leaves and a more uniform final leaf size distribution (with an
allometric slope of leaf size of only 0.31 compared to 0.69 in the wild type example above). Final leaf
size data and size distributions are not available for the daylength data, however this may be an
interesting future line of research.

Further experiments should aim to clarify whether the observed changes in allometry in different
environments are real within a genotype. Analysis of the phenotypic plasticity of this trait in different
genotypes should help to establish to what extent it is genotypically determined. Its relationship to
growth performance and to other traits in different genotypes grown in different environments may
shed light on the adaptive significance of the allometry of leaf production. For example an analysis of
petiole size in different light environments and its relationship with allometry may clarify to what
extent high allometry is adaptive for avoiding inefficient self-shading through leaf overlap.

7.4. Chapter Summary.

In summary, a simple allometric model was presented linking leaf number, leaf size and plant growth
rate together in a whole plant context in Arabidopsis thaliana. The present model may be instructive in
understanding plant growth and its components. The consideration of leaf number in an allometric
context is a new approach and some of the first empirical evidence is presented for allometric scaling
of leaf number with plant size in a plant species. The model illustrates the inter-relatedness of leaf
number, leaf size and whole plant growth rate and highlights the importance of considering all three
parameters in morphological and developmental studies. The allometric coefficients of leaf production
in wild type plants were much lower than the theoretical prediction for tree leaves, made by Enquist
(2002). The rates of leaf production and the allometric relationship were found to vary between
genotypes differing in growth rates due to metabolic restrictions, between light regimes which drove
changes in growth rate and between natural accessions differing in growth rate and grown in the same
environment. Leaf number allometry was seen to be strongly negatively related to the rate of growth in
each experiment. As a consequence, high plant growth rates were associated with fewer leaf initiations
per unit biomass growth and a smaller number of larger leaves. The possible adaptive significance and
the functional consequences of this phenomenon may be prevention of leaf-overlap in low light
environments, and a more efficient investment of resources in biomass at high growth rates. The
genetic and molecular regulation of the allometry of leaf formation is a topic for future research, and
should deliver important insights into how meristem activity is coordinated with the growth of many
discrete organs, and how resource availability modulates these processes.
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Chapter 8. General Discussion.

The general aim of the work presented in this thesis was to investigate how leaf morphology is
regulated in Arabidopsis thaliana with particular reference to possible regulatory influences of carbon
and sugar status. Three approaches were taken to investigate this question.

In one approach it was asked whether specifically altering the levels of trehalose-6-phosphate, a
putative signal of sucrose availability, through genetic means has effects on leaf growth and
morphology. The success of this specific genetic approach depends on whether the initial hypotheses
are true, namely that 1) Tre-6-P is indeed a signal of sugar status and 2) that sugar status does indeed
regulate leaf morphology. Robust correlative evidence has been presented previously supporting a role
for Tre-6-P as a specific sucrose signal (Lunn et al., 2006; Yadav, 2009). The metabolic analysis
presented in Chapter 3 confirmed the previous results. It also uncovered a new potential involvement
of Tre-6-P in the regulation of sucrose metabolism, which builds on and extends previous work to
support the role of Tre-6-P as a regulator of primary carbon metabolism (Kolbe et al., 2005; Lunn et
al., 2006). However, given the data presented here, it is difficult to establish a role for Tre-6-P as a
specific regulator of leaf morphology. The effects of its constitutive modulation in plants were
inconsistent with what are thought to be the effects of carbon status on growth and development,
namely that more carbon results in more growth. In addition, the complex metabolic phenotypes of the
plants as well as concerns about pleiotropic effects and a dependence of some of the morphological
phenotypes on the presence or absence of starch make these phenotypes somewhat difficult to
interpret.

The use of metabolic mutants allowed the broader hypothesis, that sugar status affects leaf
morphology, to be tested. This approach goes above the level of known sugar sensing pathways and
asks the general and simple question of whether leaf morphology is affected when central metabolism
is perturbed and sugar levels are altered. The genetic approach which was taken was successful at
producing a range of perturbed sugar levels in plants and leaf thickness alterations could be observed
in some mutants, but not in all and not in all conditions. The mutants chosen are affected in various
aspects of central carbon metabolism. They have complex and in some cases very severe metabolic
alterations which also affect their growth, and this also makes them similar to the plants with
perturbed Tre-6-P levels. For example the lack of starch in the pgm mutant causes extensive depletion
of carbon pools at night and this leads to coordinated transcriptional responses of more than 4000
genes and upregulation of starvation responses, while during the day the opposite response occurs
(Blasing et al., 2005; Stitt et al., 2007). The cinvicinv2 double mutant is likely to be even more
severely perturbed as it has been suggested that cytosolic invertase may be the main route through
which carbon from sucrose is broken down in non-photosynthetic cells, i.e. the sink tissues where
growth and development occur (Barratt et al., 2009). Amid such complexity it would be naive, using
either targeted or broader approaches, to attribute any morphological alterations to changes in the
levels of single metabolites such as sugars or even Tre-6-P. The same can probably be said about
attempts to manipulate complex processes such as development through the modification of single
genes, which invariably also lead to diverse and complex phenotypes (Gonzalez et al., 2010). An
exception may be approaches to modulate metabolism specifically in particular cell types, as seen in
Chapter 4, where this strategy was employed to investigate the involvement of guard cell metabolism
in stomatal function. In fact, in a similar approach it was also attempted to modulate Tre-6-P in
specific zones of developing leaf primordia, however the results were difficult to interpret due to
questions about the spatial specificity of the metabolic modulation and were not presented here.
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It may well be impossible to manipulate metabolites in an exclusive manner, particularly if they also
have known regulatory functions on metabolism, as in the case of Tre-6-P, or if altering them
necessitates broad perturbations of metabolism, as is the case of sugars or starch. Attempts to find
links between metabolism and developmental processes may be aided by broader characterisation of
metabolism in many different mutants perturbed at various points in metabolism and looking for
similarities. Such approaches should be possible given the combination of modern ‘omics technologies
and the excellent genetic resources of the Arabidopsis model. The approach is exemplified on a small
scale by the results presented in Chapter 5, where a developmental phenotype was narrowed down to a
particular group of mutants which lack starch. This offers promise that with a denser coverage of
metabolic mutants other metabolic inputs into the regulation of leaf development may become evident
and it may be possible to identify specific segments of metabolism which may be involved in
regulating them.

Altering metabolism, even in particular cell types, also has systemic implications for the entire plant as
the metabolism of different plant parts is essentially linked by the systemic process of sucrose
transport and the relations between source activity and sink demand. Thus, any consideration of
metabolic signalling on growth and development cannot be restricted simply to the study of single
organs and must be considered from a whole plant perspective, considering also the number of leaves
and the rate of plant growth. In general, relationships between the morphological properties of single
leaves and these whole plant processes are not clear. This led to the general approach which was
presented in Chapter 6 and the theoretical approach in Chapter 7. This was successful at identifying
which morphological components are related to leaf function and plant growth and which are not as
well as finding some interesting relationships between traits. The organ and organismal levels of
organisation seem to be linked by a balance between leaf formation and plant growth, which can be
measured at specific timepoints in the form of leafing intensity and arises from underlying variation in
the allometry of leaf production, which was observed to vary between wild genotypes, metabolic
mutants and environmental treatments.

The putative metabolic and sugar signals identified to date have all attracted attention primarily due to
their effects on whole-plant growth. Their involvement in leaf morphogenesis was speculated from
their effects on leaf size. Little was known about how they may affect other morphological traits. As
seen in chapter 6, leaf size is itself a component of plant growth while the model presented in chapter
7 exemplifies how changes in the rate of growth alone can affect the size of leaves. Many mutants
with decreased leaf size have been found, however these have usually also been smaller plants
(Devvitte et al., 2007). A question arising from this is: can mutants be found where leaf size is
uncoupled from whole plant growth? As an extreme theoretical example it may be asked, can a mutant
be found which consists of one very large leaf, and weighs as much as a wild type plant of the same
age? This is of course unlikely, as leaves are determinate organs and must stop growing at some stage,
requiring more leaves to be produced to maintain further growth. However it must be noted that this is
by no means impossible and a whole family of one-leaf plants exists in Angiosperms in the genus
Monophyllaea (Tsukaya, 1997). While this is obviously a very extreme example, the observed
genotypic variation in leafing intensity and its underlying component, the allometric coefficient of leaf
production, in Arabidopsis accessions suggests that there may be genetic factors regulating this
particular aspect. As an example, the Cvi accession seems to be one such case — it had the lowest rate
of leaf initiation of all accessions in the set and had some of the largest leaves. As leafing intensity is
very easy to assess, it would be an exciting future direction to examine this trait genetically.

The preceding discussion and the extreme example of the one-leaf plant prompt another question
regarding the balance in resource allocation between sinks. The shoot apical meristem is a very minor
portion of the volume of the plant, however it is one of the most vital as it initiates all the growth of
the above-ground plant body. The meristem itself probably has a very low carbon and energy
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requirement as a proportion of the whole plant, however it is in intense competition for resources with
a much larger population of sinks, namely the growing heterotrophic leaf primordia that it has initiated
and the growing leaves which are not yet self sufficient, which have a large resource requirement for
their growth. Moreover, the growing sinks are located basal to the meristem and in closer proximity to
the phloem which supplies them. There must thus be tight regulation ensuring that the meristem is not
out-competed for resources by its own leaf primordia. Incidentally, the one-leaf growth habit in
Monophyllaea, as described above, arises because one cotyledon outcompetes the other and the shoot
apical meristem for resources in a phenomenon which was termed “competitive organogenesis” by the
author (Tsukaya, 1997), showing that this is in fact possible. This is, again, an extreme example.
However the previous discussion implies that, while being a very small part of the plant, the meristem
must also be an extremely strong sink which must draw enough resources in the face of strong internal
competition in order to survive and maintain growth and organogenesis.

It may be supposed that mutants impaired in this regulation may turn out embryo-lethal if their
meristem is starved by the rest of the plant. Indeed, impaired delivery of sucrose has been implicated
in the phenotype of an embryo-lethal meristem-organisation mutant as the phenotype could be rescued
by sucrose (Wu et al., 2005; Fleming, 2006). A number of metabolic enzymes show specific
localisation patterns at the meristem (Pien et al., 2001) and some of them have been implicated in
determining sink strength (Fleming, 2006). Leafing intensity, again, is very interesting in this context
as it may potentially reflect the number of growing sinks relative to the photosynthetic biomass which
supplies them and may thus be a reflection of the level of resource competition within the plant.
Leafing intensity may thus also be interesting for the study of source-sink relations and the
determinants of the sink strength of leaf primordia and, possibly, the meristem.

There must also be regulation which balances the allocation of resources between growing leaves as
Arabidopsis does not exhibit obvious imbalances in the growth of different leaves, e.g. one very large
leaf and many very small ones. It may be supposed that this may be ensured by the symmetrical
properties inherent in plant growth and organogenesis, however the observation of flowers with
obvious asymmetry in the shapes as well as sizes of appendages in such plants as Antirrhinum (Da et
al., 1999) and, for example, the Orchidacea suggests that there is no requisite requirement for strict
symmetry in plants and the growth of organs can be unbalanced. Recent genetic work has shown that
both the symmetry and phyllotaxy of leaf formation can be unbalanced by inducing leaf primordia in
locations where they would not normally form by targeted manipulation of expansin gene expression
(Pien et al., 2001). Remarkably, the leaves that resulted from this manipulation were largely
comparable to the other leaves on the plant in size and shape, suggesting that there are intrinsic
mechanisms that balance the allocation of resources between leaves and these must be independent of
symmetry.

This previous genetic work also prompts the question of whether there are compensatory effects on the
sizes of the other leaves when leaf initiation rate is altered in this manner. This indeed appears to be
the case in a study where leaf initiation rates were manipulated by altering the expression of miR156
(Wang et al., 2008) and leaves became bigger when there were fewer of them and smaller when more
were initiated while plant growth was equal. Essentially the same relationship was also observed in the
study of 20 Arabidopsis presented in this thesis when variation in plant growth was taken into account.
This is a fascinating finding from which a parallel can be drawn to the compensation phenomenon in
leaf morphogenesis, where cell size compensates for altered cell number in the leaf (Tsukaya, 2003).
Just like compensation is an organ-level regulatory influence in the development of single leaves, the
control of leafing intensity may be an organism-level process serving to maximise leaf area.
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