Characterisation of a novel calcium

sensor In Arabidopsis thaliana

Bo Xu
M.Biotech

A dissertation submitted for the degree of
Doctor of Philosophy
School of Agriculture, Food and Wine
Faculty of Sciences
The University of Adelaide

o THE UNIVERSITY

o ADELAIDE

2013



Declaration

This work contains no material which has been accepted for the award of any other degree or
diploma in any university or other tertiary institution to Bo Xu and, to the best of my knowledge and
belief, contains no material previously published or written by another person, except where due
reference has been made in the text.

I give consent to this copy of my thesis when deposited in the University Library, being made
available for loan and photocopying, subject to the provisions of the Copyright Act 1968.

I also give permission for the digital version of my thesis to be made available on the web, via
the University’s digital research repository, the Library catalogue, the Australasian Digital Theses
Program (ADTP) and also through web search engines, unless permission has been granted by the

University to restrict access for a period of time.



Acknowledgements

I most appreciate my principal supervisor Dr. Matthew Gilliham for your dedication. Your
vast knowledge and unwavering patience have guided me to completing my PhD. | am also grateful
to my co-supervisors, Dr. Brent N Kaiser, Professor Stephen D Tyerman and Professor Roger A
Leigh for all your contributions. Your ideas and guidance have been vital for me to complete my
project. Thank you for all your support during both good and bad times.

I great acknowledge the financial support provided by the University of Adelaide during my
candidature through the provision of Adelaide Graduate Research Scholarship, and further thank
Grain Research and Development Corporation and IWPMB2013 organizing committee for provision
of the financial support to attend IWPMB2013.

Sincere thanks Professor Kendal Hirschi from Baylor College of Medicine, USA for
providing raw microarray data, Professor Harvey Millar from University of Western Australia for
kindly donating flg22, Dr. Ute Baumann from Australian Centre for Plant Functional Genomic
(ACPFG) for analysing the microarray raw data, Dr. David Chiasson for assistance with protein
expression and purification, Dr. Stuart Roy from ACPFG for assistance with confocal microspy, Dr.
Gwen Mayo from ACPFG for assistance with Technovit embedding, Mr Brad Hocking for
preliminary cloning, Dr. Simon Conn for teaching qRT-PCR techniques, Ms Jodie Kretschmer from
ACPFG for kindly donating expression vectors, and for all kind help from the lab crew, Dr. Bo Li, Mr
Sam Henderson, Mr Maclin Dayod, Ms Asmini Athman, Ms Jiaen Qiu and Ms Wenmian Huang.

Finally, I would like to thank my Dad and Mum for their support throughout all of my studies
regardless of not being physically present with me here, as well as my partner Ms Jin Zhang for

helping me get through the tough times.



Table of Contents

[ T=Tod =T g1 o] o SR I
ACKNOWIEBUAGEMENTS ...ttt b b nn e s I
LLEST OF FIQUIES....oeeeee ettt bbb e et b e bbbt b n e eneere s 6
I TS 0 I o =TSRSS 9
[ TS 0] = 1] o] €27 o1 £ o] LSRR 10
N o] 1 - 0! SO SPRRRSS 14
Chapter 1: General introduction and [iterature reVIEW ...........ccocoveveieieieieisese s 16
I I [ £ o [FTox 1 o o P OO PPSPRPR 16
1.2 Calcium transport and storage in PIANTS.........cccoeiiiiciiieic e e 17
1.2.1 Ca®* deliVEIY iN PIANTS. ...t e e 17
1.2.2 Cell-specific calcium storage in PIANES .......c.cooeeiiiiiicicie e 19

1.3 Ca®* tranNSPOILErS I PIANES ... eeeeeeeee et e et e s s es s es e s seeseeesesseeeeesneons 21
1.3.1 The role of plasma membrane Ca®* channels in calcium StOrage ............co.coevvveevererrrenenn. 27
1.3.2 The role of vacuolar membrane Ca®" transporters in calcium Storage .............cc.ceeeeeervenne. 28

1.4 Cross talk between calcium accumulation and Ca®* signalling in plants............cccccc.cevevvrvenenn. 30
1.4.1 Correlation with CAX1 and calcium biofortification .............cccccoveeviveiiniiiiie e 30
1.4.2 Perturbed calcium storage associated with impaired intracellular Ca®*-signalling.............. 31
1.4.3 Biofortification for calcium with a minimal impact on intracellular Ca** signalling .......... 33

1.5 Thesis outline/hypotheses gENEIation ...........cccccveeiiiiiieiiie et ne 33

Chapter 2: Candidate gene screening, cloning and in silico analysis of novel regulatory genes

ASSOCIATE WITR CAXL.....oeiiii ettt 36

2.1 INEFOUUCTION ...ttt bbbt eb et 36
2.2 Material and IMELNOUS ...........oouiiiiieicie e 37
2.2.1 Analysis of cax1, cax3, caxl/cax3 and cax1l/SCAXL MICIOAITaAY .......cccocereeeerereereereanennens 37
2.2.2 Plant material and growth CONAItioN ..........cccooiiiiiiiiii s 38
2.2.3 RNA extraction and Calmodulin-like protein 41 (CML41) cloning .........c.ccocevevereivennnnne. 38



2.2.4 Insilico analysis of CMLA41 and its Split variant ..o 39

2.3 RESUITS ...ttt R e 40
2.3.1 Screening for candidate genes using microarray analysis of cax mutants..............ccocoeeee.. 40
2.3.2 Strong and negative correlation of CMLA41 with CAX1 eXpression ..........ccccevevvvevvesieeneene 45
2.3.3 Calmodulin-like protein 41 (CMLAL) ClONING ......ccceiviieiieece e 47
2.3.4 The alignment of CML41 and its Splicing Variant.............cccccovviiieveieene s 48
2.3.51n silico analysis OFf CMLAL ..........coci it 49

2.4 DISCUSSION ...ttt ettt bbbttt b bbbt et s et e st e et bbbt b e ene e 53
2.4.1 CMLA41 is identified as candidate gene correlated with CAX1 eXpression..........cccceceeveeene. 53
2.4.2 CMLA1 splicing variant identified ............cooeiiieiiii s 54
2.4.3 The predicted role of CML41 by in Silico @nalysiS..........ccocvrerereiiiiiniiine e 56

Chapter 3: Gel shift Ca® DINAING @SSAY.........c.veeeieeeeeeeeeeeeeeeeeeeeeeee e es e s ee e s 59

3L INEFOTUCTION ...ttt bbb bbb bbbt bbb n e r e e e are s 59

3.2 Material and METNOGS ........veiiiiiiieiiee bbb 60
3.2.1 Gene cloning and plasmid CONSIIUCTION .........ccccovieiiiieie e 60
3.2.2 MULAZENESIS PCR ... .ociiiiiite ettt ettt ettt s te et et te et e s beesa e st e e be e besreesbesteeneeneas 61
3.2.3 PrOtEIN XPIESSION .. .ecviitiitiete ittt te et sttt st et besbeese e besae e b e sbeesbesbeebeebesaeesbesteeneeseas 63
3.2.4 Protein @XIFACTION ......cveuiteiiitiietei sttt 63
3.2.5 Protein PUITICALION .......cviiiieiiieiisie sttt 64
3.2.6 Protein digESTION .....c.eiviiiieieieeeeie sttt 64
3.2.7 Electrophoresis mobility SRITt @SSAY........courirriiieiiiiiri s 64

TR B (=T 1] PSPPSR 65
3.3.1 Truncation of chloroplastic transit-peptide of CML41FL and CMLA41S...........cccovvvvennenne. 65

3.2.2 Soluble CML41FL, CML41S, CML41FLA1-46 and CML41SA1-46 were successfully

ta0QEA DY HIS-IMBP.......ei ettt sttt e s e te et et neas 66
3.2.3 His-MBP tagged CML41FL, CML41S, CML41FLA1-46 and CML41SA1-46 migrate

FASLEr IN PrESENCE OF Ca% ........vevieveeeeeeeee ettt en e s s sensnsanes 68
3.2.4 CMLA41FL and S migration is faster in the presence of Ca® ..........ccoovvvvveevseseesvensesseneon. 69



R B T T o1 1] o IO 72

3.4.1 MBP facilitated the purification of soluble recombinant CML41FL and CML41S from E.

(010 1 PP TT T S ST P TP PRSPPI 72
3.4.2 CMLA1FL and CMLALS DINA CaZ" ..o ess s 73
Chapter 4: Characterisation of CMLAL iN Plantal..........ccccvoiiiiiiiiinieeesesee s 75
A1 INEFOUUCTION ...ttt bbbt bt bbb et e et b bttt nen et e e ene s 75
4.2 Material and IMELNOUS ..........coiiiiiiiii s 76
4.2.1 Artificial micro RNA design and CloniNg ........ccccovvveiiiiiie s 76
4.2.2 CMLA41 promoter cloning and plasmid CONSIIUCLION...........cccccvivieieeiieie e 78
4.2.4 Plant material and groWth ..o e 79
4.2.5 A. tumefaciens-mediated tranSfOrMatioNn............ccocvviriiiriieicee e 80
4.2.6 GENOMIC DINA EXITACTION ..ottt 80
4.2.7 Selection of primary transformed Arabidopsis PIANTS..........cccerveiiiniiniinineeeee 81
4.2.8 Quantitative RT-PCR of gene expression analysis in Arabidopsis transformants............... 83
4.2.9 Homozygote screening of Arabidopsis transformants ............cccceovvveniniineneneneseeees 84
4.2.10 GUS histochemiCal @nalySiS..........ccciiiiiiiiiieicie et 84
4.2.11 Embedding and sectioning of GUS stained seedlings..........ccccovveveeeeveiecviesie e 85
4.2.12 Growth assays of transgenic ArabidOPSiS ......c.ccvvvieriiiiiiieieie e 85
4.2.13 Dark-induced chlorophyll Measurement...........ccccceevveiiiiieie i 86
4.2.14 CallOSE MEASUIEIMENT ......cuvieiitiitiitirtet ettt bbbttt 87
4.2.15 SEAtiStICAl ANAIYSIS ... .e.viieeiieiieiie e 88
N (=TS ] SRR 88
4.3.1 Expression pattern of proCML41::GUS in Arabidopsis .........ccoevevirieniniineneneiceeees 88

4.3.2 CML41FL and S expression in transgenic 35S::CML41FL, 35S::CMLA41S and 35S::CML41-
AMIRINA TINES. ..ttt st e s e besae e b e st e e b e sbees s e beaneesbenreeneenes 94

4.3.3 Gene expression profiles in transgenic 35S::CML41FL, 35S::CML41S and 35S::CML41-
AMIRNAZ LINES....ei ittt et b e st e e st e e e aa e e be e sbe e sbe e sbeesatesabeebeenbeesbaesteas 97

4.3.4 Senescence and growth phenotypes in CML41FL and S-OEX and amiRNA lines............ 101



4,3.5 CallOSE MEASUIEIMENT ....eeeiiiereeeee et e e e e ettt et e e et e ee ettt teeesese e etesesssasesstreeteeesssassrareeeeeeeses 107
I D T 1o LX) (o] o TP 110

4.4.1 CMLA41FL and S expression in CML41FL and S overexpression lines and CML41-
AMIRINAHZ TINES.... ettt e s e be st et e s beaneesaeeseenbesteeneeneesneenee e 110

4.4.2 The involvement of CML41FL and S in plant growth and Senescence............ccocevvevenene 112

4.4.3 CML41FL but not CML41S is involved in callose deposition during PAMP-triggered

MIMIUNITY Lo e et e et e st et e et e sbeese e beese e beeteebesbeeseesbesneeseeneeeneenras 114
Chapter 5: Sub-cellular localisation and protein-protein iNteraction.............c.ccocevvveieieininennne 116
5.1 INEFOUUCTION ...ttt bbb bbbttt 116
5.2 Material and METNOGS ........c.oviuiiiiiieie e 116
5.2.1 Gene cloning and plasmid CONSIIUCION .........cccvvcieiiie e e 116
5.2.2 Transient expression in Arabidopsis mesophyll protoplasts..........c.ccccceevveveiieevieneieennenn, 118
5.2.3 Transient expression in Arabidopsis by Agroinfiltration of leaves............cc.ccoceieiiiiinnne 119
5.2.4 Stable expression of CML41FL::GFP and CML41S::GFP in ArabidopsiS.........cccccceevenne 119
5.2.5 Fluorescence live-Cell IMagiNg ........ccoovieiirerieieisisisiesie et 119
5.2.6 Split luciferase cOMpIEMENTALION ASSAY ........coveveiiiririie e 120
5.3 RESUITS ...t 120

5.3.1 Punctate YFP fused to CML41FL and CML41S and cytoplasmic YFP fused to

CML41FLA1-46 and CML41SA1-46 in Arabidopsis mesophyll protoplasts...........ccccceeeveienene 120
5.3.2 Dual types of CML41FL and S localisation in stable-transformed Arabidopsis................ 125
5.3.3 Protein-protein interaction between CML41FL and Sand TCP14.........ccccccvveveveieennene, 132
5.4 DISCUSSION ...tttk ek b bbbttt bbbt b bbb 139
5.4.1 CMLALFL and S are localised at plasmodesmata..............coeerveieieninininineneseseeeeieieas 139

5.4.2 Dual patterns of CML41FL and S localisation dependent on developmental stages, organs

ANd CalCTUM TrEAIMENT ......evite ettt bbbt 141
5.4.3 CMLALFL and S interaCt With TCPLA .......ccooviiiiiiiiseie e 143
Chapter 6: General diSCUSSION ...........ciiiie ettt ere e sae e e seeeeeneas 146
6.1 PD-localised CMLA41FL involved in callose deposition in PT1.........cccoovivininineneneicee 146



6.2 CMLA1FL differs from other immunity-response CMLS in Arabidopsis.........cccoevvevervreenienne. 149

6.3 Involvement of CML41FL and S in response t0 Other StreSSeS .........ccevvvvrerereneneneeeeeenes 150
6.4 Correlation of CMLAL WIth CAXL ..o 151
6.5 Remaining questions and future direCtiON...........cccveve i ciiccie i 153
8.6 CONCIUSTION ...ttt bbbt b e bbbttt en e e 157
Appendix 1. Manuscript of a review: Ca delivery and water flow ............cccccooviiriiineicicienn, 158
Appendix 2. Manuscript of hydroponic growth method ..., 161
Appendix 3. Manuscript of TMHKTL;5-A ..o 165
Appendix 4. Full list of misexpression gene (log (2) > 1) in cax1, cax3, cax1l/cax3 and
cax1/sCAX1 lines, compared to wildtype Col-0 plants ..o 169
Appendix 5. Growth measurement of homozygote T-DNA insertion lines listed in Table 2.2
UNGEE TONIC STIESSES ...eviviiteiteteieseereeie st sttt e et sb et e sbe e e e st e seesesbesbesbesbeeeseereenenneas 182
Appendix 6. Primers used to screen homozygote T-DNA insertion lines listed in Table 2.2 .....184

Appendix 7. List of generated PCR cloning products, entry clones and LR-recombinant
ESTINALION VECTOTS ... ittt sttt ettt eneene e 185
Appendix 8. Map of entry and LR-recombinant expression vectors listed in Appendix 7 ........ 187
Appendix 9. Nucleotide sequence of CML41FL and S and amino-acid sequence of CML41FL
anNd SN FASTA FOIMAL ......coiiiiiie e 190
Appendix 10. Full list of CML41 expression in 261 perturbations created by Genevestigator .192

R B EINICES ...ttt ettt et et et e e et e e et e e et e e e et e e ae it e e aa it e e e et e e aan it e e aaans 196



List of Figures

Figure 1.1 Diagrammatic summary of Ca* storage and water flow in roots (A) and leaves (B) ........ 19
Figure 1.2 A summary of Ca distribution in cereals and moSt diCOtS ..........ccccevvriiriiiiinieiiniierccee 20
Figure 2.1 Summary of misexpressed genes shortlisted in MICrOAITaY...........cccvvvrvrinereneneieeeiens 44

Figure 2.2 Correlation of CML41 and bHLH137 relative transcript level to CAX1 relative expression

in cax1, cax3, caxl/cax3 and CaxL/SCAXL IINES........cccooiiriiiieniieeeee s 46
Figure 2.3 Co-expression map of CML41 in ATTED-II co-expression network database................... 47
Figure 2.4 PCR amplification of CML41 on various Arabidopsis cDNA template with primers ........ 48
Figure 2.5 Sequence alignments between CML41FL and its splicing variant.............c.ccoceveveneieinnnns 49
Figure 2.6 Integrated diagram of InterProScan output result and protein sequence alignment between
CMLALFL @nNd CMLALS ...ttt 50
Figure 2.7 Subcellular localisation prediction of CML41FL and CML41S by TargetP v1.1............... 51
Figure 2.8 CML41 gene expression in the groups of biotic and elicitor perturbations within 261 gene
microarray studies in Arabidopsis created by Genevestigator ..........c.ccccvvvvveveieeieieeiiennens 52
Figure 2.9 Summary of CMLs functioning model in different plant phyisiological processes............ 57
Figure 2.10 Phylogenic tree of CaMs and CMLs (CaMs/CMLs) in Arabidopsis based on amino-acid
SEQUENCE SIMIAMTTIES. ... eiviiii sttt sb e et be s be e b e s reeneennas 58
Figure 3.1 Structure of typical EF-hand Ca?*-binding MOtif .............cccoooeeeerierieeeeeeeeeeeeeeeeeeeeeeeeeis 60
Figure 3.2 Mutagenesis PCR process to insert TEV-Styl into pDEST566-CML41FL and S plasmids62
Figure 3.3 Prediction of CML41FL and SA1-46 subcellular localisation by TargetP v1.1.................. 65

Figure 3.4 Expression vectors used for protein expression and soluble proteins of E. coli strain T7
Expression lysY/I® expressing CML41FL and S and CML41FL and SA1-46 constructs......67

Figure 3.5 Purified recombinant protein on SDS-PAGE gl ........cccoiiiiiiiiiiicceeeee 68
Figure 3.6 Gel shift Ca®* DINAING BSSAY .......cvuvveveereeeceieseeeceesseseeeses e sesses et enesn e seenans 69
Figure 3.7 His-MBP-TEV fusion protein purification and digestion............ccccovviiirineninenencieienens 71
Figure 3.8 Cleavage of recombinant proteins and gel Shift 8SSay..........ccocooereiiiiiiniiniiceecee 72
Figure 4.1 Mechanisms of Ca®*-mediated regulation of gene expression in plants...............ccc.co........ 76
Figure 4.2 CML41-amiRNA sequences designed by WMD3 Designer and targeting site on CML41
IMRINA SEOUEBINCE ...ttt ettt ettt etttk ekttt e ebe e sbeesbeesabesmbe e beebe e st b e enbeenneebeeas 78
Figure 4.3 Experimental system of dark-induced senescence using aluminium foil ........................... 87
Figure 4.4 Tissue-specific expression of CML41 in Arabidopsis grown in short-day conditions........ 90
Figure 4.5 GUS activity of proCML41::GUS Arabidopsis in response to flg22 infiltration ................ 91



Figure 4.6 Tissue-specific expression of CML41 in Arabidopsis grown in long-day conditions or in
short-day conditions treated with dark on individual rosette leaf.............ccoovviiiininenenn. 92

Figure 4.7 PCR amplification to validate the putative Arabidopsis T, transformants and wild-type

000 bbbttt 94
Figure 4.8 CML41FL and S expression level in 35S::CML41FL, 35S::CMLA41S and 35S::CML41-

amiRNA Arabidopsis 1lines and Col-0..........cccooeiiiiiiiiiieeee e 95
Figure 4.9 Gene transcription profile in 35S::CML41FL, 35S::CMLA41S lines and Col-0.................... 97

Figure 4.10 Gene expression level in CML41-amiRNA#2 lines treated with either flg22 or H,0....... 98
Figure 4.11 Growth measurements of CML41FL and S-OEX, CML41-amiRNA lines and Col-0 on

T g 11 To 110 o PSSP TP PP PTPPPPR 102
Figure 4.12 Growth of CML41FL and S-OEX, CML41-amiRNA lines and Col-0 in soil.................. 104
Figure 4.13 Relative leaf chlorophyll content of CML41FL and S-OEX, CML41-amiRNA lines and
wild-type Col-0 after dark treatMent .............covviiiiiiiiiesreee e 106
Figure 4.14 Callose deposition in CML41FL and S-OEX, CML41-amiRNA lines and wild-type Col-0
............................................................................................................................................ 108
Figure 4.15 Overview of potential approaches to differentiate the alternative splicing transcripts of
CMLA1 by gRT-PCR @NAIYSIS ...cvecvviiiiieciiecie sttt sre e 110

Figure 5.1 Subcellular localisation of CML41FL and S in Arabidopsis mesophyll protoplasts......... 122
Figure 5.2 Subcellular localisation of CML41FL and SA1-46 in Arabidopsis mesophyll protoplasts

............................................................................................................................................ 124
Figure 5.3 Subcellular localisation of CML41FL and S in Arabidopsis roots...........ccccevveeveveciennens 126
Figure 5.4 Subcellular localisation of CML41FL and S in Arabidopsis rosette leaves...........c..c....... 130
Figure 5.5 Subcellular localisation of free GFP in Arabidopsis rosette leaves..........ccccccovveveieciennns 130
Figure 5.6 CML41FL and S and TCP14 interaction in Arabidopsis mesophyll protoplasts .............. 133
Figure 5.7 CMLA41FL and S and TCP14 interaction in Arabidopsis [eaf .............cccooviriniiiiiinnn 137
Figure 5.8 Typical GFP fused to PD-localised proteins in plants...........ccccoeoeviiiienenineneiccee 139
Figure 5.9 Transcriptional and translational regulation of multiple protein products from a single gene

............................................................................................................................................ 141
Figure 5.10 Protein sequences of CML41FL and S with EF-hand domain and predicted interaction

MOLIT TADEHIEA. ... e sne e 143
Figure 5.11 EF-hand domain organisations of EF-hand proteins ...........ccccocevvviiininenenescce 144
Figure 6.1 Schematic model 0f @ SIMPIE PD ........cccooiiiiiiiiie e 146
Figure 6.2 Models of callose plug deposition at PD following microbial pathogen invasion ............ 147



Figure 6.3 Diagram of CML41 (At3g50770) TMD prediction based on 18 individual programs output

by ARAMEMNON transmembrane alpha helix prediction ...........c.ccoovvvveiiiviiciiinennn, 153
Figure 6.4 PDCB1 and PDLPS5 localisation within PD imaged by transmission electron microscopy
............................................................................................................................................................ 155



List of Tables

Table 1.1 Summary of plasma/vacuolar membrane Ca?" transporters/channels in Arabidopsis........... 22
Table 2.1 Primers used to clone CML41 coding sequence from Arabidopsis CDNA............ccccceevnnne. 39
Table 2.2 A further shortlisted candidates screened from Figure 2.1 .........cccoovvviiniiencnenciceees 45
Table 3.1 Primers used to clone CML41FL and SA1-46 transcripts with signal-peptide sequence
ETUNCALEM ...t b b ettt b et b e n e e ene s 61
Table 3.2 Table 3.2 Primers used in the mutagenesis of pPDEST566 -CML41FL and -CMLA41S
EXPIESSION PIASIMIAS ......euveieeieeieiete et 62
Table 4.1 Primers used to clone CML41-amiRNA#1 and CML41-amiRNA#2 into the pRS300 vector
AS ATEIMPIALE ..ottt 77

Table 4.2 Primers used to clone CML41 promoter region from Arabidopsis genomic DNA by PCR .79

Table 4.3 Primers used to screen T, Arabidopsis transformants using PCR on genomic DNA as

LE=T 0101 (SRS 82
Table 4.4 Primers used to gRT-PCR analysis in this chapter ..........ccccccovviiiiiiic e 83
Table 5.1 Primers used to clone TCP14 coding sequence from Arabidopsis gDNA............cccccveeeee. 117



List of abbreviations

Abbreviation
3!

AGRF
Ala

Asn
ATTED-II
BLAST
bp

BSA
C-terminal
C-terminus
Ca(NO3),
CaCl,
cAMP
Cd2+
cDNA
cGMP

Cr

cm

CuSO,

Full term

Three prime, of nucleic acid sequence
Five prime, of nucleic acid sequence
Approximately

Number

Percent

Plus and minus

Times

Beta

Degree Celsius

Microgram(s)

Micromolar

Microliter(s)

Australian Genome Research Facility
Alanine

Asparagine

Arabidopsis thaliana trans-factor and cis-element prediction database

Basic Local Alignment Search Tool
Base pairs, of nucleic acid

Bovine serum albumin

Carboxyl terminal

Carboxyl terminus

Calcium nitrate

Calcium chloride

Adenosine 3’,5'-cyclic monophosphate
Cadmium ion

Complementary deoxyribonucleic acid
Guanosine 3',5'-cyclic monophosphate
Chloride ion

Centimetre(s)

Cupric sulfate

10



Cys Cysteine

d Day(s)

Da Dalton

DNA Deoxyribonucleic acid

EDTA Ethylenediaminetetraacetic acid
EGAT Ethylene glycol-bis(2-aminoethylether) -N,N,N’,N'-tetraacetic acid
FW Fresh weight

g Gram(s)

GFP Green fluorescent protein

Glu Glutamic acid

Gly Glycine

GSH L-Glutathione

GSSG L-Glutathione oxidized

H3BO; Boric acid

His Polyhistidine tag

hr Hour(s)

K* Potassium ion

kb Kilo base pairs, of nucleic acid
kcal Kilocalorie

KCI Potassium chloride

kDa Kilo dalton

KH,PO, Monopotassium phosphate
KNO; Potassium nitrate

KOH Potassium hydroxide

M Molar

MAMP Microbe-associated molecular patterns
MES 2- (N-Morpholino) ethanesulfonic acid, 4-morpholineethanesulfonic acid
mg Milligram(s)

Mg** Magnesium ion

MgSO, Magnesium sulfate

min Minute(s)

mL Millilitre(s)

mm Millimetre(s)

mM Millimolar



Mn2+
MnCl,

mol
mMRNA
N-terminal
N-terminus
Na*
Na,HPO,
Na,MoO;
NaCl

NaFe(l1)EDTA

NH;NO;
No.
NO;~

ng

nm

nM
RNA
PAGE
PBS
PEG 4000
PO,*
pVv.

SD

SE

sec

Ser

SDS
T-DNA
Tm
Tris-HCI
Triton X-100
viv

wi/v

Manganese ion

Manganese chloride

Mole

Messenger RNA

Amine terminal

Amine terminus

Sodium ion

Sodium phosphate dibasic
Sodium molybdate

Sodium chloride

Sodium iron EDTA
Ammonium nitrate

Number

Nitrate ion

Nanogram(s)

Nanometre(s)

Nanomolar

Ribonucleic acid
Polyacrylamide gel electrophoresis
Phosphate buffered saline
Polyethylene glycol 4000
Phosphate ion

Pathovars

Standard deviation

Standard error

Second(s)

Serine

Sodium dodecyl sulfate
Transfer deoxyribonucleic acid
Melting temperature, of primers
Tris(hydroxymethyl)aminomethane hydrochloride
Toctylphenoxypolyethoxyethanol
Volume per volume

Weight per volume

12



YFP
zZn?

ZnSO4

YFP fluorescent protein
Zinc ion

Zinc sulfate

13



Abstract

In dicotyledonous plants calcium is predominantly stored in the vacuoles of leaf mesophyll
cells, a process in which the Arabidopsis thaliana tonoplast-localised Ca**/H* antiporter 1 (AtCAX1)
was previously identified as having an essential role. Simultaneous loss-of-function of AtCAX1, and
its close homolog AtCAX3, or an overexpression of a constitutively active form (sCAX1) can cause a
number of physiological perturbations. The transcriptional profiles concurrent with these
perturbations were examined in a set of Arabidopsis cax mutants (caxl, cax3, caxl/cax3 and
cax1/sCAX1, and parental wildtype Col-0) as means to uncover novel Ca**-signalling elements. A
core set of misexpressed genes was examined, in a preliminary screen using putative loss-of-function
Arabidopsis mutants, but no calcium-related phenotypes were identified. Instead, the most highly
misexpressed gene in caxl and cax1/cax3 lines was selected for further functional characterisation.
Calmodulin-like 41 (CML41) was negatively correlated with CAX1 expression so it was hypothesised
that it might behave as a transcriptional regulator of CAX1 or as a Ca®" signalling element
downstream of CAX1 function.

During cloning it was discovered that CML41 was likely transcribed into two transcripts — a
full-length CML41 (CML41FL), which is annotated in the NCBI database, and a novel shorter-
splicing transcript named CML41 Short (CMLA41S). The proteins encoded by CML41FL and CML41S
were predicted to have 4 and 3 putative EF-hand calcium binding domains respectively, and both
were demonstrated to have calcium-binding capacity in vitro, indicating that CML41FL and CML41S
may act as Ca®* sensors in planta. Both proteins have the same targeting signal peptide and share a
similar subcellular localisation pattern being predominantly localised in the cytoplasm of young
developing leaves, and roots under standard growth conditions, but are translocated to plasmodesmata
(PD) in mature and old vegetative leaves. Furthermore, a TEOSINTE BRANCHED 1, cycloidea and
proliferating cell factor (TCP) transcription factor 14 (TCP14) was demonstrated to interact with both
CML41FL and CML41S, but the function of these interactions remains obscure.

Misexpression (35S CMV driven amiRNA knockdown or overexpression) of either
CML41FL or CML41S had no effect on CAX1 transcript abundance, so it is more likely that CML41
acts as a downstream Ca”* signal element rather than in controlling CAX1 expression. In silico
analysis of gene expression indicates that CML41 is highly up-regulated during biotic stress,
senescence, in response to changes in photoperiod and calcium treatments, so the phenotypes of
CML41 misexpressing plants were examined under these and related conditions.

Both CML41FL and CMLA41S expression was induced in leaves infiltrated with flg22 — an
elicitor of P. syringae inducing pathogen-associated molecular pattern (PAMP)-triggered immunity

(PTI) signalling in plants. Knocking-down CML41FL expression significantly reduced the callose
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deposition at PD in leaves in response to flg22, whereas in normal conditions a constitutive
overexpression of CML41FL failed to increased callose deposition. Together this implies that
CMLA41FL (and/or CML41S) may function as a Ca®* sensor downstream of the flg22-triggered
immune response to modulate callose accumulation, and its activation may require an elevation of
cytosolic Ca*". The overexpression of CML41S and silencing of CML41FL both accelerated
chlorophyll breakdown and senescence of individual leaves induced by dark, although their
expression was not altered during the conditions imposed here. High calcium supplementation (50
mM) inhibited primary root growth of wild-type and CML41 overexpression lines whereas it was not
affected in CML41-knocked-down amiRNA lines. At 12.5 mM calcium, as compared to 0.3 mM,
primary root growth of wild-type and CML41-knocked-down amiRNA plants was stimulated but this
was not observed in CML41FL- or CML41S-overexpression plants. In plants expressing CML41-GFP
translational fusions, both CML41FL and CML41S were translocated from the cytoplasm to the PD at
the root tip under high calcium conditions. These results suggest that a root-growth responses to high
external calcium might involve the translocation of CML41 from the cytoplasm to the PD.

Here, | demonstrate that a previously uncharacterised member of the CML family is likely to
have key roles in biotic stress responses, in regulation of dark-induced leaf senescence and regulation
of root sensitivity to environmental calcium levels. A number of experimental avenues are opened up
by this work, especially in respect to the relative contributions of CML41FL and CMLA41S to the

above phenotypes.
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Chapter 1: General introduction and literature review

1.1 Introduction

Calcium is unique amongst plant and animal essential macronutrients as it has key structural
and signalling roles in both kingdoms (Berridge et al., 2003; White and Broadley, 2003; Cosgrove,
2005; Weaver and Heaney, 2006; Hirschi, 2009). In plants, calcium’s status as the major signalling
intermediate is well established and has been much reviewed (see for examples of the more recent
reviews McAinsh and Pittman, 2009; Dodd et al., 2010; Reddy et al., 2011). The subtlety of how
calcium imparts its structural roles in plants and how these are regulated is less well understood.
However, it is clear that calcium is required for membrane stability and as an agent for cross-linking
demethylesterified pectins within the cell wall to ensure an adequate level of rigidity whilst
maintaining sufficient fluidity for growth (White and Broadley, 2003). Excess ionic calcium (Ca?*) in
plant tissue is rarely a physiological problem in plants as they are ordinarily able to store or
compartmentalise it in various tissues prior to it causing a problem with Ca*" signalling (in the form
of phosphate, oxalate or tartrate crystals, or as the divalent inorganic cation Ca®* in organelles or
bound to Ca* binding proteins) (Pittman and Hirschi, 2003; Hirschi, 2004 and 2009; Dodd et al.,
2010). However, calcium deficiency in plants can lead to cracks and splits in fruit (e.g. tomato, apple
and cherry) as a result of structural instabilities in calcium-deficient cell walls or cell membranes, and
for the same reason induces necrosis in young calcium-deficient tissues and leaves (Bullock, 1952;
Dickinson and McCollum, 1964; Shear, 1975; Simon, 1978; White and Broadley, 2003). This can
lead to high wastage in the horticultural and agricultural industries and reduced profits (Dayod et al.,
2010). Likewise, low daily calcium intake for humans, which is common, can ultimately result in
diseases such as osteoporosis, and in extreme cases rickets. These are conditions of low bone density
stemming from bone demineralisation or insufficient initial calcium deposition (Walker, 1972; Legius
et al., 1989; Bhatia, 2008) that can ultimately lead to high medical costs (Dayod et al., 2010). Milk or
dairy foods are a major source of calcium to diets but may be avoided in some populations due to
lactose intolerance or ethical reasons. Grains, fruits and vegetables are poor sources of bioavailable
calcium so when eaten as staple crops can lead to such deficiencies without calcium supplementation
in diets, but these crops have the potential to act as major calcium sources through calcium
biofortification straetgies (Willett, 1994; Weaver et al., 1999; Guéguen and Pointillart, 2000; Weaver
and Heaney, 2006; Hirschi, 2009). As a result, it has been speculated that biofortifying plants to have
an increased bioavailable calcium could be performed to reduce plant spoilage and to provide a
suitable alternative to dairy products for humans (Weaver et al., 1999; White and Broadley, 2005;
Hirschi, 2008 and 2009; White and Broadley, 2009).
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In terms of genetic manipulation, calcium biofortification strategies have concentrated
predominantly on altering the expression of a particular family of Ca?*-transporter genes and these
studies have had very interesting results (reviewed in Dayod et al., 2010). In most cases, these have
been successful. In most cases the calcium content of plant tissues increased but in some cases there
were side-effects with disruptions to plant physiology or growth (Hirschi 1999; Park et al., 2004; Kim
et al., 2005; Park et al., 2005a and 2005b; Park et al., 2009; Han et al., 2009; Kim, 2012; Wu et al.,
2012). These phenotypes have highlighted how important it is for plants to maintain tight control of
Ca’* homeostasis, as well as highlighting the difficulty in separating and studying aspects of calcium
nutrition from its structural, storage and signalling roles in plants without perturbing plant growth. On
the other hand, these studies provide an opportunity for further examination of the networks that
control calcium homeostasis and Ca?* signalling by examining how genetic manipulation of Ca*
transporter expression can cause these aberrant plant phenotypes. Such studies are likely to result in
not only a better understanding of the upstream regulators of Ca** transport or the downstream targets
of signals derived from these major Ca* transporters, but also may open up new avenues for calcium
biofortification strategies in plants that have minimal impacts on other physiological processes (Conn
and Gilliham, 2010; Dayod et al., 2010). The following chapter reviews aspects of Ca?* transport,
storage and signalling in plants, identifies knowledge gaps pertinent to calcium -storage, especially its
relationship to Ca®* signalling and identifies an experimental approach to study the signalling

associated with the major Ca?* transporter(s) that control calcium accumulation in plants.

1.2 Calcium transport and storage in plants

1.2.1 Caz* delivery in plants

Calcium in the soil is predominantly available to plants as a divalent cation (Ca®*). This enters
the root apoplasm along with the mass flow of water and follows apoplastic (extracellular) or
symplasmic (intracellular) pathways into the xylem (Figure 1.1) (Barber, 1995). Calcium ions are
drawn toward the xylem in the transpiration stream, and unrestricted delivery of Ca®* into the xylem
can occur in apical areas of the root (White, 1998 and 2001). However the casparian band,
surrounding the root endodermis, can limit the apoplastic passage of solutes across the endodermis
into the xylem. Therefore, translocation of Ca** to the xylem must use a symplasmic pathway when
an impermeable casparian band is present (Clarkson, 1993; White, 2001). In this case, apoplastic Ca**
is loaded into the cytoplasm of cells prior to the endodermis on the cortical side through Ca**-
permeable channels (White, 2001). Subsequently, Ca**-transporters (e.g. Ca®*-ATPases) actively

move Ca?* out across the plasma membrane of the endodermal cells facing the stele, or from cells that
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are symplastically connected with these in the stelar interior. White (2001) proposes that calcium
might also traverse the symplasm in calcium-chelates so to maintain low-level cytosolic [Ca?']
([Ca2+]cyt). The pathway for Ca** loading into xylem depends on the absence or presence of the
casparian band (Figure 1.1A) (Clarkson, 1993; White, 2001). The apoplastic or symplasmic pathways
have distinct characteristics. The Ca?* apoplastic pathway is dependent on the transpiration rate and is
relatively non-selective for divalent cations (White, 2001). In contrast, the symplasmic pathway is
more selective and controls Ca’* transport into the xylem depending on the demand of calcium in the
shoot (Clarkson, 1993; White, 1998 and 2001; White and Broadley, 2003). In plants, these two
pathways together are usually sufficient to meet the calcium requirement of shoots whilst not
perturbing the low resting [Ca2+]Cyt of root cells (White, 2001; White and Broadley, 2003). The
proportion of apoplastic and symplasmic pathways contributing to the calcium delivery into xylem is
unclear in most plants but appears to be dependent on species (Cholewa and Peterson, 2004; Hayter
and Peterson, 2004; Baxter et al., 2009; Conn and Gilliham, 2010).

In Arabidopsis thaliana, long-distance Ca** delivery in xylem is believed to primarily follow
apoplastic pathways (Conn and Gilliham, 2010). Enhanced suberisation of root observed in the
Arabidopsis knockout line esbl displayed reduced daytime transpiration and approximately a 50%
reduction in shoot calcium, resulting from the increased suberin barrier restricting water and solute
movement through root apoplasm (Baxter et al., 2009). Once the Ca?* enters into xylem, it follows the
xylem-transpiration stream into shoot and Ca?* is distributed in the leaf apoplastically driven by
transpiration, whereby Ca®* delivery is linked to water flow (Figure 1.1B) (reviewed in Gilliham et al.,
2011b, see Appendix 1).
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Figure 1.1 Diagrammatic summary of Ca?* storage and water flow in roots (A) and leaves (B).
Distinct calcium distribution in the leaves between eudicots and grasses (monocots) as indicated in B:
Ca®* is transport via xylem to shoot and is distributed following apoplastic sumps located at the
intercellular space of the inside bundle sheath parenchyma cells in monocots or at site around bundle
sheath cells in eudicots; this apoplastic Ca®* diffusion in the apoplast is correlated with symplasmic
water flow that can be regulated by aquaporins, proposed by Gilliham et al (2011b). Images adapted
from Gilliham et al (2011b).

1.2.2 Cell-specific calcium storage in plants

Solutes in plants can be retrieved and recycled through the plant by the phloem (Patrick,
1997). But, due to the immobility of Ca*" in the phloem, it is not generally redistributed once reaching
the leaf, so that the majority of calcium in plant is essentially stored in leaf tissue (Figure 1.2) (White
and Broadley, 2003; Storey and Leigh, 2004; Conn and Gilliham, 2010). Such a Ca®* load cannot
simply be stored in the leaf apoplasm (although cation exchange sites on pectic residues within the
cell wall do bind with Ca*" but these are often saturated). Apoplastic Ca®* ([Ca’*]ay,) above ~0.75 mM
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induces stomatal closure and perturbs plant transpiration, excessive [Ca2+]apo is also correlated with
increased cell-wall thickness, thus the majority of leaf calcium is accumulated within the leaf cells
(Jarvis, et al., 1984; Smith, 1991; de Silva et al., 1996; Hirschi, 2004; Cosgrove, 2005).

Leaf cellular calcium storage displays a cell-specific pattern dependent on plant species. In
general, it has been observed that calcium is specifically accumulated in cereal epidermal cells or
eudicot mesophyll cells (e.g. when fed 2 mM Ca”" in the growth media the calcium content of the
epidermis/mesophyll in: 1) barley, an example of the poales, is 27.5+ 0.5 mM /4.0 £ 0.8 mM, or 2)
Avrabidopsis, as an example eudicot, itis 10.1 £ 8.2 mM / 68 + 14 mM) (Figure 1.1 and 1.2) (Conn
and Gilliham, 2010). The majority of calcium within leaves and within different cell-types is stored in
the vacuole, as the [Ca**].y is generally maintained around ~100 nM when at “resting” levels (as
discussed in Section 1.4), with other intracellular organelles, such as the endoplasmic reticulum (ER)
also contributing to calcium storage and acting as a buffer for [Caz*]Cyt (Marschner, 1995; Sanders et
al., 2002; Akesson et al., 2005; McAinsh and Pittman, 2009).

91100 %
L]
81-50% - /
Calcium 71-80% 1"r
Relative 61-70% {  — ——
{ » -: J
s

Epidermis mommmmms
distribution 51-60% Mesophyll
e jil Y WEN vesopny
—50% ﬁ ?3‘1-‘1-1“ ﬁ
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21-30% sheath *r( A sheath
11-20% g?!'
e Cereals Most dicots

Figure 1.2 A summary of calcium distribution in cereals and most dicots. Calcium relative
accumulation in shoots and roots of monocots (cereals on the left) and dicot (on the right). Relative
calcium distribution is also represented in leaf cross-section with different cell types. Adapted from
Conn and Gilliham (2010).

A mechanism that underpins distinct cell-specific calcium accumulation storage differences
between the poales and other plants was proposed by Karley et al (2000), who stated that these
distributions are a result of differences in the architecture of the venation of leaves. In the poales, vein
extensions emerge and extend from the main veins to connect the xylem Ca®* sump directly to the
epidermis, so delivering Ca*" first to the epidermis. Whereas in other plants the mesophyll is in closer
vicinity to the xylem Ca”" sump than the epidermis so it is likely to come into contact with apoplastic
flows of Ca* prior to the epidermis, as shown in Figure 1.1. However, this cannot explain why

calcium is not accumulated within bundle sheath cells as discussed by Conn and Gilliham (2010). As
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such, differential calcium compartmentation is also believed to be correlated with the expression of

certain Ca®* transporters in particular cell types (Conn and Gilliham 2010).

1.3 Caz+ transporters in plants

In the past two decades, a number of Ca?* permeable-channels or transporters have been
discovered and characterised that are present either on the plasma membrane or the vacuolar
membrane in Arabidopsis as summarised in Table 1.1, including P-type Ca®*-ATPases (ACA),
Annexins (ANN), Ca?*/H" exchangers (CAX), Cyclic nucleotide-gated channels (CNGC), Glutamate
Receptor-like channels (GLR), Mechanosensitive cation-permeable channel (MCA) and Two-pore
channel (TPC) families. Although, many of these channels are not specific for Ca®*, rather they are
Ca®* permeable, and in some cases there is not yet definitive proof that they act as Ca”*-channels in
planta, misexpression of many of them induces Ca**-related phenotypes. A more complete list of Ca**
channels/transporters in plants and their proposed roles can be found listed in Table 1.1. The role of
those involved with cell-specific calcium storage in leaves will be discussed in more detail in the

remainder of this review.
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Table 1.1 Summary of plasma/vacuolar membrane Ca** transporters/channels in Arabidopsis

Gene families Gene Membrgne* Physiological roles References
locus localisation
Ca’*- ATPase
(ACA)
ACA1 Atl1g27770 P n/d Huang et al., 1993
ACA2 At4g37640 ER n/d Harper et al., 1998; Hong et al., 1999;
ACA4 At2g41560 ™ Wounding response; induction of SA-mediated PCD Geisler et al., 2000; Gfeller et al., 2011; Boursiac et al., 2010
ACA7 At1g08080 PM Pollen development Bock et al., 2006; Lucca and Ledn, 2012
Regulation of MAMP response; inflorescence height and root length; ABA Bonza et al., 2000; Maathuis et al., 2003; Cerana et al.,
ACA8 At5g57110 PM increases expression 2006; George et al., 2008; Frey et al., 2012
ACA9 At3g21180 PM Pollen development and fertilization; ABA increases expression Schigtt et al., 2004; Bock et al., 2006; Cerana et al., 2006
ACA10 At4g29900 PM Inflorescence architecture and veggggc\)ﬁsgevelopment; regulation of MAMP Bock et al., 2006: George et al., 2008; Frey et al., 2012
ACA11 At3g57330 ™ Induction of SA-mediated PCD Lee et al., 2007; Boursiac et al.,2010
ACA12 At3¢63380 n/d n/d
ACA13 At3g22910 n/d n/d
Annexins (ANN)
Drought tolerance; increase in ROS accumulation; channel conductance sensitive to  Gorecka et al., 2007; Konopka-Postupolska et al., 2009;
ANN1 Atlg35720 PM external pH Clark et al., 2010, Laohavisit et al., 2012
CaZ'/H"
Exchangers
(CAX)
Interaction with CAX3; control of cell-specific calcium storage, ion homeostasis, ~ Hirschi etal., 1996; Hirschi, 1999; Catald et al., 2003;
CAX1 At2g38170 ™ element distribution and abundance in seeds, gas exchange, apoplastic Ca>* and pH Cheng et al., 2003 and 2005; Pittman et al., 2005; Zhao et
g _ 1S, g g€, apop PFL a1, 2009; Conn etal., 2011; Cho et al.,2012; Punshon et al.,
auxin and ABA response; regulation of cold-acclimation response 2012
2+ - 2+ 2+ 2+, e 2+ Hirschi et al., 2000; Schaaf et al., 2002; Pittman et al., 2004;
CAX2 At3g13320 ™ Transport Ca™, Zn™, Cd™ and Mn™", heavy metal detoxification (e.g. Cd™ and Korenkov et al., 2007; Edmond et al., 2009; Korenkov et al.,

Mn2+)

2009
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Continued

CAX3

CAX4

CAX5
CAX6

Cyclic
nucleotide-gated
channels
(CNGC)

CNGC1

CNGC2

CNGC3
CNGC4

CNGC5
CNGC6
CNGC7
CNGC8
CNGC9
CNGC10

CNGC11

At3g51860

At5¢01490

At1g55730
At1g55720

At5053130

At5g15410

At2g46430
At5g54250

At5g57940
At2g23980
At1g15990
At1g19780
At4g30560
At1g01340

At2g46440

™

™

™
n/d

PM

PM

PM

PM

PM
PM
PM
n/d
n/d
PM

PM

Interaction with CAX1; compensation of loss of CAX1; reduction of plasma
membrane H*-ATPase activity in cax3; involved in salt tolerance of seedlings,
regulation of calcium, K and Zn elemental distribution and abundance in seeds,

regulates auxin response and apoplastic pH

Transport to Ca?*and Cd?"; heavy metal tolerance (Cd*" and Mn?*) and regulation
of auxin response

Permeable to Ca?* and Mn?*
n/d

Ca®" and K* channel; K* transport activated by cAMP; involved in plant Ca?*
uptake in roots

Regulation of plant innate immunity through interaction with CaM to control
downstream NO production, endogenous SA level; activation of Ca* transport by
CcAMP, permeable to K*; regulation of early senescence and shoot calcium level

Na* and K* channel; involved in seed germination

Ca?" transport activated by cAMP and cGMP; regulation of endogenous SA level;
suppression of PCD in response to pathogen; permeable to K*

n/d
Activation of Ca®*-signalling influx by cAMP; in response to heat shock
Function at the initiation of pollen tip growth
Function at the initiation of pollen tip growth
n/d
Transport Ca?* and Mg?"; regulation K* and Na* uptake, salt tolerance
Positive regulation of resistance to pathogen; Ca* and K* channel; function
synergistically with CNGC12 in senescence; induction of pathogen resistance

response and cell death by chimeric CNGC11/12 in Ca?* dependent manner as well
as requirement of NDR1 and EDS1/PAD4-dependent pathways

Cheng et al., 2005; Zhao et al., 2008 and 2009; Conn et al.,
2011; Cho et al.,2012; Punshon et al., 2012; Hocking et al.,
unpublished.

Cheng et al., 2002; Korenkov et al., 2007; Korenkov et al.,
2009; Mei et al., 2009

Edmond et al., 2009

Kohler et al., 1999; Kohler and Neuhaus, 2000; Ali et al.,
2006; Ma et al.,2006; Kanter et al., 2010

Kohler et al., 1999; Kéhler and Neuhaus, 2000; Clough et al.,
2000; Kohler et al., 2001; Leng et al., 2002; Ali et al., 2007;
Genger et al., 2008; Ma et al., 2008 and 2010

Gobert et al., 2006
Balagué et al., 2003; Jurkowski et al., 2004

Christopher et al., 2007
Gao et al., 2012
Tunc-Ozdemir et al., 2013a
Tunc-Ozdemir et al., 2013a

Christopher et al., 2007, Guo et al., 2008 and 2010

Yoshioka et al., 2006; Urquhart et al., 2007; Baxter et al.,
2008; Chin et al., 2010; Urquhart et al., 2011
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CNGC12

CNGC13
CNGC14
CNGC15
CNGC16
CNGC17
CNGC18
CNGC19
CNGC20

Glutamate
Receptor-like
channel (GLR)

GLR1.1
GLR1.2

GLR1.3
GLR1.4

GLR2.1
GLR2.2
GLR2.3
GLR2.4
GLR2.5
GLR2.6
GLR2.7
GLR2.8

At2g46450

At4g01010
At2g24610
At2g28260
At3g48010
At4g30360
At5g14870
At3g17690
At3g17700

At3g04110
At5g48400

At5g48410
At3g07520

At5¢27100
At2¢24720
At2¢24710
At4g31710
At5¢11210
At5g11180
At229120
At229110

PM

n/d
n/d
n/d
n/d
n/d
PM
™
™

PM
PM

n/d

PM

n/d
n/d
n/d
n/d
n/d
n/d
n/d
n/d

Positive regulation of resistance to pathogen; Ca®* and K* channel; function
synergistically with CNGC11 in senescence; induction of pathogen resistance
response and cell death by chimeric CNGC11/12 in Ca®* dependent manner as well
as requirement of NDR1 and EDS1/PAD4-dependent pathways; complementation
of chimeric CNGC11/12 phenotype

n/d
n/d
n/d
Involved in pollen reproductive development in heat stress response
n/d
Regulation of calcium signalling in pollen tube growth
Expressed in root; up-regulated in shoot by salt
Expressed in shoot; up-regulated in shoot by salt

Transport Na*, K" and Ca**
Control of Ca?" signal oscillations in apical pollen tube and pollen morphogenesis
activated by D-serine

n/d
Function as a ligand-gated, nonselective, Ca?*-permeable cation channel in
membrane depolarization in leaves induced by Met; Met-induced current inhibited
by Arg, GIn, Lys, Val, lle, His, Cys, Ala and Ser.
n/d
n/d
n/d
n/d
n/d
n/d
n/d
n/d

Yoshioka et al., 2006; Urquhart et al., 2007; Baxter et al.,
2008; Chin et al., 2010; Urquhart et al., 2011

Tunc-Ozdemir et al., 2013b
Frietsch et al., 2007

Kugler et al., 2009; Yuen and Chrisopher, 2013
Kugler et al., 2009; Yuen and Chrisopher, 2013

Tapken and Hollmann et al., 2008

Michard et al., 2011

Tapken and Hollmann et al., 2008; Tapken et al., 2013
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GLR2.9

GLR3.1

GLR3.2

GLR3.3

GLR3.4

GLR3.5
GLR3.6
GLR3.7
Mechanosensitive
Cation-

permeable
Channel (MCA)

MCAl

MCA2

At2929100

At2g17260

At4g35290

At1gG42540

At1g05200

At2932390
At3g51480
At2g32400

At4g35920

At2g17780

n/d

n/d

n/d

n/d

PM &P

n/d
n/d
PM

PM

PM

n/d

Specifically expressed in guard cell; no impact on Ca®*-induced Ca®* oscillation; an
effect on long-term Ca?*-induced stomatal closure

Highly expressed in vascular tissue and rapid dividing tissues; regulate lateral root
development; regulation of plant ion sensitivity to Na* and K", related to Ca*
homeostasis, regulation of long-distance signalling in wound-stimulated distal

production of JA

Mediate Ca?* signalling oscillation; Ca®" transport activated by Glu, Asn, Ala,Cys,

Gly, Ser and glutathione (GSH & GSSG), but suppressed by increasing extracellular
pH; desensitization phenomenon but different from GLR3.4, regulation of long-
distance signalling in wound-stimulated distal production of JA

Ca®* signalling oscillation in response to touch, osmotic stress cold and ABA;
regulate lateral root development; Ca?* transport activated by many amino acids;
desensitization phenomenon but different from GLR3.3

n/d
Regulation of long-distance signalling in wound-stimulated distal production of JA
Regulation of growth rate of pollen tube

Mediate Ca" influx/signalling by mechanical stimuli, regulation of root
mechanotransduction; highly expressed in guard cells and root vascular tissue,
possible involvement in symplasmic Ca*" transport and/or Ca?* signal in
endodermal and vascular cells as well as stomatal dynamics; its expression
negatively correlated with total calcium accumulation in plant; mcal/mac2 sensitive
to Mg?" that is suppressed by additional Ca?* supplementation

Mediate Ca?" influx/signalling by mechanical stimuli; possible involvement in
symplasmic Ca®" transport and/or Ca?* signal in endodermal and vascular cells;
mcal/mac2 sensitive to Mg?" that is suppressed by additional Ca®* supplementation

Choetal., 2009

Kim et al., 2001; Turano et al., 2002; Mousavi et al., 2013;
Vincill et al., 2013

Qi et al., 2006; Stephens et al., 2008; Mousavi et al., 2013

Meyerhoff et al., 2005; Stephens et al., 2008; Teardo et al.,
2011; Vincill et al.,2012 and 2013

Mousavi et al., 2013
Michard et al., 2011

Nakagawa et al., 2007; Yamanaka et al., 2010; Conn et al.,
2012; Furuichi et al., 2012

Yamanaka et al., 2010
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Continued

Two-Pore
Channel (TPC)
Sense luminal Ca®* concentration and mediate Ca®* signalling of downstream Furuichi et al., 2001; Peiter et al., 2005; Islam et al., 2010;
TPC1 At4g03560 ™ activation of S-type anion channel in stomata; regulation of calcium accumulation in  Rienmiiller et al., 2010; Gfeller et al., 2011; Dadacz-Narloch et
epidermis; post-transcriptionally regulated by wounding al., 2011; Gilliham et al., 201 1a; Kusnierczyk et al., 2011

“Membrane localisation: P = plastids, ER = endoplasmic reticulum; PM = plasma membrane; TM = tonoplast membrane.
PCD = programmed cell death; JA = jasmonates; Met = methionine; Arg = arginine; GIn = glutamine; Lys = lysine; Val = valine; lle = isoleucine; His =
histidine; Cys = cysteine; Ala = alanine; Ser = serine; n/d = no data.
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1.3.1 The role of plasma membrane Ca2+ channels in calcium storage

Plasma membrane Ca**-permeable channels such as those encoded by MCA, ANN1, CNGC
and GLR members listed in Table 1.1 mediate Ca®* influx across the plasma membrane. They are also
proposed to regulate cytosolic Ca**-signalling during different biological processes, and some of these
transporters have been reported to be associated with calcium nutrient uptake and storage in plants
(Table 1.1, references therein). Those calcium uptake- or storage-related genes include GLR3.2,
which is predominantly expressed in the vascular tissue of roots and its overexpression induces a
calcium deficiency phenotype of plants without altering the total calcium content of shoots (Kim et al.,
2001). The overexpression of MCA1 has been found to enhance calcium accumulation in the roots but
simultaneously induces a calcium -sensitive phenotype that is associated with the induction of leaf
lesions and a growth reduction in high calcium conditions — this is similar with the phenotype of the
loss-of-function cax1/cax3 mutant lines (as discussed later) (Nakagawa et al., 2007; Conn et al., 2011
and 2012). The role of MCAL, proposed by Nakagawa et al (2007), is that it mediates root Ca*
uptake, however later analysis by Conn et al (2012) that compares the transcriptional abundance of
ion transporters with elemental accumulation in plants reveals that the total calcium content of
Arabidopsis is negatively correlated with MCA1 expression arguing against such a role (Conn et al.,
2012). The detection of MCAL transcripts in guard cells suggests a putative role of MCAL in
modulation of leaf transpiration and stomatal closure that also is associated with calcium storage in
plants (Conn et al., 2012; Gilliham et al., 2011b). CNGC1 is expressed in the roots and encodes a
plasma membrane Ca?* channel that mediates Ca?*-uptake into the roots. The disruption of CNGC1
decreases the total calcium amount in the shoots (by 6-22%) and is proposed to reduce root Ca?*-
uptake (Ali et al., 2006; Ma et al., 2006). CNGC2, another member of the CNGC family encodes a
plasma membrane Ca?* channel, whose transport is activated by cAMP and was also found to be
permeable to K (Leng et al., 2002; Ali et al., 2007). The cngc2 loss-of-function mutant line
accumulates less calcium in the leaves and displays a Ca** hypersensitive phenotype, suggesting that
CNGC2 probably mediates Ca®*-uptake into leaf cells from the apoplasm (Chan et al., 2008; Conn
and Gilliham, 2010; Ma et al., 2010). Apoplastic Ca”" enters into the cytoplasm by crossing the
plasma membrane passively down its electrochemical gradient, assisted by Ca**-permeable channels
on the plasma membrane; however, no obvious evidence suggests there is a direct correlation between
Ca®* channels such as CNGC1 and CNGC2 with the cell-specific accumulation pattern of calcium in
Arabidopsis leaves (White and Broadley, 2003; Conn and Gilliham, 2010). Moreover, there is no
evidence that links known plasma membrane Ca®* transporters/channels with cell-type specific

calcium storage in as described in model of Figure 1.2.
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1.3.2 The role of vacuolar membrane Ca2+ transporters in calcium storage

The majority of cellular Ca®* uptake from the apoplasm is actively carried against an
electrochemical gradient and stored in the vacuole by tonoplast-localised Ca®* transporters. Therefore,
vacuolar Ca**-transporters are likely to play a major role in the regulation of cell-type calcium
accumulation in plants (Pottosin and Schonknecht, 2007; McAinsh and Pittman, 2009; Conn and
Gilliham, 2010). Among these gene families listed in Table 1.1, CAXs, ACA4, ACA11 and TPC1 are
reported to encode proteins that are targeted to the vacuolar membrane (Geisler et al., 2000; Peiter et
al., 2005; Shigaki and Hirschi, 2006; Lee et al., 2007). CAX2 and CAX4-6 appear to be related to
cation homeostasis for metals such as Zn®*, Cd** and Mn*", or are related to hormone responses rather
than calcium accumulation in plants (Table 1.1, reference therein). The other two CAX members —
CAX1 and CAX3 (from Arabidopsis thaliana) mediate Ca?* uptake into vacuoles when expressed in
Saccharomyces cerevisiae (Hirschi, 1996; Carter et al., 2004; Manohar et al., 2011). The
simultaneous loss-of-function of Arabidopsis CAX1 and CAX3 results in a significant reduction in
mesophyll calcium by up to 35% in the caxl/cax3 double mutant line (Conn et al., 2011).
Additionally, CAX1 is preferential expressed in the mesophyll, while CAX3 is usually expressed in the
roots but shows a mesophyll-preferential expression pattern in leaves in caxl plants and is thought to
physiologically compensate for the absence of CAX1 (Conn et al., 2011; Conn et al., unpublished
results). Thereby, CAX1 contributes to the mesophyll-specific calcium compartmentation in leaves,
whereas CAX3 usually does not ordinarily function in mesophyll calcium storage unless it is
compensating for CAX1 in the loss-of-function cax1 line (Conn et al., unpublished results). ACA4
and ACAL11, similar to CAX1 are also expressed preferentially in the mesophyll and have been
demonstrated to encode Ca** transporters on the vacuolar membrane but they function in Ca**-
signalling that regulates a salicylic acid (SA)-dependent program cell death (PCD) (Boursiac et al.,
2010). The acad/acall double mutant line accelerates the plant defence response to Pseudomonas
syringae (P. syringae), induces leaf lesions and impairs plant growth, which can be restored by
additional anion supplements (e.g. CI", PO,* and NO5") (Geisler et al., 2000; Lee et al., 2007;
Boursiac et al., 2010; Conn et al., 2011). Compared to the wild type plant, calcium accumulation is
not impaired in any of the aca4 or acall single mutant lines, or the aca4/acall double mutant line,
suggesting that ACA4 and ACA11 are likely to play little or no role in calcium storage in plants
(Conn et al., 2011). Instead, the unique slow vacuolar (SV) Ca** channel gene, TPC1 exhibits an
epidermal and bundle sheath preferential expression pattern within leaves (Gilliham et al., 2011a).

The knock-out tpcl mutant line has a significantly increased calcium accumulation in the epidermis
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but not an altered mesophyll calcium compartmentation (Gilliham et al., 2011a). This phenotype is
speculated to be attributed to a Ca?* release from the epidermis by TPC1 on the tonoplast, the
majority of calcium is still stored in mesophyll and so an insignificant change in total leaf calcium
content was observed in the tpcl line, in this case the role of TPCL is proposed to be the release
calcium from the vacuoles and the reduction of calcium accumulation in the epidermis (Gilliham et al.,
2011a). Notably, TPC1 possesses two EF-hand Ca**-binding domains that directly sense the luminal
Ca’* concentration and regulates the SV channels gating (Dadacz-Narloch et al., 2011; Hedrich and
Marten, 2011; Schulze et al., 2011). Likewise, excessive calcium accumulated in the vacuoles of
epidermis can be sensed and moved out by TPC1 to constantly maintain a low epidermal calcium
level in Arabidopsis perhaps even in extreme circumstances such as in the cax1/cax3 line where
calcium accumulation is not altered in the epidermis and still tends to be preferentially in the
mesophyll whilst withstanding a reduction in the capacity of the mesophyll to store calciumCa
(Dadacz-Narloch et al., 2011; Gilliham et al., 2011a; Schulze et al., 2011; Conn et al., unpublished
results). The disruption of CAX1, CAX3 and TPC1 may disorder this cell-type specific calcium
accumulation in Arabidopsis. Comparison of all mesophyll-specific vacuolar Ca** transporters, CAX1
expression is unique in that it is the one positively correlated with relative leaf calcium concentration
across 15 Arabidopsis ecotypes (Conn et al., 2011). Together, it is believed that the mesophyll-
specific calcium compartmentation in leaves is achieved via vacuolar Ca®* uptake in mesophyll by
CAX1 and vacuolar Ca®* release in epidermis and bundle sheath conferred by TPC1; CAX1 is the
major Ca®" transporter controlling calcium accumulation in Arabidopsis (Conn et al., 2011; Gilliham
etal., 2011a; Conn et al., unpublished results).

In terms of the nature of cell-type calcium accumulation in plants, several mechanisms have
been proposed of how Ca?* is stored in particular cell-types and the consequences of disruption of this
have described (Conn and Gilliham, 2010; Conn et al., 2011). One of the possible reasons is that the
majority of calcium and the large proportion of phosphate (Pi) within plants is stored in the vacuoles
of leaves but CaPi is an insoluble compound, thereby this elements have to be stored in different cell
types within leaves in order to retain high amounts of soluble/nutrient calcium and Pi in plants. For
instance, in eudicots about ~90% of total calcium is accumulated in the mesophyll with less that 10%
in the epidermis, whereas for Pi about 0~10% is stored in the mesophyll whereas 51~60% is found
within the epidermis (Conn and Gilliham, 2010). Nevertheless, no studies have directly tested the
specific reason for why calcium is stored in the mesophyll of eudicots or the epidermis of monocots
rather than in the other cell-types (e.g. bundle sheath) (Conn and Gilliham, 2010).
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1.4 Cross talk between calcium accumulation and Ca2* signalling in plants

1.4.1 Correlation with CAX1 and calcium biofortification

As the critical transporter in calcium accumulation in plants, CAX1 is a low affinity and high
capacity Ca?* transport protein (K= 10-15 puM), that exchanges Ca®* with protons (Hirschi et al.,
1996). It contains an N-terminus autoinhibitory region within the first 36 amino acids (aa) of the open
reading frame (ORF); full-length CAX1 expressed in the calcium-hypersensitive yeast strain K667
fails to suppress the calcium-sensitive phenotype unlike a truncated short-CAX1 (sCAX1) with the N-
terminus autoinhibitory region removed (Shigaki et al., 2001; Pittman et al., 2002a and 2002b). The
yeast two-hybrid (Y2H) system was employed to decipher the key amino-acid residues (residue 56-62)
within CAX1 that interacts with the N-terminal autoinhibitory region and inhibits CAX1 activity
(Shigaki et al., 2001; Pittman et al., 2002b). In Arabidopsis, several proteins have been demonstrated
in vitro to bind the autoinhibitory region of CAX1 for the activation of its Ca®*/H* antiport capacity,
such as SOS2, CXIP1 and CXIP4 (Cheng and Hirschi, 2003; Cheng et al., 2004a and 2004b). Hirschi
and co-workers have introduced the sCAX1 into a number of plant species, and the constitutive
expression of sSCAX1 enhances calcium accumulation in tomato, potato, lettuce, carrot, tobacco and
rice (from ~15% up to ~300%) (Hirschi, 1999; Park et al., 2004; Kim et al., 2005; Park et al., 2005b;
Park et al., 2009; de Freitas et al., 2011; Kim, 2012). Amongst these, SCAX1 overexpression doubled
calcium accumulation in carrots and feeding trials increased the amount of calcium assimilated in rat
by 40% compared to rats fed control carrots (Morris et al., 2008). In spite of this, the constitutive
overexpression of de-regulated CAX1 can also cause calcium-deficiency-related phenotypes in
transgenic plants such as reduced biomass, necrotic necrosis of tobacco leaf tip and blossom end rot
(BER) of tomato fruit (Hirschi, 1999; de Freitas et al., 2011). Leaf tips and fruit are lowly-transpiring
organs, and as calcium distribution primarily follows apoplastic flow in these tissues, Ca** supply is
minimal (Gilliham et al., 2011b). As tonoplast Ca** uptake tends to affect Ca** flux across the plasma
membrane into the cytoplasm, overexpression of SCAX1 lowers [Ca*],, in transgenic tomato, and
presumably in transgenic tobacco, as it suffers similar calcium deficient phenotypes (Hirschi, 1999;
MacRobbie, 2006a and 2006b; Conn and Gilliham, 2010; Dayod et al., 2010; de Freitas et al., 2011,
Gilliham et al., 2011b). These calcium-deficiency phenotypes in SCAX1-overexpressing plants are
proposed to be the consequence of lower [Ca**].,, which then leads to insufficient calcium delivery
into low-transpiring organs (e.g. leaf tip and fruit) (Dayod et al., 2010; Gilliham et al., 2011b).
Therefore, the simple overexpression of SCAX1 is not likely to be an optimal strategy for calcium

biofortification in plants as it disturbs normal growth, although the supply of additional calcium to the
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growth medium seems to rescue the calcium-deficiency phenotype of transgenic tobacco (Hirschi,
1999; Dayod et al., 2010; Gilliham et al., 2011b).

As discussed above, calcium accumulation in plants displays a cell-specific pattern. This
pattern is still evident even if the two major vacuolar Ca*" transporter genes responsible for calcium
accumulation in vacuoles (CAX1 and CAX3) are both disrupted (Conn et al., unpublished results).
Dayod et al (2010) propose that the manipulation of Ca®* transporter gene expression and activity in a
cell-specific manner is likely to be a more advantageous approach to improve calcium biofortification
in plant vegetative tissue as it is likely to have minimal side-effects on other physiological processes.
Notably, the loss-of-function cax1 mutant plant is reported to accumulate 22% higher calcium in
seeds compared to wildtype plants, whereas SCAX1 overexpression plants accumulates less calcium in
seeds; the reason for this is not yet clear (Phushon et al., 2012). But this study potentially provides an

example for improvement of calcium biofortification in grains of cereals.

1.4.2 Perturbed calcium storage associated with impaired intracellular Ca2+-signalling
Ca®" serves as a versatile signalling molecule, which transmits its message through transient
Ca®*-oscillations in the cytoplasm facilitated by Ca?* transporters/channels (McAinsh and Pittman,
2009; Dodd et al., 2010). Not surprisingly, the misexpression of Ca®* transporters or channels related
to calcium storage can impair intracellular signalling, as those Ca®" transporters also function in Ca®*
signalling. For instance, GLR3.2 regulates lateral root development via generation of Ca®* signalling
in the phloem; the knock-out glr3.2 line produces greater lateral root primordia and impairs the
wound-stimulated Ca*" signalling into distal production of jasmonates (JA) from unwound leaves
(Mousavi et al., 2013; Vincill et al., 2013). MCAL has been found to mediate mechanical stimulated
Ca’*-uptake/signalling, loss-of-function mcal mutant plant abolishes the ability of primary roots to
penetrate the harder agar (1.6 %), suggesting that MCA1 may be play a role in sensing the hardness of
agar or soil (Nakagawa et al., 2007). CNGC1 is reported to mediate the Ca* signalling in production
of root nitric oxide (NO), and the cngcl mutant line produces less NO in roots during
gravistimulation (Ma et al., 2006). Similarly, CNGC2 mediates Ca* influx activated by cAMP across
the plasma membrane and cytosolic Ca**-signalling required for the generation of NO in a calmodulin
(CaM)-dependent manner to stimulate hypersensitive response (HR) to P. syringae in leaves (Clough
et al., 2000; Ali et al., 2007; Ma et al., 2010). The cngc2 mutant line also displays leaf early
senescence due to endogenous NO production being abolished (Ma et al., 2010). TPC1 as a SV Ca**
channel regulates stomatal closure via priming the S-type anion channel on the plasma membrane in

response to high external Ca** but not to abscisic acid (ABA) and methyl jasmonate (MeJA) (Peiter et
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al., 2005; Islam et al., 2010; Rienmiiller et al., 2010). TPC1 is regulated by wounding at a
posttranscriptional level in JA dependent manner, meanwhile the fou2 line with the point mutant
D454N displays overproduction of JA (Bonaventure et al., 2007; Ranf et al., 2008; Beyhl et al., 2009;
Gfeller et al., 2011). The loss-of-function cax1/cax3 mutant line has a significant reduction of calcium
compartmentation in the mesophyll as discussed in Section 1.3.2 but also has a number of
physiological processes that are altered (Cheng et al., 2005; Conn et al., 2011; Cho et al., 2012; Conn
et al., unpublished results). Physiological alterations in cax1/cax3 include modified cell wall thickness,
reduced stomatal aperture, transpiration and growth rates and increased shoot Pi accumulation. These
all involve impaired intracellular Ca®* signalling and are proposed to be correlated with the increased
[Ca**]ap0, Which is a direct consequence of the reduction of mesophyll calcium compartmentation in
the cax1/cax3 line (Cheng et al., 2005; Kudla et al., 2010; Conn et al., 2011; Liu et al., 2011; Conn et
al., unpublished results). As a consequence, the reduced capacity for mesophyll calcium accumulation
is correlated with impaired intracellular signalling that results in physiological alterations in the
caxl/cax3 line. Also, an increase in apoplastic pH and an insensitive response to external 3-
Indoleacetic acid (IAA) observed in caxl/cax3 line were also found in the cax1 and cax3 single
mutant lines. This is attributed to the disruption of CAX1 and/or CAX3, which reduces plasma
membrane H*-ATPase activity, increasing apoplastic pH, down-regulating plasma membrane auxin
transporter AUX1 and reducing auxin permeability into cells (Cho et al., 2012). This stomatal
insensitivity to IAA in caxl, cax3 and cax1/cax3 indicates that the loss of CAX1 and/or CAX3, rather
than an alteration in calcium storage is reason for this phenotype (Cho et al., 2012; Conn et al.,
unpublished results). Moreover, the biofortification for calcium via the overexpression of SCAX1 in
tomato fruit, which lowers both [Ca*"].; and [Ca®*.p0, presumably affects the cellular Ca®* signalling
network (de Freitas et al., 2011). More than 500 genes are misexpressed in tomato plants that
overexpress SCAX1. These include 11 Ca?*-binding proteins, 23 signalling-related proteins and 49
cell-wall proteins (22 up- and 27 down-regulated, including 5 Expansin proteins, 3 Xyloglucan
endotransglucosylase hydrolases (XTH), 3 pectin-related proteins, 3 Glycosyl hydrolases and 7
glucanases). Resulting phenotypes include increased membrane leakage and BER symptoms in
tomato fruit, and these are considered to be the impact of enhanced calcium storage on Ca**-signalling
related proteins. In particular, the role of perturbed [Ca2+]apo is thought to be significant as it results in
significant cell wall modification (de Freitas et al., 2011). Two pathogen-related proteins of tomatoes
— PR P2 precursor and PR leaf protein 4-like gene that are homologs of PR4 and PR1 from
Arabidopsis thaliana (based on protein BLAST in National Centre for Biotechnology Information
(NCBI) database) are up-regulated by ~8- and ~23-fold respectively by SCAX1 overexpression.
Similarly four PR genes are induced in cax1/cax3 plants including PR1 by 17-fold and PR5 by 11-
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fold (Conn et al., 2011; de Freitas et al., 2011). This PR gene up-regulation in calcium-biofortified
SCAX1 tomatoes and calcium-defected cax1/cax3 lines suggests that calcium perturbation in plants by
gain of SCAX1 or loss of CAX1 and CAX3 is likely linked to defects in proper pathogen response of
plants. This could be reasonably hypothesised to be from certain perturbed pathogen-responsive Ca**-
signalling elements and the result of a altered cell wall sturcture by high [Ca2+]apo. All this evidence
suggests that the perturbed calcium homeostasis via misexpression of Ca** transporters/channels is
likely to be associated with the impaired cellular Ca®* signalling. This impaired cellular Ca**
signalling is linked to the disruption of Ca**-signalling regulators at either the transcriptional or
translational level, which could further induce cellular and physiological alterations in plants.

1.4.3 Biofortification for calcium with a minimal impact on intracellular Ca?* signalling

In Arabidopsis, the role of the Ca?* transporter CAX1 in calcium compartmentation is
relatively well understood (Hirschi, 1999; Cheng et al., 2003; Conn et al., 2011; Conn et al.,
unpublished results). Due to its cell-preferential expression pattern in the leaf mesophyll, a strategy
for increasing calcium content of leaves without perturbing leaf function was proposed by Dayod et al
(2010). This involved the manipulation of Ca®* transporter gene expression and Ca*transporter
activity in the cell types in which these transporters are ordinarily expressed. This relies on the
capacity of the mesophyll cells to deal with the extra calcium load whilst not accumulating additional
calcium in cells that ordinarily have low calcium content (and may not be capable of dealing with
such a high calcium load). Interestingly, another approach has been shown to be successful,
performed by Wu et al (2012), where they co-expresses Arabidopsis SCAX1 with a ER-localised Ca**-
binding Calreticulin CRT1, from maize, in tobacco and tomato. This results in an increase in calcium
accumulation in tobacco and tomato fruit together with an alleviation of the calcium deficiency
phenotype in tobacco and of BER symptom in tomato fruit (Wu et al., 2012). This maize CRT1 has
been reported to be a Ca®*-binding protein and function as a stress-inducible regulator to positively
facilitate plant adaptation to various abiotic and biotic stresses. Overexpression of CRT1 is suggested
to alleviate the adverse physiological alterations in plants overexpressing SCAX1 due to sustained

increases in [Ca”'],, during Ca** signalling (Jia et al., 2009; Wu et al., 2012).

1.5 Thesis outline/hypotheses generation
The intention of the above review was to outline knowledge gaps that span the nexus between
calcium transport, storage and signalling in plants. The reasons for this was to identify lines of

experimentation that would assist in better understanding the underlying mechanisms that result in the
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detrimental phenotypes associated with perturbed calcium storage. Knowledge of these would be
valuable for attempting to avoid deficiency or toxicity symptoms when manipulating calcium levels
in plants. Such studies should also lead to the elucidation of novel and physiologically relevant Ca*'-
signalling elements in a variety of pathways, so adding to the knowledge base for Ca®* signalling in

plants.

To summarise, the identified key facts and associated knowledge gaps are:

A) Specific Ca®* transporters have specific roles in plant physiology, although gaining full
comprehension of the roles of each transporter is difficult due to the interrelatedness, and
multiseriate roles, of Ca**-signalling in plants.

B) In plants with loss-of-function of CAX1 and CAX3 there are many physiological perturbations
caused by a limited ability to store calcium in the mesophyll and excess calcium in the
apoplast transcriptional basis of these physiological perturbations has only been partially
examined previously, and has concentrated on Ca®*-transporters and cell wall related genes,
but not on Ca**-signalling elements nor on biotic stress adaptation.

C) CAX1 has been identified as the major Ca?* transporter modulating calcium storage in plants.
Discovering the transcription regulator of CAX1 and/or the Ca* signalling elements
downstream of CAX1 will lead to a better understanding of the factors that control and rely
upon cell-type calcium accumulation.

D) The manipulation of CAX1 expression in plants, such as the overexpression of SCAX1 in
tomatoes or its loss-of-function together with CAX3 in Arabidopsis, likely initiates pathogen
responses in plants as evidenced by a stimulation of pathogen-related proteins. The signalling

components correlated with this defect may be altered in these plants as well.

These knowledge gaps have led to the generation of these specific hypotheses:

i.  The transcriptional regulators of CAX1 and/or the signalling elements regulated by CAX1 are
misexpressed in plants that have CAX1-misexpressed.
ii.  Functional characterisation of genes misexpressed in cax1 and/or caxl/cax3 mutant lines will
lead to the discovery of novel Ca®*- signalling elements, or processes mediated by CAX1.
iii.  Such studies will lead to a better understanding of the need for cell-specific calcium storage

in plants.

Accordingly, to test these hypotheses, the aims of the following study were to:
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1) To screen for and select an uncharacterised CAX1-related Ca?*-signalling component,
2) To localise the corresponding gene and protein,
3) To misexpress the corresponding gene in planta,

4) To investigate its physiological role in planta.
To achieve these goals, this thesis is outlined as followed:

Chapter 1 is a preliminary literature review to identify knowledge gaps related to the
connections between Ca**-transport, storage and signalling in plants.

Chapter 2 describes a screen conducted to identify a novel CAX1-related signalling
component using loss-of-function cax mutant lines; the cloning of CML41 and its initial in silico
characterisation.

Chapter 3 investigates the Ca**-binding capacity of CML41 using an electrophoresis
mobility assay.

Chapter 4 investigates the role of CML41 using misexpression

Chapter 5 identifies the subcellular localisation of CML41 and its interaction with a
transcription factor in planta via bimolecular fluroescence assays.

Chapter 6 summarises the major characteristics of CML41 and discusses remaining

guestions and future experimental directions.

Attached appendices are publications that | have contributed towards whilst performing the work

associated with this thesis:

1) The above review concerning aspects of Ca** transport has been published, in parts, as in
Gilliham et al., 2011b, see Appendix 1.

2) An optimization of hydroponic growth method to develop a rapid screen for selection of
transformants has been published, in Conn et al., 2013, see Appendix 2.

3) A part of my work continuing my Master project in characterisation of a Na* transporter gene

from ancestral wheat — Triticum monococcum using heterologous expression systems

including Saccharomyces cerevisiae, Xenopus laevis oocytes and Arabidopsis mesophyll

protoplasts, has been published as a joint first author in Munns et al., 2012, see Appendix 3.
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Chapter 2: Candidate gene screening, cloning and in silico analysis of

novel regulatory genes associated with CAX1

2.1 Introduction

In plants, calcium is predominantly accumulated in the vacuoles of mesophyll cells (in
eudicots) or those of epidermal cells (in cereal monocots). Long distance and intercellular Ca**
transport is linked to apoplastic water flow (reviewed in Section 1.2.2, references therein). CAX1 has
been identified as the major Ca®* transporter for the regulation of mesophyll cell-specific calcium
storage in Arabidopsis (Hirschi, 1999; Conn et al., 2011). The overexpression of SCAX1 increases the
amount of bioavailable calcium in a number of species (reviewed in Section 1.4.1, references therein).
However, SCAX1 overexpression also induces ion hypersensitivity to Mg®*, K* and Na* and causes a
calcium deficiency phenotype in tobacco, while reducing its root biomass. In tomato, SCAX1
overexpression can give rise to blossom end rot of tomato fruit and alters tomato root architecture, if
insufficient Ca®* is supplied to the plant (reviewed in Section 1.4.2, references therein). All of these
are likely to be linked to the alterations in apoplastic Ca®* and pH, and the perturbed responses to
hormones caused by the overexpression of CAX1 (Cheng et al., 2003; Conn et al., 2011; Cho et al.,
2012).

At the same time, these studies nicely highlight clear complexities in the roles of particular
Ca®" transporters and associated signalling elements, and the utility of plants misexpressing Ca**
transporters in order to perturb calcium concentration in various compartments to probe both their
physiological roles and the signalling networks that depend on these transporters (Conn et al., 2011).
Several CAX1 transport activators having already been discovered and characterised, including
CXIP1, CXIP4 and SOS2 (Cheng and Hirschi, 2003; Cheng et al., 2004a and 2004b) but it is not
known whether this is an exhaustive list of regulatory factors involved in controlling CAX1
expression and activity. Furthermore, the genomic consequences behind the altered phenotypes of
plants misexpressing CAX1 are less well understood, in particular this includes the targets
downstream of CAX1 mediated Ca”" signalling. Understanding the basis and need for the mesophyll
cell-specific calcium storage mechanism in dicots, and the downstream signalling targets of CAX1 in
Arabidopsis may provide knowledge required to improve biofortification strategies for calcium in
plants, and minimise disturbance of other physiological processes (reviewed in Section 1.4.3,
references therein), whilst increasing our knowledge of Ca** signalling networks in plants.

The caxl/cax3 double mutant line exhibits a significant reduction in calcium accumulation in
the mesophyll, meanwhile the expression of a range of other CAXs and ACAs are up-regulated

seemingly in order to compensate the absence of CAX1 and CAX3 (Conn et al., 2011; Conn et al.,
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unpublished results). Similarly, it appears likely that CAX1 regulators or CAX1 downstream targets
may also be significantly misexpressed in Arabidopsis with the loss of CAX1 and/or CAX3 expression,
these include genes that encode Ca?* signalling proteins directly downstream of perturbations in Ca®*
homeostasis caused by loss of CAX1 and/or CAX3. Therefore, these plants provide a perfect resource
for probing Ca®* signalling processes. The aim of this chapter is to screen for the candidate genes that
are involved in the regulation of, or regulated by, CAX1 in Arabidopsis by identifying genes that are
correlated with CAX1 expression in a variety of conditions. This will be investigated using global
transcriptional profiling of a range of T-DNA insertional mutants for cax1, cax3, caxl/cax3,
cax1/sCAX1 and of Col-0 using in silico analysis.

2.2 Material and Methods

2.2.1 Analysis of cax1, cax3, cax1/cax3 and cax1/sCAX1 microarray

Microarrays were performed on Arabidopsis thaliana ecotype Columbia-0 wild type (Col-0),
(Col-0 background) caxl, cax3, caxl/cax3, and cax1l/sCAX1 T-DNA insertion mutant lines by Kendal
Hirschi’s group (Conn et al., 2011; Hirschi et al., unpublished data). Briefly, the plant materials of
Col-0 and these cax mutant lines were grown in half-strength Murashige and Skoog medium (%2 MS
medium) for 10 d in long-day conditions (16 hr light/8 hr dark, 22 °C) and transferred into the soil for
another 3 weeks; the whole plant was harvested for RNA extraction, as described in Conn et al (2011).
The global transcriptional profile was measured on total RNA performed at Baylor College of
Medicine Microarray Core Facility using the GeneChip Arabidopsis ATH1 genome array (Affymetrix)
and normalised based on Robust Multichip Average method by Dr. Ute Baumann, ACPFG, as
described in Irizarry et al (2003) and Conn et al (2011). | took the normalised expression data and
searched for genes that were differentially expressed between each genotype, concentrating on genes
encoding transcription factors, calcium signalling related proteins or protein kinases. These genes
when identified were analysed using Genesis 1.7.6 following Sturn et al (2002). Genes that were
commonly misexpressed in multiple genotypes where shortlisted and their relative expression
between treatments was also used to calculate the correlation with CAX1 expression, as plotted by
Graphpad Prism v6. Additionally, ATTED-II version 6.1 database was used to search the co-
expression network of those shortlisted candidates (http://atted.jp/top_search.shtml) (Obayashi et al.,
2009 and 2010).
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2.2.2 Plant material and growth condition

The plant materials used in all experiments of this dissertation were Col-0 or Col-0
background plants. Plants were grown in a hydroponic system as described in Conn et al (2013) (see
Appendix 2). Briefly, each individual Arabidopsis seed was sown in a small hole made in the lid of a
1.5 mL black tube and supported on a 0.7% agar plug that contained germination solution (0.75 mM
CaCl,, 1 mM KCI, 0.25 mM Ca(NOs),, 1 mM MgS0O,, 0.2 mM KH,PO,, 50 uM NaFe(II)EDTA, 50
UM H3BO3, 5 UM MnCl,, 10 UM ZnSOy, 0.5 uM CuSQy,, 0.1 uM Na,MoOs, pH = 5.6 by KOH). Al
seeds were stratified at 4°C in the dark for 2 d and germinated in short day conditions (9 hr light/15 hr
dark, 22 °C) for 1 week, after which they were transferred to Basal Nutrient Solution (BNS, 2 mM
NH;NO3, 3 mM KNOs3, 0.1 mM CaCl,, 2 mM KCI, 2 mM Ca(NO3),, 2 mM MgSO,, 0.6 mM KH,PQ,,
1.5 mM NaCl, 50 uM NaFe(lI1)EDTA, 50 uM H3BO3, 5 uM MnCl,, 10 UM ZnS0Oy, 0.5 uM CuSO,,
0.1 UM Na,MoO;, pH = 5.6 by KOH). Arabidopsis were then grown in BNS, which was replaced

weekly unless otherwise specified.

2.2.3 RNA extraction and Calmodulin-like protein 41 (CML41) cloning

The shoot tissue of 6 week-old Arabidopsis plants were harvested and frozen in liquid
nitrogen, from which total RNA was extracted using TRIzol (Invitrogen), this was then DNase-treated
using the Turbo DNA-free kit (Ambion). Reverse transcription was performed to synthesize cDNA
from RNA using SuperScript® 111 Reverse Transcriptase (Invitrogen). Using cDNA as template, the
coding sequence (CDS) of CML41 (618 bp) was amplified by Polymerase Chain Reaction (PCR)
reaction using Phusion™ Hot Start High-Fidelity DNA polymerase (FINNZYMES) with the primers
CML41 CDS_F and CML41_CDS R as listed in Table 2.1 and following the manufacturers’
instructions. Additionally, a PCR to amplify CML41 CDS without the stop codon (CML41-stop) was
performed by Bradleigh Hocking using the same conditions but with different primer sets (as listed in
Table 2.1). Both PCR amplification products were ligated into the Gateway® entry vector
pCR8/GW/TOPO (Invitrogen) by TOPO TA cloning after an A-tailing reaction following the
manufacturers’ instructions. Meanwhile, | identified a smaller PCR product about 500 bp in size,
which was always obtained and this, which was designated as CML41-Short (CML41S); whereas
CMLA41 (618 bp) was designated as CML41-Full-Length (CML41FL). Such CML41S PCR products
then were ligated into Gateway® entry vector pPENTR™/D-TOPO (Invitrogen) by Directional TOPO
cloning following the manufacturers’ instructions. All TOPO cloning reactions were transformed into
TOP10 Chemically Competent E. coli cells (Invitrogen) using heat-shock at 42 °C for 30 sec. The
sequence of CML41FL, CML41FL-stop, CML41S and CML41S-stop was confirmed in the entry
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vectors via sequencing with the primer M13_Forward (5’-GTAAAACGACGGCCAGT-3”)
(performed by AGRF) before further subcloning.

Table 2.1 Primers used to clone CMLA41 coding sequence from Arabidopsis cDNA. Primer

sequence underlined refers to directional cloning sequence used for directional TOPO cloning.

Product ) Tm* Product
Primers Sequence (5'-3") )
name (°C) size
CML41 _CDS_F ATGGCAACTCAAAAAGAGAAACCT 61
CML41FL 618 bp
CML41 CDS R CTAAACCGTCATCATTTGACGAAAC 62
CML41_CDS F_CACC CACCATGGCAACTCAAAAAGAGAAACCT 69
CMLA41S 505 bp
CML41_CDS R CTAAACCGTCATCATTTGACGAAAC 62
CML41FL- CML41_CDS_F ATGGCAACTCAAAAAGAGAAACCT 61
615 bp
stop CML41_CDS_R-stop AACCGTCATCATTTGACGAAACTC 62

CMLA41S- CML41_CDS F_CACC CACCATGGCAACTCAAAAAGAGAAACCT 69
502 bp
stop CML41_CDS_R-stop AACCGTCATCATTTGACGAAACTC 62

*Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)

2.2.4 In silico analysis of CML41 and its split variant

To analyse the difference between CML41FL and CMLA41S, their nucleotide sequence and
translated protein sequence were aligned using Geneious Pro v5.6 (Biomatters). The translated protein
sequence of CML41FL and CML41S was examined using InterProScan v4.8
(http://www.ebi.ac.uk/interpro/). TargetP (http://www.cbs.dtu.dk/services/TargetP/) was employed to

predict the protein localisation and, with the assistance from Dr. David Chiasson, to identify putative
cleavage sites for signal peptides. The gene locus of CML41 — At3g50770 was used in the

Genevestigator (www.genevestigator.com) database to analyse expression of CML41 in Arabidopsis

and to search for potential gene regulatory networks in which CML41 maybe involved (Grennan,
2006; Hruz et al., 2008).
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2.3 Results

2.3.1 Screening for candidate genes using microarray analysis of cax mutants

The microarrays performed by K. Hirschi’s group (Baylor College of Medicine, USA) on
caxl, cax3, caxl/cax3, cax1/sCAX1, and wild-type Col-0 as control, were used to generate a list of
candidate genes that are: likely to regulate CAX1 expression or CAX1 activity; involved in co-
ordinating Ca®* distribution in Arabidopsis; or, involved in signalling downstream of perturbations in
Ca®* caused by disruption of CAX1 and/or CAX3 expression.

Compared to the gene expression profile in the microarray of wild-type Col-0, the transcript
level of about 1000 genes was significantly increased or decreased by >1-fold (log2) in the mutant
lines caxl, cax3, caxl/cax3 or cax1/sCAX1 (P < 0.05) (Appendix 4). Amongst these, there were a
total of: 78 genes encoding transcription factors; 19 CaMs/CMLs and CaM-binding proteins; 66
protein kinases; 4 cation proton exchangers (including CAX1 and CAX3), and 6 calcium ATPases
(Figure 2.1A). In the single mutant lines, only 12 genes were significantly misexpressed in the caxl
line above a threshold of 1-fold (log2) (CAX1, CAX3, CML41, bHLH137, ADR1, CML35, ANACO016,
At1g63750, KIC, ACA10 and SFAR3, P < 0.05). Only 5 genes were misexpressed in the cax3 line
(CAX3, TET8, PUP18, At29g22880 and At1g19380, P < 0.05) and 5 genes in cax1/sCAX1 (CAX1,
CAX3, CML41, bHLH137 and 6VPE, P < 0.05) (Figure 2.1B).
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cax3

caxlicax3

cax1/sCAX1

At2g38170
At3g51860
At5g13330
At2g44040
At3g50260
At1g01250
At1g84380
At3gB1630
At1g77640
At5g50915
At2g18300
At3g47640
At5g67110
At1g51140
At3gB1950
At3g07340
At5g48560
At2g42280
At4g00050
At4g34590
At3g02310
At1913260
At2g36080
At3g55560
At5g25190
At1g72360
At1g67970
Atdg18880
At3gB1890
At2g48680
At1g62990
At5g40330
At5g67300
At4g37180
At2g38090
At1g74850
At1g63910
At2g47190
At3g27810
At4g34990
At4g38620
At5g26660
At5g12870
At1g18710
At1g18570
At4g01680
At1g09540
At4g22680
At1g01010
At1g02220
At1g34180
At1g52890
At2g17040
At3g04070
At5918270
At5913180
At1g89490
At2g48770
At1g32770
At4g28500

"CAX1, calcium exchanger"
"CAX3, cation exchanger"'

AP2 domain-containing transcription factor family protein

"AP2 domain-containing transcription factor TINY, putative"
"AP2 domain-containing transcription factor,
"AP2 domain-containing transcription factor,
"AP2 domain-containing transcription factor,
"AP2 domain-containing transcription factor,

"AP2 domain-containing transcription factor

putative"
putative"
putative"
putative"

. putative"

"bHLH137, basic helix-loop-helix (bHLH) family protein"

"bHLHOG4,
"bHLHO47,
"bHLHO73,
"bHLH122,
"bHLHOG7,

"bHLHOB2

basic helix-loop-helix (bHLH) family protein"
basic helix-loop-helix (bHLH) family protein"
basic helix-loop-helix (bHLH) family protein"
basic helix-loop-helix (bHLH) family protein"
basic helix-loop-helix (bHLH) family protein"

, basic helix-loop-helix (bHLH) family protein"
"bHLHO78,
"bHLH130,
"bHLHOOG,

basic helix-loop-helix (bHLH) family protein"
basic helix-loop-helix (bHLH) family protein"
basic helix-loop-helix (bHLH) family protein"

"bZIP11, bZIP transcription factor family protein"
developmental protein SEPALLATAZ2/floral homeotic protein (AGL4) (SEP2)

DNA-binding protein RAV1 (RAV1)

"DNA-binding protein, putative, RAV Transcription Factor Family"

"AGF2, DNA-binding protein-related"

"AtERF3, ethylene-responsive element-binding protein, putative"
"AtERF73, ethylene-responsive element-binding protein, putative"

"heat shock factor protein, putative (HSF5) / (HSTFS)'

heat shock transcription factor 21 (HSF21)

homeobox-leucine zipper protein 12 (HB-12) / HD-ZIP transcription factor 12

homeobox-leucine zipper protein 7 (HB-7) / HD-ZIP transcription factor 7

homeodomain transcription factor (KNAT7)
"MYB111, myb family transcription factor"
"MYB44, myb family transcription factor"
myb family transcription factor

myb family transcription factor

"MYB31, myb family transcription factor (c¢Y13)"

"MYB103, myb family transcription factor"
"MYB2, myb family transcription factor"
"MYB21, myb family transcription factor"
"MYB32, myb family transcription factor"
"MYB4, myb family transcription factor"

"MYB86, myb family transcription factor”
"MYB48, myb family transcription factor"
"MYB47, myb family transcription factor"
"MYBS51, myb family transcription factor"
"MYBS55, myb family transcription factor"
"MYBG1, myb family transcription factor"
"MYB85, myb family transcription factor"

"ANACOO1,
"ANACOO03,

"ANACO16

"ANACO43

"ANACO73

no apical meristem (NAM) family protein"
no apical meristem (NAM) family protein"

. no apical meristem (NAM) family protein"
"ANAC019,
"ANACD22,
"ANACO47,
"ANACO87,
"ANACDS3,
"ANAC029,

no apical meristem (NAM) family protein"
no apical meristem (NAM) family protein"
no apical meristem (NAM) family protein"
no apical meristem (NAM) family protein"
no apical meristem (NAM) family protein"
no apical meristem (NAM) family protein"

. no apical meristem (NAM) family protein"
"ANAC012,

no apical meristem (NAM) family protein"

. no apical meristem (NAM) family protein"
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cax1/cax3

cax1/sCAX1

At1928470
At1927360
At2942200
At3g02150
At3g06160
At4g31800
At2930250
At5g07100
At2938470
At5g22570
At3g01970
At4g01720
At5g49520
At4g23810
At1962300
At2925000
At5913080
At5g48350
At2g44745
At5925830
At3g15050
At3g59890
At4g00820
At4g33050
At1g73805
At1973805
At5926920
At4g31000
At2926190
At3g51920
At2g41100
At2g41410
At1g76850
At3g01830
At3g50770
At1921550
At5g39670
At3g47430
At2948600
At5¢57630
At5910930
At1g01140
At5918470
At2930500
At1g87520
At5g60280
At1953070
At2913790
At1934420
At5g25930
At4g08850
At1g51790
At1g51860
At1g51800
At1951890
At1g79620
At4g18640
At3g03770
At4g22730
At1g74360

"ANACO10, no apical meristem (NAM) family protein"
"SPL11, squamosa promoter-binding protein-like 11"
"SPLO, squamosa promoter-binding protein-like 9"
"TCP17, TCP family transcription factor, putative"
AP2/B3-like transcriptional factor family protein
"WRKY18, WRKY family transcription factor"
"WRKY25, WRKY family transcription factor"
"WRKY28, WRKY family transcription factor"
"WRKY33, WRKY family transcription factor"
"WRKY38, WRKY family transcription factor"
"WRKY45, WRKY family transcription factor"
"WRKY47, WRKY family transcription factor"
"WRKY48, WRKY family transcription factor"
"WRKYS3, WRKY family transcription factor"
"WRKYSG, WRKY family transcription factor"
"WRKYB0, WRKY family transcription factor"
"WRKY75, WRKY family transcription factor"
"WRKY8, WRKY family transcription factor”
"WRKY12, WRKY family transcription factor"

zinc finger (GATA type) family protein

"1QD10, calmodulin-binding family protein"

"1QD13, calmodulin-binding family protein"

"1QD17, calmodulin-binding protein-related"

"IQM1, calmodulin-binding family protein"

"ICS1, calmodulin-binding protein"
calmodulin-binding protein

"CBPB0g, calmodulin-binding protein"
calmodulin-binding protein

calmodulin-binding family protein

"CMLO/CAMS, calmodulin-9"

"CML12/TCH3, touch-responsive protein/calmodulin-related protein 3"
"CML35, calmodulin, putative"

"CML38, calcium-binding EF hand family protein"
"CML40, calmodulin-related protein, putative"
"CML41, calmodulin-related protein, putative"
"CML44, calcium-binding protein, putative"
"CML45, calcium-binding EF hand family protein"
"CML47, calcium-binding EF hand family protein"
"calcium-binding protein, putative"

"CIPK21, CBL-interacting protein kinase 21, putative"
"CIPKS, CBL-interacting protein kinase 5"

"CIPK9, CBL-interacting protein kinase 8"
curculin-like (mannose-binding) lectin family protein
"NET4B, kinase interacting family protein"

lectin protein kinase family protein

"LecRK-1.8, lectin protein kinase family protein"
legume lectin family protein

"BAK7/SERK4, leucine-rich repeat family protein / protein kinase family protein"

leucine-rich repeat family protein / protein kinase family protein
leucine-rich repeat family protein / protein kinase family protein
leucine-rich repeat family protein / protein kinase family protein
"leucine-rich repeat protein kinase, putative"

"leucine-rich repeat protein kinase, putative"

"leucine-rich repeat protein kinase, putative"

"leucine-rich repeat protein kinase, putative"

"leucine-rich repeat transmembrane protein kinase, putative"
"leucine-rich repeat transmembrane protein kinase, putative"
"leucine-rich repeat transmembrane protein kinase, putative"
"leucine-rich repeat transmembrane protein kinase, putative"
"leucine-rich repeat transmembrane protein kinase, putative"
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At5g45800 "leucine-rich repeat transmembrane protein kinase, putative"
At2g31880 "leucine-rich repeat transmembrane protein kinase, putative"
At1g35710 "leucine-rich repeat transmembrane protein kinase, putative"
At2g19190 "senescence-responsive receptorlike serine/threonine kinase, putative (SIRK)'

At4g08470 "MAPKKK11/MEKK3, mitogen-activated protein kinase, putative"
At1g01560 "MPK11, mitogen-activated protein kinase, putative / MAPK, putative "
At5g43910 pfkB-type carbohydrate kinase family protein

At1914370 "APK2a, protein kinase "

At2g40120 protein kinase family protein

At1g09440 protein kinase family protein

At1924030 protein kinase family protein

At1g56720 protein kinase family protein

At5g39420 protein kinase family protein

At2918890 protein kinase family protein

At5g11410 protein kinase family protein

At5g58350 protein kinase family protein

At4923300 protein kinase family protein

At5g58940 protein kinase family protein

At1g970520 protein kinase family protein

At2g32800 protein kinase family protein

At4g923190 protein kinase family protein

At1g70530 protein kinase family protein

At4925390 protein kinase family protein

At2931010 protein kinase family protein

At4923240 protein kinase family protein

At4g04400 protein kinase family protein

At5g25440 protein kinase family protein

At4923220 protein kinase family protein

At4g11890 protein kinase family protein

At4923150 protein kinase family protein

At4g04500 protein kinase family protein

At2g45910 "PUB33, protein kinase family protein / U-box domain-containing protein"
At5gB85530 "protein kinase, putative"

At5902290 "protein kinase, putative"

At5g47070 "protein kinase, putative"

At2g39660 "protein kinase, putative"

At3g46280 protein kinase-related

At3922060 receptor protein kinase-related

At4923140 "CRKBG, receptor-like protein kinase 5 (RLKS)'

At4923310 "CRK23, receptor-like protein kinase, putative"

At3g45860 "CRK4, receptor-like protein kinase, putative"

At5g38210 serine/threonine protein kinase family protein

At1gG66880 serine/threonine protein kinase family protein

At5938240 "serine/threonine protein kinase, putative"

At1g21240 "WAK3, wall-associated kinase, putative"

At5g04220 "NTMC2T1.3, C2 domain-containing protein (sytC)'

At1964170 "CHX16, cation/hydrogen exchanger, putative"

At4923700 "CHX17, cation/hydrogen exchanger, putative "

At1927770 "ACA1, calcium-transporting ATPase 1, plasma membrane-type "
At3g57330 "ACA11, calcium-transporting ATPase, plasma membrane-type, putative "
At5g57110 "ACAB, calcium-transporting ATPase 8, plasma membrane-type"
At4929900 "ACA10, calcium-transporting ATPase, plasma membrane-type, putative"
At3g22910 "ACA13, calcium-transporting ATPase, plasma membrane-type, putative "
At3gB63380 "ACA12, calcium-transporting ATPase, plasma membrane-type, putative "
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At2g3B170 "CAXT, caleium exchanger'

At3g51860 "CAXE, cation exchanger"

At3g50770 "CMLH, Calmodulin-like protein

At1g3asE0 "ADR1, disease resistance protein (CC-MBS-LRR class), putative"
AtSgs0015 "bHLH137, basic helixloop-helix transeription factor™
At2g41410 "CML3S, Calmodulin-like protein”

At1g34180 "AMACO1E, no apical meristern (MAN) family protein”
At1gBarso Disease resistance protein

A2 gHEE00 "KIZ, calcium-binding protein, putative"

Atdg20000 "ACA10, P-type caleium ATPase"

A2 g42000 "SFARZ, GDSL-type seed fatty acid reducer”
At2g22880 WO motif-containing protein

AtZg23810 "TET&, TETRASFPANIN family protein”

At1g19380 expressed protein

At1g57000 "PUP18, purine permease-related"

Atag20210 "BWPE, vacuolar processing enzyme, putative "

Figure 2.1 Summary of misexpressed genes in cax mutants shortlisted from microarray analysis.
A, summary of misexpressed genes encoding transcription factors, calcium signalling related proteins
or protein kinases in between any of the listed genotypes (cax1, cax3, caxl/cax3 and cax1/sCAX1). B,
summary of misexpressed genes in caxl, cax3 or cax1/sCAX1. Green indicates down-regulated

transcription; red indicates up-regulated transcription.

Four genes misexpressed not only in the double mutant line but also in either of the single
mutant lines or the complemented line (cax1/sCAX1) were further shortlisted in Table 2.2. Another
five genes misexpressed in double mutants, encoding either transcription factors, CaMs/CMLs or
kinases, and highly expressed in leaves tissues as indicated in the Arabidopsis eFP Browser database
(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (Winter et al., 2007) were also shortlisted in Table 2.2.

Mutation of these putative regulators of CAX1 or CAX1-regulated targets (in Table 2.2) may result in
a similar phenotype to caxl or caxl/cax3 mutant lines in some aspects, and/or have a calcium-
responsive/sensitive growth phenotype. For instance, as described in Cheng et al (2003 and 2005) and
Conn et al (2011) cax1 displays better growth than wild-type Col-0 with 1.5 mM MnCl, and 25 mM
MgClI, supplementation, and cax1/cax3 better tolerates Ca**-starvation conditions than wild-type Col-
0. Therefore, a rapid screen was performed on T-DNA insertion lines of the corresponding genes
listed in Table 2.2 using a hydroponic growth test alongside either Col-0 or cax1 and cax1/cax3 lines

under various ionic treatments (Appendix 5). These lines were first identified as homozygous with the
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primers listed in Appendix 6 (ordered from T-DNA Express database, http://signal.salk.edu/cgi-

bin/tdnaexpress). However, none of these homozygous T-DNA insertion lines, including ANAC047 —
SALK 066615, bHLH064 — SALK_090958C, bHLH122 — SALK_049022C, CML44 —

SALK 107191C and LRR-RLK — SALK_061769C displayed any distinct phenotype from Col-0 or a
similar growth to either cax1 or caxl/cax3 under Mn?*, Mg?* or Ca®*-depletion treatments (Appendix
5). Nor did any T-DNA insertion line (of CML35 — SALK_041710C, ANAC016 — SALK_001597,
bHLH137 — SALK_141414) exhibit a clear Ca**-sensitive phenotype relative to wild-type Col-0
when grown in low (300 uM), normal (2 mM) or high (25 mM) Ca** conditions (Appendix 5).
Interestingly one of the candidates, calmodulin-like gene 41 (CML41, At3g50770), had no T-DNA
insertion line available in T-DNA Express database. As such, it was not possible to test whether the
T-DNA insertion in the candidate CML41 would result in an expected calcium-related phenotype.
This may mean that the insertion in this gene is lethal or it is a chance event as it is a relative small
gene (at 823 bp of MRNA). Therefore, other approaches were considered to further narrow down the
number of candidates in Table 2.2.

Table 2.2 A further shortlisted candidates screened from Figure 2.1. ‘-’ refers to insignificant
change of corresponding gene expression in the indicated mutant line. All SALK lines have been
identified as homozygous T-DNA insertion plant using primers listed in Appendix 6 following the

method as described at url: http://signal.salk.edu/tdnaprimers.2.html.

Gene Locus T-DNA lines Ff’;(r)r?iali; Mutant lines relative t(()).(():SC;I_O] log (2) ratio, (P <
caxl cax3 caxl/cax3 | caxl/sCAX1
ANACO016 | At1g34180 | SALK_001597 0.91 - 2.30
ANACO047 | At3g04070 | SALK_066615 o - - 2.41
bHLHO064 | At2g18300 | SALK_090958C Tra:l:ggﬁtm” - - 1.18
bHLH122 | At1g51140 | SALK_049022C - - -0.91 -
bHLH137 | At5g50915 | SALK_ 141414 2.01 - 1.09 1.67
CML35 | At2g41410 | SALK_041710C 0.88 - 1.06
CML41 | At3g50770 not available CaMs/CMLs 3.20 - 3.85 2.79
CML44 | At1g21550 | SALK_107191C - - 1.52
LRR-RLK | At4g08850 | SALK_061769C Kinase - - 1.31

2.3.2 Strong and negative correlation of CML41 with CAX1 expression
In the shortlisted candidates, only bHLH137 and calmodulin-like gene 41 (CMLA41,
At3g50770) were consistently up-regulated when CAX1 was absent in cax1, cax1/sCAX1 and
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caxl/cax3 lines (Table 2.2). Comparative to bHLH137, the CML41 transcription was better correlated
with CAX1 expression, albeit negatively (Figure 2.2).

ATTED-II is a database of functional and regulatory networks of genes based on public
microarray datasets and provides a guide for studying regulatory relationships, since genes that
function in related biological pathways often display correlated expression pattern (Eisen et al., 1998;
Obayashi et al., 2009 and 2010). CML41 in this ATTED-II database appears to have very strong co-
expression with a few genes, including CAX3 with a mutual rank of the Pearson’s correlation
coefficient (MR) of about 7.1 (Figure 2.3). As none of the available T-DNA insertion lines listed in
Table 2.2 showed any significant calcium-related phenotypes these were not analysed further as part
of this study. Instead, CML41 which showed the strongest negative correlation with CAX1 expression
in the analysed cax mutant lines was considered as the best candidate for examination as a CAX1
regulator or as a CAX1-regulated target.

Log (CAX1 relative expression )
N

Log (CAX1 relative expression )
N

[ ] [
0 1 2 3 4 0 1 2 3 4
Log (CML41 relative expression) Log (bHLH137 relative expression)

Figure 2.2 Correlation of CML41 and bHLH137 relative transcript level to CAX1 relative

expression in caxl, cax3, caxl/cax3 and cax1/sCAX1 lines.
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Figure 2.3 Co-expression map of CML41 in ATTED-II co-expression network database. MR

indicates the mutual rank of the Pearson’s correlation coefficient, MR < 50 is a strong coexpression;
Cor indicates the correlation coefficient,  and » indicate genes in the same color sharing similar
Kyoto Encyclopedia of Genes and Genomes pathway. Explanation adapted from Obayashi et al
(2010).

2.3.3 Calmodulin-like protein 41 (CML41) cloning

Initially, the PCR reaction to amplify the CMLA41 cloning coding sequence was performed on
the cDNA from the 5-6 week-old Col-0 shoot with 2 mM calcium supplementation (a normal level of
calcium supply used in our laboratory). This PCR not only amplified an expected-size product of 618
bp for the CML41 cDNA, but also another smaller-size and faint product around ~500 bp despite the
manipulation of different PCR conditions (data not shown). Due to very low abundance of this ~500
bp product (named CML41 Short or CMLA41S), it was difficult to amplify CML41S from Col-0 grown
at this normal level of calcium supplementation (Figure 2.4). The PCR amplification of this CML41S

was attempted using various cDNA templates (Figure 2.4). In most cases, CML41FL appeared to be
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the major PCR product in Col-0, cax1 and cax1/cax3 with a 2 mM calcium supply and from Col-0
and cax1 treated with high calcium (12 mM) treatment (Figure 2.4). Notably, the CML41S PCR
product were purified and cloned from high-calcium treated cax1/cax3 plants and wildtype Col-0
mesophyll protoplasts. Such a result suggests that the transcription of CML41FL versus CML41S
might be regulated in cax1/cax3 lines in response to normal/high calcium treatment or in Col-0 leaf
cells in response to cell-wall removal. This implicates that CML41S is likely to be a true splice variant
of CML41FL and the two different proteins made bmay have distinct roles in the plant (Figure 2.4).

Normal Calcium High Calcium

600 bp CML41FL 618 bp
500 bp
CML41S 501 bp

S A oD \ D @
N A
® 07’+ ,\\G'z’+ ® 0’°+ ,\\o"’+ &
+ + &
& &
o

@)
Figure 2.4 PCR amplification of CML41 on various Arabidopsis cDNA templates. cDNA
samples were synthesized from RNA of shoot tissue of 5-6 week-old wild-type Col-0, cax1 and
caxl/cax3 grown hydroponically in short-day conditions (9 hr light/15 hr dark, 22 °C) in 2 mM
calcium supply or with an additional 12 mM high calcium treatment for 24 hr before harvest; cDNA
of Col-0 protoplasts was reverse transcribed from RNA of 5-6 week-old Arabidopsis mesophyll
protoplasts (method for protoplasts isolation refers to Section 5.2.2).

2.3.4 The alignment of CML41 and its splicing variant

The 618 bp PCR fragments were cloned into pCR8/GW/TOPO, however the ~500 bp PCR
fragments were rather difficult to clone in the right orientation into pCR8/GW/TOPO, so directional
cloning was utilized to clone this ~500 bp PCR fragment into the pENTR/D/TOPO vector (Appendix
7 and 8). The sequence of both PCR fragments were determined by sequencing and compared by
nucleotide alignment, suggesting that this shorter 501 bp fragment (CML41S) was a splice variant of
CML41FL (Figure 2.5 and Appendix 9). The sequence alignment indicated that CML41S lacked 117
bp nucleotides of CML41FL positioned at 232 to 348 bp (Appendix 9).
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CML41 FLCDS AACTCTCCAAGAACCAACAGTGATGACAACAACAACATARAGACTCACCAGGCCTCCAAAGAACAGCTCCGTCAAGTCTTCAGECATTTC ACA CGACGGCGAQSGTAAGATCTCAGCCTTTGA
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CML41 Short CDS : TTTCA ACTT 16T HT ATGACA
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MO E<
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Identity —
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CML41 FLCDS AAGTTA mcm AACGTACGCAGAGTGT AA CCATGATAAAGTTTTACCATATAGATGGTAATGGAATTCTTGATTTTCATCAGTTTCGICARATGATCACGGTTTAS

CMLAT ShortCDS  AAGTTAGGGCAATCARGAACETACG AGAGTGTCARCOCATGATARAG TTTTACCATATAGATGE TATGCAATTCTTCATTTTCATGAGTITO! TCAAATGATGACGGTTTAL

Figure 2.5 Sequence alignments between CML41FL and its splicing variant. The coding sequence
of CML41FL and CMLA41S was aligned by Geneious Alignment using Geneious Pro v5.6.5, the
sequence in the box indicates the spliced region of CML41FL relative to CML41S; for the full
nucleotide sequence of CML41FL and S in FASTA format refer to Appendix 9.

2.3.5 in silico analysis of CML41

InterProScan is a web-based database (http://www.ebi.ac.uk/interpro/) that provides a

versatile tool to search for protein families, domains and functional sites within a protein sequence,
including EF-hand domains (Day et al., 2002; Hunter et al., 2009 and 2012). As a Ca**-signalling
transducer, CML family proteins possess various numbers of EF-hand Ca®*-binding domains (from 2
up to 6), each of which consists of a helix-loop-helix secondary structure capable of binding Ca®*
(Day et al., 2002; McCormack and Braam, 2003, McCormack et al., 2005; Gifford et al., 2007). The
translated amino-acid sequence of CML41FL and CML41S (Appendix 9) was entered into the
InterProScan database to diagnose their calcium signature domains (Figure 2.6). Comparatively,
CMLA41FL was predicted to contain 4 Ca®*-binding EF-hand domains (EF-h1 to EF-h4), instead
CML41S was predicted to have 3 EF-hand domains (New EF-h, EF-h3 and EF-h4). CML41S was
spliced with the loss of 39 amino-acid residues (78 to 116) of CML41FL, which was positioned at the
region between the EF-h1 and EF-h2 domains of CML41FL with the partial fragments of EF-h1 and
EF-h2 likely to form a new EF-h domain in CML41S, as predicted by InterProScan.


http://www.ebi.ac.uk/interpro/

4 EF-hands CML41FL vs. 3 EF-hands CML41S

InterProScan (version: 4.8) Leunched Thu, Apr 19, 2012 st 07:38:16
Sequence: Sequence_1 Finished Thu, Apr 19, 2012 st 07:40:12
Lenoth: 206

IPR002048 Calcium-binding EF-hand EF'hl EF‘hZ EF'h3 EF-h4
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Length: 166

InterProScan (version: 4.8) Launched Wed, Apr 25,2012 at 11:35:03
Sequence: Sequence_1 Finished Wed, Apr 25, 2012 at 11:36
IPROO2048 Calcium-binding EF-hand
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New EF-h EF-h3  EF-h4

© European Bioinformatics Institute 2006-2012. EBI is an Outstation of the European Molecular Biology Laboratory.

Figure 2.6 Integrated diagram of InterProScan output result and protein sequence alignment
between CML41FL and CML41S. The red region of InterProScan result indicates the putative EF-
hand Ca?*-binding domains of the proteins. There is a 39 amino-acid gap between CML41FL (205 aa)
and the CMLA41S (166 aa) alignment; for the full amino-acid sequence of CML41FL and S in FASTA
format refer to Appendix 9.

TargetP 1.1 Server is an in silico analysis tool for the prediction of eukaryotic protein
subcellular location including plant proteins (Emanuelsson et al., 2007). The output result of
CMLA41FL and CML41S by TargetP indicated that both of proteins were predicted to contain
chloroplast transit peptides (cTP) with a score of 0.97 (out of 1). This prediction got the highest
reliability coefficient (RC) rank (score 1), a score proposed to be a reliable prediction by
Emanuelsson et al (2007). As a result, the TargetP predicted subcellular localisation (Loc) of
CMLA41FL and CML41S was in the chloroplasts. The putative cleavage site for the putative transit
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peptide of CML41FL and CML41S was predicted to be at amino acid 46 on the N-terminus of the
proteins. Experimental interrogation of this prediction is carried out in Chapter 5, as prediction

programs are notoriously prone to error.

TargetP 1.1 Server - prediction results

e Technical University of Denmark

### targetp vl.1 prediction results #############E#HSHE S # S
Number of query sequences: 2

Cleavage site predictions included.

Using PLANT networks.

Name Len cTP mTP SP other Loc RC TPlen
CML41FL 205 0.970 0.070 0.010 0.044 C 1 46
CML41S 166 0.971 0.073 0.009 0.041 © 1 46
cutoff 0.000 0.000 0.000 0.000

Figure 2.7 Subcellular localisation predictions of CML41FL and CMLA41S by TargetP v1.1. Len
= protein sequence length; cTP = chloroplast transit peptide; mTP = mitochondria targeting peptide;
SP = secretory signal peptide; other = no sorting signal; Loc = a predicted localisation (C =
chloroplast; M = mitochondrial; S = signal peptide; - = other localisation; * = don’t know); RC =
reliability coefficient (score from 1 to 5 means from very reliable prediction to no false positives
detected), RC = 1 indicates very reliable prediction; TPlen = the predicted length of signal amino-acid

residues. Output explanation adapted from Emanuelsson et al (2007).

The web-based program Genevestigator collects in excess of 20,000 microarrays from a
number of model organisms, including human, mouse, rat, Arabidopsis and barley to provide a meta-
analysis database for gene expression and regulatory networks (Grennan, 2006; Hruz et al., 2008).
CMLA41 (At3g50770) in this database was identified as being misexpressed in 290 arrays out of 2213
studies, in 261 of which CML41 expression was significantly regulated by > 2-fold (log (2) = 1) (P <
0.05). CML41 expression was down-regulated by 69 perturbations and up-regulated in the other 192
(Figure 2.8 and Appendix 10). Interestingly, when 261 arrays were divided into 11 different groups of
perturbations, CML41 expression was consistently up-regulated by biotic stresses or in response to
pathogen elicitors, whereas the transcriptional response showed a less consistent pattern in the rest of
groups (e.g. chemical, hormones, light, abiotic stresses) (Figure 2.8 and Appendix 10). The co-

expression network outlined for CMLA41 in the Genevestigator database was similar to that of the
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ATTED-II co-expression network database (data not shown), probably due to the co-expression
network constructed by either Genevestigator or ATTED-II being based on the analysis of the same
subset of published microarrays in Arabidopsis (Grennan, 2006; Hruz et al., 2008; Obayashi et al.,
2009 and 2010). From both databases, the preidction can be made that CML41 responds or has a role

in response to a biotic stress.

Dataset: 290 perturbations (sample selection; AT-SAMPLES-1)
1 gene (gene selection: AT-GEMES-1)

@ AT36s50770

261 of 2213 perturbations fulfilled the filter criteria

Filter values far . AT3G50770

<< down-regulated up-regulated =>
Arabidopsis thaliana (261) LogiZ}ratio I 08
<-4 -3 -z -1 o 1 2 3 47 Log@@pratio  Fold-Change p-value
v Biotic ‘ I
B. cinerea / non-infected rosette leaf samples ® 304 14.01 0008
B. graminis (ataf1-1)  non-infected rosette leaf samples Fiid 2.01 4.04 <0.001
B. graminis (Col-0) / non-infected rosette leaf samples [ ] 138 255 0.005
B. tabaci fype B/ non-infected rosette tissue samples L ] 357 1188 <0.001
CaLCuV / non-infected rosette leaf samples [ ] 302 8.00 0001
E. cichoracearum (pmrd-1) [ non-infected pmréd-1 samples [ ] 167 211 o.002
G. cichoracearum study 2 (18h) / non-infected whole rosette samples (Col-0) [ ] 128 253 0.004
G. cichoracearum study 2 (36h) f non-infected whole rosette samples (Col-0) [ ] 177 347 <0.001
G. cichoracearum study 2 (96h) f non-infected whole rosette samples (Col-0) » 1.14 2.26 0001
G. cichoracearum study 3 (18h) f non-infected whole rosette samples (edr1) [ ] 170 313 0004
G. cichoracearum study 3 (36h) / non-infected whole rosette samples (2drl) @ 2.48 5.50 0.001
G. cichoracearum study 3 (36h) / non-infected whole rosette samples (edr1) [ ] 130 255 0.014
G. orontii study 6 (Col-0) / untreated rosette [eaf samples (Col-0) & 185 481 0.008
G. orontii study 6 (Col-0) / untreated rosette [eaf samples (Col-0) [ ] 188 442 0008
G. orontii study & (eds16-1) / untreated rosefte leaf samples (eds16-1) [ ] 147 284 <0.001
G. orontii study 6 (eds16-1) / untreated rosette leaf samples (eds16-1) [ ] 124 2 <0.001
H. arahidopsidis (4dpi + 6dpi) f mock freated cotyledon samples [ ] 188 401 0038
H. arabidopsidis study 4 (rpp4) / untreated seedling samples (rppd) [ ] 2,60 501 0016
H. arahidopsidis study & (rppd) / untreated seedling samples (rppd) [ ] 380 1354 0008
P.infestans (12h) / mock treated leaf samples (12h) L ] 417 18.20 <0.001
P.infestans (6h) / mock treated leaf samples (8h) G 488 25.50 <0.001
P. syringae pv. maculicola (Col-0) f mock freated leaf samples (Col-0) & 458 2235 <0.001
P. syringae pv. phaseolicola (24h) / mock inoculated leaf samples (24h) ol 107 2.10 <0.001
P. syringae pv. phaseolicola (6h) / mock inoculated leaf samples (6h) ® 0.08 203 0.025
P. syringae pv. syringae (OETa-1) / non-infected leaf samples (OE7a-1) & 3.30 .83 0.002
P. syringae pv. syringae study 2 (Col-0) / P. syringae pv. syringae (Colk-0) [ ] 142 268 0004
P. syringae pv. syringae study 2 (OE7a-1) / non-infected leaf samples (OE7a-1) [ ] 338 10.22 0002
P. syringae pv. tomato study 11 (penta) / untreated |eaf disc samples (penta) | 1.18 215 0026
P. syringae pv. tomato study 12 (atgsnor1-1) f untreated leaftissue samples (at... & 3.88 12,60 0.018
P. syringae pv. tomato study 12 (Col-0) / untreated leaftissue samples (Col-0) [ 358 11.83 0.005
P. syringae pv. tomato study 12 (sid2) / untreated leaf tissue samples (sid2) & 480 2307 0002
P. syringae pv. tamata study 15 (DC3000) / P. syringae pv. tomata study 13 (DC... 2] 1.10 218 0008
P. syringae pv. tormato study 2 (DC3000 avrRpm1) / P. syringae pv. tomato study... & 102 .00 0.006
P. syringae pv. tomato study 3 (DC3000 avrRpm1) / mock inoculated leaf sampl.. [ ] 2.12 4.49 <0.001
P. syringae pv. tomato study 3 (DC3000 hreC-) / mock inoculated leaf samples (... [ ] 171 335 0002
P. syringae pv. tomato study 3 (DC3000) / mock inoculated |eaf samples (24h) [ ] 251 575 <0.001
P. syringae pv. tomato study 5 (Col-0) / non-infected leaf samples (Col-0) [ ] 3.13 71 ooie
P. syringae pv. tomato study 5 (gh3.5-10) / non-infected leaf samples (gh3.5-1D) i 3.47 11.14 <0.001
P. syringae pv. tomato study 8 (DC3000) / mock inoculated leaf samples i) 341 10.26 0.008
R. solani (AG8) / mock inoculated whole plant samples [ ] 150 425 0026
TuMY (zone 0) / leaf sap treated [2af samples [ ] 205 476 0023
v Elicitar
EF-Tu (elf1 8) study 3 (Col-0)/ mock treated seedling samples (Col-0) i 0.8 2.0 0.031
EF-Tu (eIf1 8) study 3 (2in2-1) / mock treated seedling samples (2in2-1) [ ] 148 289 0023
EF-Tu (£If18) study 4 [Col-0) / mock treated seedling samples (Col-0) [ ] 203 400 <0.001
EF-Tu (elf1 8) study 4 (ein2-1) / mock treated seedling samples (gin2-1) [ ] 123 237 0010
FLG22 study 11 (2h) / FLG22 study 11 (0Oh) [ ] 107 -2.08 0.008
FLG22 study 5 (355:miR393) / untreated lzaf disc samples (355:miR393) & 187 afn 0.0+
Pep2 (baki-3)/ mock treated seedling samples (baki-3) [ ] 203 371 0016
Pep2 (Col-0)/ mock treated seedling samples (Col-0) [ ] 175 3.44 0002
Pep2 (2in2-1) I mock treated seedling samples (gin2-1) [ ) 161 305 0.003
Pep2 study 2 (bak1-3) i mock treated seedling samples (bak1-3) [ ] 372 11.84 0.001
Pep2 study 2 (Col-0) / mock treated seedling samples (Col-0) [ ] 331 10.11 <0.001

Figure 2.8 CMLA41 gene expression in the groups of biotic and elicitor perturbations within 261
gene microarray studies in Arabidopsis created by Genevestigator. The value within log (2) ratio

scales pointed by red dots indicates regulated ratio of CML41 expression by corresponding treatments
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or stresses, log (2) ratio > 0 refers to up-regulation and log (2) ratio < 0 refers to down-regulation. A

full list of CML41 regulation by these 261 perturbations is shown in Appendix 10.

2.4 Discussion

2.4.1 CML41 is identified as candidate gene correlated with CAX1 expression

The comparison of the global gene transcriptional profile of cax1, cax3, cax1/sCAX1 and
cax1/cax3 with wild-type Col-0 was employed to screen for candidate genes involved either in the
regulation of CAX1 or by CAX1. More than 1,000 genes were observed to be misexpressed in the
cax1/cax3 line, which could possibly be attributed to the reduction in mesophyll-specific vacuolar
calcium storage, an increase in leaf apoplastic free Ca®* and perturbations in cytosolic Ca** signalling
all seen in cax1/cax3 (Conn et al., 2011, Conn et al., unpublished results; Hirschi et al., unpublished
results). As a signalling molecule, excessive Ca”* accumulated in the extracellular space can perturb
both extracellular and intracellular signalling networks and lead to the significant alteration of plant
size and physiological processes, such as apoplastic pH, hormone response, gas exchange and cell
wall integrity (Conn and Gilliham 2010; Conn et al., 2011; Gilliham et al., 2011a; Cho et al., 2012).
Therefore, a large number of misexpressed genes between Col-0 and the cax1/cax3 mutant would not
be unexpected as the plant has an altered physiological state; misexpressed genes may possibly
include genes involved in regulation of cell-specific calcium storage or signalling elements regulated
by CAX1 (Conn et al., 2011; Gilliham et al., 2011a). Mesophyll cell-specific calcium
compartmentation is proposed to be accomplished through the regulation of the major Ca**
transporter CAX1 at either the ranscriptional or post-translational level (Hirschi, 1996 and 1999;
Cheng et al., 2003; Dayod et al., 2010; Conn and Gilliham, 2010; Conn et al., 2011; Gilliham et al.,
2011a). As a result, genes encoding transcription factors, Ca®* signalling-related proteins, protein
kinases or Ca’* transporters were pooled out from these ~1000 misexpressed genes in the cax1/cax3
line (Figure 2.1) in an attempt to identify these factors.

No obvious reduction was observed in the cell-specific calcium accumulation in mesophyll of
caxl or cax3 lines, and only a few genes were misexpressed in cax1 and cax3 (Figure 2.1B) (Conn et
al., unpublished results; Hirschi et al., unpublished). Similarly, few genes in cax1/sCAX1 were
expressed differently relative to wild-type Col-0. It is noted that CAX3 transcription is significantly
up-regulated in the cax1l mutant line, which likely compensates for the loss of CAX1 to maintain the
cell-specific calcium compartmentation in the leaf (Figure 2.1) (Cheng et al., 2003 and 2005; Conn et

al., 2011; Conn et al., unpublished results). CAX1 expression did not change in the cax3 mutant line
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(Figure 2.1). However, CAX3 expression was up-regulated in cax1/sCAX1 even though the loss of
CAX1 had been complemented via overexpressing in the cax1 mutant line a constitutively active
truncated version of CAX1 (SCAX1) that has its N-terminal regulatory-region removed (Figure 2.1 and
2.2) (Conn et al., unpublished results). This may mean that there are regulators of CAX1 and CAX3
transcription or activity still misexpressed in the cax1/sCAX1 line. The transcriptional profiles of the
single knockout lines are of interest because the transcription of CAX1 and CAX3 are changed but
they do not have such an obviously perturbed phenotype as does cax1/cax3.

Nine candidates were shortlisted from Figure 2.1 into Table 2.2, eight of which had available
T-DNA insertion lines in T-DNA Express database, except CML41. However, none of these T-DNA
insertion lines displayed any obvious calcium-related phenotype (Appendix 6). Amongst these 9
shortlisted genes, CML41 (the only one not to have a T-DNA insertion line available) was highly and
negatively correlated with CAX1 expression in the examined microarrays (Figure 2.2). Meanwhile,
the ATTED-II co-expression database suggestzed that CML41 was co-expressed with CAX3 in
Arabidopsis (Figure 2.3). As CAX3 and CAX1 displays a separate expression pattern in Arabidopsis,
in the roots and the shoots respectively, coexpression of CML41 and CAX3 implies that CML41 might
be similar to CAX3 in that it also has an opposite expression pattern to CAX1 in planta. Together,
CML41 was considered as an important candidate gene that is likely involved in the regulation of
CAX1 or CAX3, or in response to CAX1 down-regulation; it may even contribute to cell-specific
calcium compartmentation in Arabidopsis. Caution must be exercised when interpreting gene
expression data as it does not necessarily reflect protein abundance or activity changes. To examine
whether this is the case for this gene misexpression studies were carried out that also measured
protein abundance via fluorescent tags (Chapter 4). Alternative approaches could have also been
performed on the mutant plants including western blot analyses with specific antibodies designed to
CMLA41 (see Chapter 6 for further discussion of the limitations of relying upon gene expression data
to form hypotheses).

2.4.2 CML41 splicing variant identified

As a strong candidate, CML41 was cloned. A splicing variant, CML41S was identified
discovered by PCR amplification and appeared to have higher transcriptional abundance relative to
CMLA41FL in cDNA samples from the shoot tissue of high calcium-treated cax1/cax3 line and Col-0
mesophyll protoplasts (Figure 2.4). Although this requires futher validation (as later discussed in
Chapter 6). CML41S is 117 bp shorter than CML41FL, which gives rise to CMLA41S, a protein
containing 39 amino-acids less than CML41FL (Figure 2.5 and 2.7). Four putative EF-hand Ca?*-
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binding domains were predicted in CML41FL, consistent with Day et al (2002) and McCormack and
Braam (2003); however CML41S was predicted to only have 3 putative EF-hand domains (Figure
2.6). This was because the 39 amino-acid gap was positioned between two putative EF hands on the
N-terminus of CMLA41FL. Accordingly, this split the putative EF-h1 and EF-h2 of CML41FL but
likely formed a new putative EF-hand domain (New EF-h) of CML41S (Figure 2.6). Different EF-
hand motifs with Ca®*-binding sites have a different Ca®*-binding affinity in order to recognize
specific spatial and temporal cytosolic Ca* signals (from 100 nM to 10 uM) and induce a
conformational change of proteins (e.g. calmodulin) (Berridge et al., 2000 and 2003; Bhattacharya et
al., 2004; Gifford et al., 2007; McAinsh and Pittman, 2009; Dodd et al., 2010). For instance, CML42
has been reported to possess distinct Ca®*-binding kinetics of its three EF-hand domains from 7 nM
up to 350 nM (Dobney et al., 2009). In this case, putative EF-h1 and EF-h2 of CML41FL versus
putative New EF-h of CML41S may have different Ca**-binding characteristics, the major role of
putative New EF-h in CML41S may serve to stabilise the protein structure rather than bind Ca** or
even CML41S lacks Ca** binding capacity, similar with the case of Calcineurin B-Like 10 proteins
(CBL10s) from Arabidopsis (Babini et al., 2005; Quan et al., 2007; Monihan, 2011). In fact, this
CBL10 has also been reported to be transcribed into dual transcripts that encode a full-length CBL10
protein and another 46-aa shorter one, named CBL10 LONG A (CBL10LA) (Quan et al., 2007;
Monihan, 2011). Similar with CML41FL and CMLA41S, CBL10 acquires 4 EF-h domains versus 3
EF-h of CBL10LA that comparatively lacks the last EF-h of CBL10 (Monihan, 2011). These different
EF-h properties between CBL10 variants result in CBL10 acquiring Ca**-binding capacity, whereas
CBL10LA not (Monihan, 2011). Moreover, the loss-of-function cbl10 mutant line displays a salt-
sensitive phenotype that can be rescued via a re-complementation by overexpressing CBL10 instead
of CBL10LA, the overexpression of CBL10LA alone notably results in a salt-sensitive phenotype in
wild-type plants (Monihan, 2011). The further characterisation of CBL10 and CBL10LA reveals that
the role of CBL10LA is to inactivate the Salt Over Sensitive (SOS) pathway under non-stressed
conditions (Monihan, 2011). However under salt stress, the down regulation of CBL10LA is proposed
by Monihan (2011) to be essential to elicit the CBL10-activatied SOS pathway that excludes toxic
Na* from the cytoplasm. As such, CML41FL and CML41S may decode separate Ca** signals to
regulate different cellular processes, or they may have different Ca** sensing capacities but function

together in the same signalling/cellular pathway in Arabidopsis.
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2.4.3 The predicted role of CML41 by in silico analysis

The calmodulin-like (CML) protein family of Arabidopsis thaliana consists of 50 members
and likely involves diverse functions and/or interacting targets at different developmental stages,
organs and physiological processes including the plants response to various environmental stimuli at
various organelles. However, only a few of them have been well characterised, as shown in Figure 2.9
summarised by Bender and Snedden (2013, references therein). On one hand, these 50 CML members
harbour high variability in protein sequence and have been divided into nine sub groups based on
their sequence similarity, dissimilar groups of CMLs are engaged in different physiological processes
in plant, such CML23 and CML24 (of sub group 8) in the regulation of flowering response to
photoperiod, CML19 (of sub group 5) is critical for DNA repair following UV damage and CML42
and CML43 (of sub group 7) in modulation of plant immunity (Figure 2.9 and 2.10) (reviewed in
McCormack and Braam, 2003; McCormack et al., 2005; Bender and Snedden, 2013, and references
therein). On the other hand, CML members, even though they may share high amino-acid similarity
or are divided into the same sub group could still function in distinct signalling pathways. For
instance, the protein sequence of CML42 and CML43 share 79.6 % similarity but CML43 behaves as
a Ca®*-signalling regulator in the immune response of plants to bacterial pathogens whereas CML42
in is involved in the plant defence against insect attack and in the regulation of trichome development
(as discussed more in Section 6.2) (McCormack and Braam, 2003; Chiasson et al., 2005; McCormack
et al., 2005; Dobney et al., 2009; Vadassery et al., 2012). As a consequence, to identify the signalling
pathway in which a particular CML is involved is a challenge.

Very limited published data exists concerning the role of CML41 and no close homologs of
CMLA41 are found in the phylogenetic tree of the CML family in Arabidopsis (protein sequence
similarities: 36.2% to CML37, 44.1% to CML38, 39.6% to CML39 and 36.3% to CML40) (Figure
2.10) (McCormack and Braam, 2003). My preliminary study employed Genevestigator to search for
the potential role of CMLA41 in certain physiological processes or stresses. The 261 perturbations
where CMLA41 was significantly misexpressed suggested that CML41 may be involved in plant
adaptation to diverse stresses, particularly biotic stresses (Figure 2.8 and Appendix 10). Consistently,
the ATTED-II database indicated that CML41 is co-expressed with PR1 and senescence-associated
gene 13 (SAG13) (Figure 2.3). In addition, the regulation of CML41 by pathogens is was further
explored by Denoux et al (2008) and Bricchi et al (2012) and showed that CMLA41 expression peaked
after a 12 hour treatment by flagellin 22 (flg22, the elicitor of P. syringae) by up to > 30-fold, and by
about 6 fold after 16 hr of P. syringae infection (when the plasma membrane potential of cell starts
depolarization upon the infection) (Denoux et al., 2008; Bricchi et al., 2012). The subcellular

localisation of CML41 predicted by TargetP is putatively in chloroplasts but this requires further
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validation as prediction programs only provide a guide. Therefore, such a result will require further
experimental validation (Figure 2.7) (Emanuelsson et al., 2007) (see Chapter 5). However, these in
silico analyses have offered some guidance as to the experiments that could be carried out to further
characterise CMLA41 both in vitro and in planta. For instance, it might have a function in the
regulation of plant adaptation to biotic stress, and maybe therefore have a somewhat similar role to
CML9, CML42 and CMLA43 in plants (Chiasson et al., 2005; Leba et al., 2012a and 2012b; Vadassery
etal., 2012).
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Figure 2.9 Summary of CMLs functions in different plant physiological processes. Each cellular
process in which CMLs are involved is indicated in yellow box. The downstream interaction targets
of CMLs are indicated in blue boxes (question mark refers to unknown targets) and ‘P’ in orange
circle refers to protein phosphorylation. The solid and blunted arrows respectively refer to positive
and negative regulation; break-line arrow refers to the translocation of CML19 from the cytoplasm
into the nucleus in response to UV. JA = jasmonates, SA = salicylic acid, Perox = peroxisome, Mito =
mitochondria, MTs = microtubes, UV = ultraviolet light. Adapted from Bender and Snedden (2013).
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Figure 2.10 Phylogenic tree of CaMs and CMLs (CaMs/CMLs) in Arabidopsis based on amino-
acid sequence similarities. CaMs/CMLs are divided into nine groups; ‘0.1’ indicates the distance of

the percent sequence divergence. Adapted from McCormack et al (2005).
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Chapter 3: Gel shift Ca2* binding assay

3.1 Introduction

Cellular Ca** signals are a key messenger in the response and adaptation to environmental
stimuli, and during different developmental processes (Sanders et al., 2002; White and Broadley,
2003; Dodd et al., 2010; Kudla et al., 2010). The stimuli-triggered change in cellular Ca** is named
the “Ca®*-signature”, and is decoded by diverse families of Ca**-sensors that are believed to encode
some specificity to the downstream responses. Most Ca®*-sensors have EF-hand domains, for instance
Calmodulins (CaMs), Calmodulin-like proteins (CMLs), Calcineurin B-Like proteins (CBLS),
Calcium-Dependent-Protein Kinases (CDPKs/CPKs) and CDPK-related kinases (CRKSs) (Day et al.,
2002; Sanders et al., 2002; Hrabak et al., 2003; Kolukisaoglu et al., 2004; McCormack et al., 2005;
Dodd et al., 2010; Kudla et al., 2010). The EF-hand motif is, with some exceptions, a conserved
structure (Nelson and Chazin, 1998; Day et al., 2002). A typical EF-hand domain is compromised of a
29 amino acid helix-loop-helix structure consisting of a loop (residues 10-21) flanked by a E a-helix
(residues 1-10) and a F a-helix (residues 19-29) on either side, which in combination confers Ca**
sensors with Ca®*-binding capacity (Figure 3.1A) (Kretsinger and Nockolds, 1973; Nakayama et al.,
2000). In a canonical EF-loop, there are 6 residues in positions 1(X), 3(Y), 5(2), 7(-Y), 9(-X) and
12(-Z) supplying oxygen ligands to a Ca** ion (Figure 3.1B) (Kretsinger and Nockolds, 1973;
Strynadka and James, 1989; Gifford et al., 2007). However, not all EF-hands share the same or
canonical binding loop composition, although they still may bind Ca?*, such as CBL2 from
Arabidopsis whose EF-hand 4 binds Ca* via its main-chain carbonyl groups instead of canonical
ligands (Nagae et al., 2003; Gifford et al., 2007). Additionally, not all EF-hands actually can bind
Ca’*; nor do all Ca**-binding proteins have an EF-hand motif (Day et al., 2002; Gifford et al., 2007).

J
N
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Figure 3.1 Structure of typical EF-hand Ca*"-binding motif. A; a single EF-hand from the N-
terminal domain of CaM. B; Ca?*-coordination by oxygen ligands in a canonical EF-loop, continuous
lines indicate the pentagonal bipyramidal coordination of Ca* ion, broken lines indicate the hydrogen
bonding, black sticks indicate NH groups on the backbone, red sticks indicates the oxygen atoms on
the side chain, blue ball indicates the coordinated water. Yellow ball indicates the Ca® ion in both A
and B. Adapted from Gifford et al (2007).

Approximately 250 proteins have been identified with various numbers of EF-hand motifs,
however only a fraction of these have had their Ca®*-binding properties examined (Day et al., 2002;
Reddy et al., 2011). Several approaches are available to detect the Ca**-binding characteristics of a
protein, including CD spectroscopy and electrophoresis separation (Garrigos et al., 1991; Dobney et
al., 2009). Both of these methods may involve protein expression and purification. In this chapter,
CML41FL and S, which both putatively contain EF hands (4 and 3 respectively), were heterologous
expressed in E. coli and the electrophoresis migration technique was employed to determine the Ca**-
binding ability of recombinant CML41FL and S. This was performed on both full-length versions of
these two proteins and truncated versions with putative signal peptides removed to test whether this
would affect protein Ca®" ability. This approach is a pre-requisite to determining whether CML41FL

and S have a role in Ca** signal transduction.

3.2 Material and Methods

3.2.1 Gene cloning and plasmid construction

A preliminary experiment involving the expression of CML41FL and S in E. coli using
pDEST17 and pDEST14 expression vectors for protein purification was performed by Dr. David
Chiasson (Figure. 3.4A and Appendix 7). However, both proteins appeared to form insoluble bodies
within E. coli, and therefore were unsuitable for purification (data not shown). Subsequently, |
performed PCR amplification to mutate CML41FL and CML41S (CML41FL and S) to truncate their 5’
end (of 138 bp nucleotides encoding a putative targeting peptide) and introduce an ATG start codon
with the primers listed in Table 3.1, using Phusion™ Hot Start High-Fidelity DNA polymerase
(FINNZYMES) following the manufacturers’ instructions. PCR amplification products were
correspondingly designated CML41FLA1-46 and CML41SA1-46 and ligated by Directional TOPO
cloning into Gateway® entry vector pPENTR™/D-TOPO (Invitrogen) (listed in Appendix 7) following

the manufacturers’ instructions. The TOPO reactions were then transformed into TOP10 Chemically
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Competent E. coli cells (Invitrogen). Both CML41FLA1-46 and CML41SA1-46 were then recombined
into expression vectors pDEST14, pDEST17, pDEST565 and pDEST566 using Gateway® LR
Clonase® Il Enzyme Mix (Invitrogen) (Figure 3.4, Appendix 7 and 8). The same experiment was
performed to recombine CML41FL and S into expression vectors pDEST565 and pDEST566. All LR
reactions were subsequently transformed into Subcloning Efficiency™ DH5o™ E. coli Competent

Cells (Invitrogen).

Table 3.1 Primers used to clone CML41FLA1-46 and SA1-46 transcripts with signal-peptide
sequence truncated. Primer sequence underlined refers to the directional-cloning sequence used for

directional TOPO cloning.

E;?:: o Primers Sequence (5'-3") '(I'og‘ Prsoiczjgct
CML41FL CML41_TNT_F_CACC CACCATGAGCAACAGTGATGACAACAAC 68.7 457 bo
A1-46 CML41_CDS_R CTAAACCGTCATCATTTGACGAAAC 62
CML41SA1 CML41TNTF_CAGC CACCATGAGCAACAGTGATGACAACAAC 687 .
-46 CML41_CDS_R CTAAACCGTCATCATTTGACGAAAC 62
CML41FL CML41_TNT_F_CACC CACCATGAGCAACAGTGATGACAACAAC 68.7 484 o
A1-46-st0p  CML41_CDS_R-stop  AACCGTCATCATTTGACGAAACTC 62
CML41SA1 CMLALTNTF_CACC CACCATGAGCAACAGTGATGACAACAAC 687 o
-46-stop  CML41_CDS_R-stop  AACCGTCATCATTTGACGAAACTC 62

*Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)

3.2.2 Mutagenesis PCR

Mutagenesis PCR amplification was also performed to mutate the expression plasmid
pDEST566 containing-CML41FL and S and a maltose binding proteins (MBP) to assist with
solubility of the purified protein in vitro (Kapust and Waugh, 1999). This was performed to insert a
Tobacco Etch Virus (TEV) protease site sequence inbetween the MBP sequence and the attR1 site
with the primers — pDEST566_TEV_Styl F3/pDEST566_R3 (listed in Table 3.2), using Phusion™
Hot Start High-Fidelity DNA polymerase (FINNZYMES) (Figure 3.2 and 3.7A). The TEV protease
sequence, using the mutagenesis primer, had a silent mutation added to which made a Styl restriction
site. The mutagenesised PCR products were purified from the agarose gel using the GenElute™ Gel
Extraction Kit (Sigma-Aldrich). The purified products were phosphorylated by T4 Polynucleotide
Kinase (New England Biolabs) to add Pi to the 5’ and 3’ end of the products at 37 °C for 30 min,
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which were subsequently self-ligated by T4 DNA Ligase (New England Biolabs) at 4 °C overnight.
The ligase reactions were transformed into TOP10 Chemically Competent E. coli cells (Invitrogen).
The mutated expression plasmids — pDEST566-TEV-Styl-CML41FL and pDEST566-TEV-Styl-

CML41S were confirmed by restriction enzyme Styl and sequenced.

Table 3.2 Primers used in the mutagenesis of pPDEST566 -CML41FL and -CMLA41S expression

plasmids.
. L Tm*  Product
Product name Primers Sequence (5'-3") °C) size
pDEST566-TEV- pDEST566 TEV_  GAGAACCTGTACTTCCAAGGTTACAA 81.2 7444
Styl-CML41FL Styl_F3 AAAAGCAGGCTCCGAA ’
pDEST566-TEV- CAAACTTGTGATATCAGATCCCG
Styl-CML41S pDEST566_R3 59 7338
* Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)
Target Mutated
plasmid target plasmid
PCR amplification t Plasmid circularisation
of target plasmids by T4 ligation
5lns_, ®+50n_,
< 51 - < 5’+®

5' phosphorylation
of linear PCR products

Figure 3.2 Mutagenesis PCR process to insert TEV-Styl into pDEST566-CML41FL and S
plasmids. Ins = insertion site, method modified from the manual of Phusion Site-Directed

Mutagenesis Kit (Thermo Scientific)
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3.2.3 Protein expression

All the expression plasmids (constructed in Section 3.2.2 and 3.2.3) were extracted using an
ISOLATE Plasmid Mini Kit (Bioline) and confirmed by sequencing. About 1 ng of each expression
construct was re-transformed into T7 Expression lysY/I* Competent E. coli cells (New England
Biolabs) for protein expression. The T7 expression E. coli colonies harbouring expression constructs
were cultured overnight at 37°C in 10 mL Luria Broth medium (LB) with 0.5% (w/v) glucose and 100
pg/mL ampicillin. Overnight cell culture was diluted 1:100 into 200 mL fresh LB with 0.5% (w/v)
glucose and 100 pg/mL ampicillin and cultured at 37°C on the next day. After 90 min, isopropyl-p-p-
thiogalactopyranoside (IPTG) (Promega) was added into cell culture at 0.5 mM to induce protein
expression for another 120 min. Finally, 50 mL of the cell culture was aliquoted into a 50 mL falcon
tube and centrifuged at 5500 rpm at 4°C for 10 min to collect E. coli cells, and the pellet was frozen in

liquid nitrogen and stored in -80°C till use.

3.2.4 Protein extraction

The isoelectric point (PI) of CML41FL, CML41S, CML41FLA1-46 and CML41SA1-46 was
calculated by Protein Isoelectric Point Calculator (http://www.endmemo.com/bio/proie.php,
ENDMEMO) (Plemiair. = 4.88, Plomiais = 5.76, Plempairraias = 4.20 and Pleyiaisaras = 4.26), based
on which each E. coli cell pellet was resuspended in 5 mL ice-cold optimized Resuspension Buffer
(50 mM Na phosphate, 300 mM NaCl, 10 mM Imidazole pH=7.0) in the presence of
SIGMAFAST™ EDTA-Free Protease Inhibitor Cocktail (Sigma-Aldrich). The cells were

homogenized using a sonicator (Brason Sonic Power), at power 5, with repeated cooling until all cells
were lysed. Soluble and insoluble proteins were separated by centrifugation at 13,300 rpm for 10 min
at 4°C. Supernatant was then transferred into a new 2 mL microcentrifuge tube that contained all
soluble proteins, while the pellet the contained the insoluble fraction was resuspended in 2xSDS
PAGE gel loading buffer (0.01% (w/v) bromophenol blue, 2.5% (w/v) SDS, 25% (v/v) glycerol, 125
mM Tri-HCI pH = 6.8). Soluble proteins were also mixed with an equal volume of 2xSDS PAGE gel
loading buffer for gel separation. The soluble or insoluble protein samples were mixed with loading
buffer and heated at 90°C for 5 min, centrifuged at 13,300 rpm for 3 min at 4°C and transferred to ice.
An equal amount of protein was loaded and checked on a 15 % SDS-PAGE gel after which it was
stained in Coomassie Stain Buffer (50% (v/v) ethanol, 10% (v/v) acetic acid and 0.05% (v/v) Brilliant
Blue R-250) for 1.5 hr and then washed in Destain Buffer (50% (v/v) ethanol, 10% (v/v) acetic acid)

overnight with gentle shaking.
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3.2.5 Protein purification

Once the proteins were confirmed soluble on the 15% SDS-PAGE gel, the expressed His-
tagged proteins in E. coli were purified using a TALON® Metal Affinity Resin (Clontech) following
the manufacturer’s instructions. Briefly, TALON resin was washed twice in ten volumes of Wash
Buffer (50 mM Na phosphate, 300 mM NaCl, 10 mM Imidazole, pH = 7.0) and centrifuged at 700 x g
for 2 min at 4°C. Then 5 mL of the soluble protein was mixed with 1 mL TALON resin and gently
shaken at 4°C for 20 min to allow the His-tagged protein to bind to the resin. This was then
centrifuged at 700 x g for 2 min at 4°C, then the supernatant containing the unbound soluble proteins
was removed whilst the resin contained His-tagged proteins was washed twice in 15 mL Wash Buffer
and centrifuged at 700 x g for 2 min at 4°C. The resin was resuspended in one resin volume of Wash
Buffer and transferred into 2 mL Poly-Prep® Chromatography Columns (Bio-Rad). The supernatant
was removed after the resin settled out of suspension. The resin was washed again with five volumes
of Wash Buffer, after that His-tagged protein was eluted from resin with 5 mL Elution Buffer (50 mM
Na phosphate, 300 mM NaCl, 200 mM Imidazole, pH = 7.0) and collected in 500 uL fractions by
gravity flow. The protein fractions were checked on a 15% SDS-PAGE gel to determine the amount
of purified protein in each fraction. Purified His-tagged proteins were desalted using 5 mL Zeba™
Spin Desalting Columns (Thermo Scientific) and collected in 2.5 mL 50 mM Na phosphate buffer
(pH = 7.0) by centrifugation at 1000 x g for 2 min at 4°C, as described in the manufacturers’ guide.
The eluted solution contained the desalted His-tagged proteins ready for the electrophoresis mobility
shift assay.

3.2.6 Protein digestion

The purified and desalted recombinant protein from E. coli expressing pDEST566-TEV-Styl-
CML41FL and S were treated by ACTEV™ protease (Invitrogen) at 4 °C overnight. Then the
recombinant CML41FL and CML41S with His-MBP tag removed were used for the electrophoresis
mobility shift assay.

3.2.7 Electrophoresis mobility shift assay

The electrophoresis mobility shift assay was optimized from the methods as described in
Garrigos et al (1991), Chiasson et al (2005) and Xu et al (2011). 1 mM CaCl, was added to purified
recombinant proteins that were incubated at room temperature for 5 min to allow for Ca** binding to
proteins. Meanwhile, 10 mM EGTA was added to recombinant proteins as a control in the mobility

shift assay. Protein samples with either CaCl, or EGTA were mixed with equal volume of 2xSDS
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PAGE gel loading buffer, heated at 95°C for 2 min and centrifuged at 13,300 rpm for 90 sec before
gel separation. The protein samples were mixed with 1 mM CacCl, then separated in an SDS PAGE
gel containing 1 mM CacCl,, whilst the protein samples mixed with 10 mM EGTA were separated in
another SDS PAGE gel containing 10 mM EGTA. The gels were stained and destained following the
protocols described in Section 3.2.4. The mobility of proteins was determined by comparison with the
Precision Plus Protein™ Standards (Bio Rad).

3.3 Results

3.3.1 Truncation of chloroplastic transit-peptide of CML41FL and CML41S

A mutagenesis PCR amplification truncated the first 138 bp nucleotides (46 aa) of CML41FL
and S and removed their putative targeting signal, and the resulting proteins were named
CML41FLA1-46 and CML41SA1-46. Removal of the putative signal peptide from CML41FL and
CMLA41S altered their predicted membrane targeting (Figure 2.7 and 3.3). Previously CML41FL and
CMLA1S had been predicted to be putatively targeted at chloroplast, however CML41FLA1-46 and
CML41S A1-46 were preficted to be targeted to other unknown organelles by InterProScan (Figure
2.7 and 3.3) With each, the predicted score for chloroplast localisation was significantly reduced to
0.208 and 0.122 in cTP, but increased up to 0.873 and 0.862 for other (organelle localisation),
respectively (Figure 2.7 and 3.3). Such a result suggests that the absence of this putative signal
peptide may impair the proper subcellular targeting of CML41FLA1-46 and CML41SA1-46 (and this

was confirmed by further investigation (see Chapter 5).

TargetP 1.1 Server - prediction
results

CBS  Technical University of Denmark

### targetp vl.1l prediction results #########G#RFHHFFHHEHIERGHSHRHS
Number of query sequences: 2

Cleavage site predictions included.

Using PLANT networks.

Name Len cTP mTP SP other Loc RC TPlen
CML41FL_Trancuated 160 0.208 0.078 0.073 0.873 _ 2
CML41S_Trancuated 121 0.122 0.105 0.148 0.862 _ 2

cutoff 0.000 0.000 0.000 0.000
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Figure 3.3 Prediction of CML41FL and SA1-46 subcellular localisation by TargetP v1.1.
CMLA41FL_Truncated = CML41FLA1-46; CML41S_Truncated = CML41SA1-46; Len = protein
sequence length; cTP = chloroplast transit peptide; mTP = mitochondria targeting peptide; SP =
secretory signal peptide; other = no sorting signal; Loc = a predicted localisation (C = chloroplast; M
= mitochondrial; S = signal peptide; - = other localisation; * = don’t know); RC = 2 indicates the
prediction ranked as reliable (score from 1 to 5 means from very reliable prediction to no false
positives detected); TPlen = the predicted length of signal amino-acid residues. Output explanation
adapted from Emanuelsson et al (2007).

3.2.2 Soluble CML41FL, CML41S, CML41FLA1-46 and CML41SA1-46 were successfully
tagged by His-MBP

CMLA41FL, CML41S, CML41FLA1-46 and CML41SA1-46 were recombinant into serial
expression vectors as indicated in Figure 3.4 (details see Appendix 7 and 8). Only when fused to
MBP, were soluble CML41FL, CMLA41S, CML41FLA1-46 and CML41SA1-46 proteins of the
expected size made in E. coli (Figure 3.4B). As all expressed recombinant protein possessed a
polyhistidine tag (His-), this enabled its chelation and immobilization by a metal ion, i.e. Ni** or Co*,
and so it could be separated and purified from other soluble proteins (Hochuli et al., 1988; Bornhorst
and Flake, 2000). To this end, immobilized metal ion affinity chromatography was employed to
purify the recombinant CML41FL and CML41S, and CML41FLA1-46 and CML41SA1-46, from the
total E. coli soluble proteins using a TALON cobalt resin. Eight protein fractions were collected for
each construct, four of which (protein fractions on F2-F5 lane) contained a major protein band of the
appropriate size on SDS-PAGE gel. The purified protein was then desalted to remove the imidazole

before performing the electrophoresis mobility shift assay (Figure 3.5).
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Figure 3.4 Expression vectors used for protein expression and soluble proteins of E. coli strain
T7 Expression lysY/19 expressing CML41FL, CML41S, CML41FLA1-46 and CML41SA1-46
constructs. A, diagram of Gateway enabled E. coli expression vectors, 6xHis = polyhistidine tag,
6xHis-GST = His-tagged glutathione S-transferase, 6xHis-MBP = His tagged maltose binding protein.
B, ®’ indicates a soluble recombinant protein band of the expected protein size for each construct
calculated by Geneious Pro v5.6.5: (~52 kDa of) His-GST-CMLA41FL; (~67 kDa of) His-MBP-
CMLA1FL; (~48 kDa of) His-GST-CMLA41S; (~62 kDa of) His-MBP-CMLA41S; (~18 kDa of)
CMLA41FLA1-46; (~21 kDa of) His-CML41FLA1-46; (~61 kDa of) His-MBP-CML41FLA1-46; (~47
kDa of) His-GST-CML41FLA1-46; (~14 kDa of) CML41SA1-46; (~17 kDa of) His-CML41SA1-46;
(~57 kDa of) His-MBP-CML41SA1-46; (~47 kDa of) His-GST-CML41SA1-46.
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Figure 3.5 Purified recombinant proteins on SDS-PAGE gel. L = protein ladder, Precision Plus
Protein™ Standards (Bio Rad); F1-8 = collected protein fractions No.1 to 8; S = soluble proteins
extracted from E. coli; U = unbound proteins collected from the chromatography column flow
through; ®’ points to the recombinant proteins to be purified from soluble proteins extracted from E.

coli.

3.2.3 His-MBP tagged CML41FL, CML41S, CML41FLA1-46 and CML41SA1-46 migrate
faster in presence of Ca2+

An electrophoresis mobility shift assay has been widely applied for the determination of Ca*-
binding in proteins including Calmodulin/Calmodulin-like proteins (Garrigos et al., 1991, Maune et
al., 1992; Sistrunk et al., 1994; Chiasson et al., 2005; Delk et al., 2005; Vanderbeld and Snedden,
2007; Park et al., 2010; Xu et al., 2011; Chigri et al., 2012). This assay was also employed to test if
either CML41FL or CML41S can bind Ca®*. The purified recombinant proteins were pre-treated
either 10 mM CaCl, or 10 mM EGTA (a Ca® chelator) (Chiasson et al., 2005; Xu et al., 2011). The
use of 10 mM CacCl, precipitated the protein (data not shown); therefore, the amount of CaCl, used in
the pre-treatment was reduced to 1 mM (Chigri et al., 2012). The pre-treated proteins were migrated
on a SDS-PAGE gel in the presence of either 1 mM CacCl, or 10 mM EGTA. As shown in Figure 3.6,
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the recombinant His-MBP tagged proteins migrated faster in the presence of Ca?* compared to when
it was in the presence of EGTA. This faster migration can be attributed to the Ca*" induced-
conformational change of the recombinant protein and a consequent change in the migration rate
(Garrigos et al., 1991; Maune et al., 1992; Finn et al., 1995). As it has been determined that Ca**
cannot induce a conformational change in maltose binding proteins (Ozawa and Muramatsu, 1993),
the faster migration of this protein was probably due to a conformational change in CML41FL,
CMLA41S, CML41FLA1-46 and CML41SA1-46 elicited by Ca®*,

1mM CaCl, 10 mM EGTA 1mM CaCl, 10 mM EGTA
75 kDa 75 kDa
| 2
| 2
g <
- <4
[ - <]
50 kDa J— 50 kDa
N N O S5 O ©
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Figure 3.6 Gel shift Ca’* binding assay. His-MBP-CML41FL and His-MBP-CML41S and His-
MBP-CML41FLA1-46 and His-MBP-CML41SA1-46 protein migration on 8% SDS-PAGE gel in the
presence of 1 mM CaCl, or 10 mM EGTA; ®’ points to CML41FL and CMLA41S as indicated; >’
points to CML41FLA1-46 and CML41SA1-46 as indicated.

3.2.4 CML41FL and S migration is faster in the presence of Caz*
The His-MBP tag of >40 kDa is much larger than CML41FL and S of ~20 kDa. The
migration of CML41FL and S tagged with His-MBP is supposed to be slower than the untagged

protein, and the proportion of potential conformational change in the fused protein by Ca** is also
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reduced, making the impact of Ca®* on the migration of the protein more difficult to detect when
CMLA41 is fused to MBP. Removal of His-MBP tag would remove its influence on the assay and
allow a greater proportional change in the rate of CML41FL and S migration with Ca** compared to
CMLA41FL and S with EGTA, than when fused to the MBP. To remove the MBP, mutagenesis PCR
amplification was performed to modify the expression plasmids. Following the method as described
by Nallamsetty and Waugh (2007), a TEV protease-site sequence was inserted into pDEST566-
CMLA41FL and S plasmids to generate pDEST566-TEV-Styl-CML41FL and S plasmids, so that E.
coli expressing these mutated plasmids enabled the production of His-MBP-TEV-CML41FL and S
protein with a cleavable TEV protease site between His-MBP and CML41FL and S (Figure. 3.7A).
In actual fact, a few ‘spacer’ residues were also inserted inbetween the TEV site and CML41FL and S
in order to enhance the cleavage efficiency of the TEV protease (Nallamsetty and Waugh, 2007).
After the recombinant His-MBP-TEV-CML41FL and S were purified from E. coli, the application of
TEV protease recognised and cleaved the TEV protease site separating His-MBP and CML41FL and
S (Figure. 3.7B and Figure 3.8A). Due to the similar size of cleaved CML41FL with the TEV
protease, it was hard to separate these protein bands from each other (Figure 3.8A and B). As TEV
protease cannot bind phenyl-sepharose, which is commonly used to purify Ca**-bound proteins (e.g.
CaM), this suggests that TEV protease doesn’t have Ca®*-binding characteristics and can be used as
control (Gopalakrishna and Anderson, 1982; Sarhan et al., 2012). It was clearly seen that both the
CMLA41FL and CMLA41S proteins (with removal of His-MBP) migrated faster in the presence of Ca**
compared to in the presence of EGTA (Figure 3.8B).
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Figure 3.7 His-MBP-TEV fusion protein purification and digestion. A, the diagram of mutated
pDEST566-TEV-Styl-CML41FL and S plasmid and process of His-MBP tag removal before the gel
shift Ca?*-binding assay. B, recombinant protein purification from the E. coli expressing mutated
pDEST566 plasmid; L = protein ladder, Precision Plus Protein™ Standards (Bio Rad); F1-7 =
collected protein fractions No.1 to 7; S = soluble proteins extracted from E. coli; ® points to the

expected recombinant proteins.
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Figure 3.8 Cleavage of recombinant proteins and gel shift assay. A, His-MBP-TEV-CML41FL
and S on 15% SDS-PAGE with or without TEV protease pre-treatment; ‘+’ indicates TEV protease
pre-treatment; ‘-’ indicates no TEV protease pre-treatment; ‘a’ points to undigested His-MBP-TEV-
CMLA41FL and S as indicated; ‘b’ points to His-MBP-TEV; ‘¢’ points to CML41FL and S after TEV
cleavage as indicated; ® * points to the TEV protease. B, Electrophoresis migration with 1 mM Ca*
or 10 mM EGTA on 15% SDS-PAGE; »’ points to CML41FL and S as indicated; >’ points to the
TEV protease. The expected size of each protein in A and B is: ~67 kDa of His-MBP-TEV-
CMLA41FL, ~63 kDa of His-MBP-TEV-CMLA41S, ~43 kDa of His-MBP-TEV), > 23 kDa of
CMLALFL after cleavage by TEV, > 19 kDa of CMLA41S after cleavage by TEV, ~27 kDa of TEV.

3.4 Discussion

3.4.1 MBP facilitated the purification of soluble recombinant CML41FL and CML41S from
E. coli

The in silico analysis in Section 2.3.5 predicted that both CML41FL and CMLA41S have
putative chloroplastic transit-peptide sequences that might direct them to chloroplasts. Previous
studies have reported that the truncation of the putative chloroplastic transit-peptide facilitates
Arabidopsis chloroplastic protein, encoded by At5g39790, to be soluble in E. coli (Lohmeier-Vogel et

al., 2008). Based on this information, we presumed that truncation of the putative (chloroplastic)
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signal peptide from CML41FL and S might enhance the solubility of both proteins in E. coli.
However, this approach failed, most likely owing to the frequently observed improper folding of
heterologous proteins in E. coli (Figure 3.3 and 3.4B) (Baneyx and Mujacic, 2004). Generally, native
proteins of E. coli are relative small, have simple-domains and efficiently fold in the correct
conformation, whereas the large and multi-domain heterologous proteins often require folding helpers,
such as chaperones (Baneyx and Mujacic, 2004). Fusion to affinity tags, such as Glutathione S-
transferase (GST) and MBP have been proposed to improve the solubility of heterologous proteins in
E. coli (Kapust and Waugh, 1999; Esposito and Chatterjee, 2006; Tolia and Joshua-Tor, 2006). In the
case of CML41FL and S, MBP but not GST enhanced the solubility of the recombinant proteins in E.
coli (Figure. 3.4B). MBP has been widely reported to function as a chaperone-like protein,
particularly in the form of N-terminal fusion to prevent insoluble aggregations of recombinant
proteins and improve eukaryotic protein solubility in E. coli, whereas GST is a poorer solubility
enhancer than MBP (Kapust and Waugh, 1999; Sachdev and Chirgwin, 1999; Routzahn and Waugh,
2002; Terpe, 2003; Waugh, 2005; Esposito and Chatterjee, 2006). The application of an N-terminal
MBP fusion made CML41FL and S soluble and capable of being purified from E. coli (Figure 3.5 and
3.7).

3.4.2 CML41FL and CML41S bind Caz+

CMLA41FL and CMLA41S exhibited a faster migration rate on a SDS-PAGE gel in the presence
of Ca** compared to when Ca** was absent (i.e. in the presence of EGTA); this occurred either with
His-MBP fused to the protein or after its cleavage (Figure 3.6 and 3.8). This shift is commonly
considered as an indication of a Ca**-induced conformational change in the target protein indicative
of Ca* binding (Gifford et al., 2007). This observation was similar to the properties of other CML
family proteins — CML3, CML8, CML12 (TCH3), CML24 (TCHZ2), CML37-39 and CML42-43; all
of these CMLs are believed to have Ca**-binding ability and be Ca®* signal transducers (Sistrunk et al.,
1994; Chiasson et al., 2005; Delk et al., 2005; Vanderbeld and Snedden, 2007; Park et al., 2010;
Chigri et al., 2012). Accordingly, CML41FL and CML41S are likely to bind Ca®" ions and act as Ca**
sensors, with the conformational change being a consequence of Ca?* chelation within the loop
formed from helix-loop-helix EF-hand motifs within CML41FL and S. To confirm Ca®* binding
alternative assays could be used such as a phenyl-sepharose column to purify the recombinant
CMLA41FL and S (Gopalakrishna and Anderson, 1982; Gifford et al., 2007).
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Following the binding of Ca*", the new protein conformation is usually associated with the
exposure of hydrophobic regions that have negative charges on the CaM/CML protein, which creates
interaction sites that are required for extensive protein interactions with other proteins (LaPorte et al.,
1980; Strynadka and James, 1989; Snedden and Fromm, 1998; Gifford et al., 2007). Using an
Arabidopsis protein microarray, more than 170 targets were observed to interact with CaM1, CaMB®,
CaM?7 and CML9-12 (Popescu et al., 2007), which suggests that CML41FL and S, as Ca*" signal
transducer, may also have extensive targets.
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Chapter 4: Characterisation of CML41 in planta

4.1 Introduction

CaMs/CMLs are reported to sense diverse Ca* signals during various cellular processes,
including biotic and abiotic environmental stimuli responses; a number of these Ca®* ‘sensors’ are
required to translate a Ca**-signature through to a specific transcriptional response (reviewed in Kim
et al., 2009a; Kudla et al., 2010; Reddy et al., 2011). In some instances, CaMs/CMLs enable the
transduction of a Ca**-signal by directly binding to DNA to regulate gene expression, such CAM7
(Kushwaha et al., 2008). Alternatively, they can regulate gene expression via an interaction with
intermediary proteins (e.g. transcription factors (TFs) TF-binding protein) or by modulation of TFs
phosphorylation status (Figure 4.1) (Kushwaha et al., 2008; Kim et al., 2009a; Reddy et al., 2011).
For instance, the transcription factor DWF1, which is essential for brassinosteroid (BR) biosynthesis
in plants, requires for its activation a prior binding to calmodulin (Du and Poovaiah, 2005). In
Chapter 2 and 3, CML41 was observed to be negatively correlated with CAX1 expression and | have
observed that both CML41FL and S have a capacity to bind Ca?*. Furthermore, CAX1 expression is
reported to be Ca®*-dependent, increasing in expression if treated with high concentrations of Ca*" in
the growth media (Hirschi, 1999). Thus, it is possible that CML41FL and S may play a role in
controlling expression of CAX1 in a manner outlined for other Ca**/CaM-sensors listed in Figure 4.1,
or it is possible that CML41 expression is induced when CAX1 expression is perturbed. In this chapter,
CML41FL and S were misexpressed in plants to test these hypothesis, and to see if CML41
misexpression altered the expression of other genes. To this end, | developed a gRT-PCR assay aimed
at discriminating the CML41FL and CMLA41S transcripts. Additionally, the expression pattern of
CML41 was also examined via examining native CML41 promoter chimerias with the -

glucuronidase gene (GUS) in planta.
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Figure 4.1 Mechanisms of Ca?*-mediated regulation of gene expression in plants. A, Ca*-
mediated gene expression via regulation by of a Ca®*-bound transcription factor. B-E, Ca*"/CaM-
mediated transcriptional regulation: B, Ca?*-mediated CaMs function as a TF; C, Ca*"-mediated
CaM s interact with TFs to regulate gene expression; D, Ca?*-mediated CaMs interact with TF-binding
proteins to regulate gene expression; E, Ca®*-mediated CaMs regulate gene expression via

phosphorylation or dephosphorylation of TFs. Adapted from Kim et al (2009a).

4.2 Material and Methods

4.2.1 Artificial micro RNA design and cloning
Artificial micro RNA (amiRNA) were designed against the CML41 mRNA sequence by
Bradleigh Hocking using Web Micro RNA Designer (WMD3, http://wmd3.weigelworld.org/cgi-

bin/webapp.cgi) and following the guide of Schwab et al (2006). Two CML41-amiRNA sequences
were selected from the output result of WMD3 designer, the BLAST result indicated that both of
selected amiRNA were specifically targeted to CML41 mRNA towards the 3’ region, as indicated in
Figure 4.2. Two amiRNA sequences were subsequently input into WMD3 Oligo to generate amiRNA
cloning primers (Table 4.1). Following the amiRNA cloning guide
(http://wmd3.weigelworld.org/downloads/Cloning_of_artificial_microRNAs.pdf) three separate PCR
reactions amplified the partial fragments of CML41-amiRNA#1 (CML41-amiRNA#1_f1, f2 and 3).
These were then purified and mixed together as a template for a PCR that amplified the full-length
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CML41-amiRNA#1 with the primers of amiRNA_A/B listed in Table 4.1. CML41-amiRNA#2 was
amplified following the same protocol but with different primer sets listed in Table 4.1 by Brad
Hocking. Both CML41-amiRNA#1 and CML41-amiRNA#2 were separately ligated into the
pCR8/GW/TOPO entry vector and transformed into TOP10 Chemically Competent E. coli cells

(Invitrogen) following the manufacturers’ guide (Appendix 7 and 8). The sequence of CML41-

amiRNA#1 and CML41-amiRNA#2 was confirmed in the entry vectors by restriction digest with

EcoRV and sequencing with primers M13_ Forward (see Section 2.2.3) and M13_Reverse (5’-
CAGGAAACAGCTATGAC-3’) (performed by AGRF).

Table 4.1 Primers used to clone CML41-amiRNA#1 and CML41-amiRNA#2 into the pRS300 vector
as a template. Upper cases in CML41_amiRNA cloning primers indicate sequence to be mutated when

PCR amplification on pRS300 vector as template, lower cases in the CML41_amiRNA primer indicate

sequence to bind to pRS300 vector as template and prime the PCR amplification.

Product name Primers

Sequence (5'-3")

Tm* Product

(°C) size
CML41- amiRNA_A CTGCAAGGCGATTAAGTTGGGTAAC 65.6 273 bp
amiRNA#1_fl  CML41_amiRNA#1_IV gaAATATAGAAGGGTAATTATGGctacatatatattccta ~ 66.5
CML41_ CML41_amiRNA#1 Il agCCATAATTACCCTTCTATAT Ttcacaggtcgtgatatg 74.8 176 bp
amiRNA#1_f2  CML41_amiRNA#1_Il agCCGTAATTACCCTACTATATAtcaaagagaatcaatga ~ 71.1
CML41- CML41_amiRNA#1 | gaTATATAGTAGGGTAATTACGGctctcttttgtattcca 70.9 300 bp
amiRNA#1_f3  amiRNA B GCGGATAACAATTTCACACAGGAAACAG 68.3
CML41- amiRNA_A CTGCAAGGCGATTAAGTTGGGTAAC 65.6 699 bp
amiRNA#1 amiRNA B GCGGATAACAATTTCACACAGGAAACAG 68.3
CML41- amiRNA_A CTGCAAGGCGATTAAGTTGGGTAAC 65.6 273 bp
amiRNA#2_f1  CML41_amiRNA#2_IV gaAAAACCGACATCATTTGATCActacatatatattccta 71
CMLA41- CML41_amiRNA#2_IlIl agTGATCAAATGATGTCGGTTT Ttcacaggtcgtgatatg 79.2
amiRNA#2_f2 CML41_amiRNA#2 Il agTGGTCAAATGATGACGGTTTAtcaaagagaatcaatga  77.1 176bp
CML41- CML41_amiRNA#2 | gaTAAACCGTCATCATTTGACCACtctcttttgtattcca 76.7 300 bp
amiRNA#2_f3  amiRNA_B GCGGATAACAATTTCACACAGGAAACAG 68.3
CMLA41- amiRNA_A CTGCAAGGCGATTAAGTTGGGTAAC 65.6 699 bp
amiRNA#2 amiRNA B GCGGATAACAATTTCACACAGGAAACAG 68.3

* Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)
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CML41-amiRNA#1 (5'-TATATAGTAGGGTAATTACGG-3’)

AT3G50770. 1 Symbols: almor -lated protein, putativ chr3:18884939-18885761 FORWAR
Target region: ACGTAATTACCCTACTATATG
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CML41-amiRNA#2 (5-TAAACCGTCATCATTTGACCA-3’)
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' Target gene 5 ->3' /626-646 TCGTCAAATGATGACGGTTTA
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: EE e
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Figure 4.2 CML41-amiRNA sequences designed by WMD3 Designer and targeting site on
CML41 mRNA sequence. Designed sequences of CML41-amiRNA#1 and CML41-amiRNA#2 as
shown in bracket, the output of amiRNA targets blasted using WMD3 target search
(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=TargetSearch;project=stdwmd)

4.2.2 CML41 promoter cloning and plasmid construction

The CML41 promoter sequence was examined using the Arabidopsis transcription factor
database (http://arabidopsis.med.ohio-state.edu/AtTFDB/). A 2 kb sequence upstream from the
CML41 ATG start codon was amplified by PCR with the primers listed in Table 4.2 using Phusion™

Hot Start High-Fidelity DNA polymerase (FINNZYMES) following the manufacturers’ instructions.
The putative CML41 promoter region (proCML41) included a 5” untranslated region (5’-UTR). The
PCR amplification products were cloned into a pPCR8/GW/TOPO entry vector and transformed into
TOP10 Chemically Competent E. coli cells (Invitrogen) (listed in Appendix 7 and 8). The sequence

of proCML41 was confirmed in the entry vector by sequencing with primers M13_ Forward (see
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Section 2.2.3), proCML41 F1 seq (5’-GTTTGTATTTGTTTTTGGTGAGTAC-3%),
proCML41 F2 seq (5-GAGGAAGCTGCGATGAAAT-3") and proCML41_F3 seq (5’-
TGTATGCACTTAAGACATCTCCAT-3’) (performed by AGRF). Using the Gateway® LR
Clonase® Il Enzyme Mix (Invitrogen) proCML41 within the entry vector was subsequently
recombined into the binary vector pMDC162, which contained the GUS gene (Curtis and
Grossniklaus, 2003), and was designated pMDC162-proCML41 (Appendix 7 and 8). Meanwhile, the
same technique was performed to recombine CML41FL, CML41S, CML41-amiRNA#1 and CML41-
amiRNA#2 from the entry vectors into the binary vector pMDC32, which contained a 2x35S
promoter for overexpression in plants. CML41FL and CML41S-stop were recombined into the binary
vector pMDCB83, which contained the GFP gene in an orientation appropriate to create a C-terminal-
fusion as used in Chapter 5 for protein subcellular localisation (listed in Appendix 7 and 8) (Curtis
and Grossniklaus, 2003).

Table 4.2 Primers used to clone CML41 promoter region from Arabidopsis genomic DNA
by PCR

*
Product Primers Sequence (5'-3") Tom Pro_duct
name (°C) size
proCML41 2kb F1 TAACGCGCAAGGAAACGC 60.5
proCML41 2000 bp
proCML41 2kb R1 ATCATTGAGTTTATATGCTGTAGTGTGTT 60

*Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)

4.2.4 Plant material and growth

Arabidopsis ecotype Col-0 was used as plant material for stable gene expression with the
above constructs. Seeds were sterilized in 30% bleach for 5-10 min with gentle agitation, followed by
5 washes in sterile water and drying in a laminar flow cabinet on sterile filter paper (Whatman).
About 20-30 sterile seeds were sown on a pot of sterile coco-peat soil with a clear plastic cover to
maintain high humidity. The pots with seeds were placed in the dark for 2 d at 4 °C for stratification
before being transferred and grown in long day conditions (16 hr light/8 hr dark, 23 °C) with watering
every 3 or 4 d with light level at 80 pmol m? s™. The plastic cover was removed after 2-3 weeks and
plants were grown for another 3-4 weeks. Then the flowering Arabidopsis seedlings were ready for

transformation.
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4.2.5 A. tumefaciens-mediated transformation

The binary vectors carrying genes of interest were transformed into Agrobacterium
tumefaciens strain AGL1 using the freeze-thaw method as described in Hofgen and Willmitzer (1988).
Briefly, 1 pg plasmid DNA was mixed with A. tumefaciens competent cells (50 pL) and incubated on
the ice for 5 min, followed by freezing in liquid nitrogen for 5 min and thawing at 37 °C for another 5
min using a heating block. 1 mL of LB was added to the competent cells and cultured in suspension at
30 °C for 2 hr before being plated on LB agar medium with Rifampicin (25 pug/mL) and Kanamycin
(50 pg/mL) and incubated at 30 °C for 2 d. The transformed A. tumefaciens colonies harbouring the
genes of interest in binary vectors were confirmed by colony PCR with gene specific primers that had
been used in initial gene cloning as corresponding tables above. Arabidopsis plants were transformed
using the flora-dip method, mediated by A. tumefaciens following the protocols described by Zhang et
al (2006). The confirmed colonies were grown in LB liquid medium with the above antibiotics at 30
°C for 2 d, 1 mL of which was inoculated into another fresh 500 mL LB liquid medium with the same
antibiotics and cultured at 30 °C for another 16 hr. The A. tumefaciens cells were collected by
centrifugation at 4000 x g for 10 min at room temperature and resuspended in equal volumes of 5%
(wi/v) sucrose solution with 0.025 % (v/v) Silwet L-77. The flowers of Arabidopsis plants were
immersed into the A. tumefaciens cell suspension for 45 sec, wrapped with clear polyethylene film
and placed in the dark with high humidity. Two pots containing 10-20 Arabidopsis seedlings per pot
were dipped for each construct. The covering film was removed after 24 hr and the plants were

transferred to long day conditions with normal watering for another 4 weeks to allow seed maturation.

4.2.6 Genomic DNA extraction

Genomic DNA (gDNA) was extracted from 5-6 week-old Arabidopsis. 1-2 rosette leaves
were harvested in 1.5 mL microcentrifuge tubes and frozen in liquid nitrogen. Afterwards, leaf tissue
was ground into powder in the microcentrifuge tube using a micropestle and mixed thoroughly with
600 pL DNA extraction buffer (100 mM Tris-HCI, 100 mM NaCl, 10 mM EDTA, 1% (w/v) sarkosyl
and 2% (w/v) polyvinylpyrrolidone, pH = 8.5) plus 600 pL phenol/chloroform/isoamyl alcohol
(25:24:1, pH = 8.0) by vortexing. Homogenized tissue was centrifuged at maximum speed for 10 min
in a desktop microcentrifuge. The upper-phase supernatant (500 pL) was transferred into a new 1.5
mL microcentrifuge tube and mixed thoroughly with 50 uL. 3 M Na acetate (pH = 4.8) and 600 pL
isopropanol, followed by 30 min incubation at room temperature. gDNA was precipitated by
centrifugation at maximum speed for 10 min, washed in 70% ethanol and resuspended in 50 pL
sterile H,O with RNase (40 mg/mL).
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4.2.7 Selection of primary transformed Arabidopsis plants

Primary selection of transformants was performed using an optimized version of the method
described by Harrison et al (2006). Briefly, seeds harvested from floral-dipped Arabidopsis plants
were sterilized as described above. Sterile seeds were germinated on a petri dish with %2 MS medium
plus 0.8% (w/v) phytogel and 25 pg/mL hygromycin-B, placed in the dark for 2 d at 4 °C. Then seeds
were transferred to the light at 23 °C for 6 h, then wrapped with aluminium foil and placed back in the
growth chamber for another 2 d. The foil was removed and the seeds were placed in the light for 24 hr.
The seedlings of Arabidopsis transformants were discriminated by the length of cotyledons under
hygromycin selection. The seedlings that had hypocotyls longer than 0.7 cm were deemed to be likely
positive transformants, and were transferred to a new %2 MS medium plus 0.8% (w/v) phytogel and
grown in short day conditions for 3—4 weeks before being transferred into soil. Arabidopsis putative
transformants were confirmed by a PCR on their gDNA which was designed to amplify the insert
fragment specific to the binary vectors used to transform the plants as indicated, with the primers
listed in Table 4.3. Seeds were collected from these confirmed primary Arabidopsis transformants (T)

and classified as the second-transgenic generation (T,), and were used for further analysis.
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Table 4.3 Primers used to screen T, Arabidopsis transformants using PCR on genomic DNA as

templates.
*
Template gDNA Primers Sequence (5-3) Tom Prqduct
name (°C) size
CML41FL-OEX-2 pMDC32_35S_F TCTAGAGGATCCCCGGGTA 56.7
CML41FL-OEX-12 425b
CML41_FL_gPCR R1 GTCAGTGTCAACTTCGTTTATC p
pMDC32-CML41FL G 57
CML41S-OEX-3 .
CMLA41S_specific F4 AGCGACGGCGACGGGT 62.6
CML41S-OEX-4 440 bp
CML41S-OEX-6 . CGGCAACAGGATTCAATCTTA
nos_Terminator_R1 61
pMDC32-CML41S AG
CMLA41-amiRNA#1-1 GATGTGATATCTCCACTGACG
. 35S F 56.4
CMLA41-amiRNA#1-2 TAA
CMLA41-amiRNA#1-8 622 bp
' , AGCCGTAATTACCCTACTATA
pMDC32-CML41- CML41-amiRNA#1_R TATC 54
amiRNA#1
CMLA41-amiRNA#2-1 GATGTGATATCTCCACTGACG
. 35S F 56.4
CMLA41-amiRNA#2-4 TAA
CMLA41-amiRNA#2-8 620 bp
PMDC32-CML41- CML41_amiRNA#2 R TGGTCAAATGATGACGGTTTA  56.3
amiRNA#2
CML41FL-OEX-2
CML41FL-OEX-12
CML41FL-Null
PMDC32-CML4IFL  CML4L_CDS_F ﬁgg?CAACTCA' AAAGAGAA 4
CML41-amiRNA#1-1
CMLA41-amiRNA#1-2
CML41-amiRNA#1-8
pMDC32-CMLA41-
amiRNA#1 618 bp
CML41-amiRNA#2-1
CMLA41-amiRNA#2-4
CML41-amiRNA#2-8 o141 cDS_R ICAZ\L,;%ACCGTCATCATTTGACG 62
pMDC32-CMLA41-
amiRNA#2
CML41-amiRNA#2-
Null
WT Col-0
CML41S-OEX-3
CML41_CDS_F ATGGCAACTCAAAAAGAGAA
CML41S-OEX-4 ACCT 618 bp +
CML41S-OEX-6 501 bp
CML41_CDS R CTAAACCGTCATCATTTGACG .,

pPMDC32-CML41S

AAAC

* Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)
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4.2.8 Quantitative RT-PCR of gene expression analysis in Arabidopsis transformants

To determine the up- and/or down-regulation of CML41FL and S expression in Arabidopsis
transformants, quantitative Real-Time PCR (qRT-PCR) was performed to quantify their relative
transcript level in plants. RNA was extracted from 5-6 week-old T, Arabidopsis grown
hydroponically in short day conditions, 2 g of which was used to synthesise cDNA following the
methods outlined in Section 2.2.3. The primers for gRT-PCR were designed using Primer 3

(http://frodo.wi.mit.edu/primer3/), and the products were confirmed by sequencing (see Table 4.4).
gRT-PCR was performed on the cDNA samples using fluorescence output from the 1Q™ SYBR®
Green Supermix and iCycler real-time PCR system (Bio Rad) and the following conditions: 95 °C for
2 min 30 sec, 40 cycles of 95 °C for 30 sec, 55 °C for 30 sec and 72 °C 20 sec plus melt curve
analysis from 55 °C to 95 °C for 10 sec at 0.5 °C increments. gRT-PCR result analysis followed the
method as described in Schmittgen and Livak (2008) using 2" to calculate gene expression level
relative to GAPDH-A (At3g26650) as an internal control.

Table 4.4 Primers used to gRT-PCR analysis in this chapter.

Tm* Product

Gene name  Primers Sequence (5'-3") °C) size
ARRS ARR5_gPCR_F1 CAGCTAAAACGCGCAAAG 55.7 134b
ARR5_gPCR_R1 GCAAAAGAAGCCGTAATGTC 55.4 P
BR60x2_gPCR_F1 TGGAGGTGGAGTTAGGCTT 54.4
BR60x2 156 bp
BR60x2_gPCR_R1 AGATGGTATCCTTTTGGTGC 54.2
CAX1 gPCR_F1 ACTGGTCCTCTTGCTTTGCT 56.5
CAX1 201 bp
CAX1_gPCR_R1 CTCCATTGTCTCTCGCTTTG 55.7
CAX3 CAX3_gPCR_F1 ACTGGTTCTATTGTTATGCTATGTCA 57.7 258 b
CAX3_gPCR_R1 CAAGCTCCCTCCCTCATTC 56.7 P
CML41 _gPCR_F1 GAGGACTTTGTTGGATTGATG 54.5
CMLA41FL/S 191 bp
CML41 gPCR_R1 ATGGCTTCACACTCTCCGTA 55.3
CML41_FL_gPCR_F1 AGCGACGGCGACGGTAAG 61.8
CML41FL 114 bp
CML41 FL_gPCR_R1 GTCAGTGTCAACTTCGTTTATCG 57
CML41_Short gPCR_F1 ACGGCGACGGGTTTGA 58
CML41S 141 bp
CML41_Short gPCR_R3 TTGGTGTTATGCAGCCTGATC 58.5
IAAL IAA1_gPCR_F1 TCCGAGAGAGAAGGCTACAA 55 169 b
IAA1_gPCR_R1 AGACAATGGATCATAAGGCAGT 55.7 P
cs1 ICS1_gPCR_F2 TCCAGCAGAAGAAGCAAGG 56.1 1721
ICS1 gPCR_R2 TATCCCTGTCCCCGCATAG 58.2 P
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NOAL1 gPCR_F2 GAACCAATCCGCAAAACAC 56

NOA1 189 bp
NOA1 gPCR R2 GGGTCTTACTTCTTCTTCCTTATC 55.4
PR1 PR1_gPCR_F2 GCTCTTGTAGGTGCTCTTGTTCT 57.7 163 b
PR1_gPCR_R2 TGCCTCTTAGTTGTTCTGCGT 57.8 P
SCL3 SCL3 gPCR_F1 TACGCAGCATTGTTTGATTG 55.6 143 b
SCL3 gPCR_R1 TTCTCGTGTCTTTCTCTTCTCTC 55.1 P
ACAS ACA8 gPCR_F1 TCGTAAACCAGATGAGAAGAACA 57 172b
ACA8 gPCR_R1 ACCGATGCCAACACAGATAAG 57.6 P
ACA10 gPCR _F1 TCGTCTGTATCGGAATCGG 56.4
ACA10 186 bp
ACA10 _gPCR_R1 CAAGTACCACTAAAAGCCACCT 56

*Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)

4.2.9 Homozygote screening of Arabidopsis transformants

The T, Arabidopsis seedlings that were confirmed with expected up- or down-regulated
transcript level of CML41FL or CML41S by qRT-PCR were transferred from the hydroponic system
into soil for seed collection. At least 2 lines for each construct were selected from T, Arabidopsis
plants to create a third-transgenic generation (Ts3). Germination of about 120 T3 seeds of each line on
¥ MS phytogel medium with 25 pg/mL hygromycin-B followed the selection method of
transformants in Section 4.2.5. Lines were considered as homozygous lines, as long as > 95% of the
seedlings germinated on selective media as described in the method of Harrison et al (2006). Seeds of

homozygous lines were stored at 4 °C for further assays.

4.2.10 GUS histochemical analysis

A GUS histochemical assay was performed using the methods described in Jefferson (1987).
Transgenic proCML41::GUS plants were immersed in a staining buffer (50 mM Na phosphate pH =
7.0, 10 mM EDTA, 2 mM potassium ferrocyanide, 2 mM potassium ferricyanide, 0.1% (v/v) Triton
X-100, 0.1% (w/v) X-Gluc (5-bromo-4-chloro-3-indolyl B-p-glucuronide)) in a 6-well plate and
vacuum infiltrated for 15 min in the dark, followed by a 3 hr incubation at 37 °C in the dark. The
stained plants were destained in 70% ethanol. GUS-stained plants were imaged using NIKON
SMZ800 Stereo Fluorescence microscope (NIKON).
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4.2.11 Embedding and sectioning of GUS stained seedlings

GUS stained seedlings were embedded using the Technovit 7100 hydroxyethyl-methacrylate
kit (Heraeus Kulzer). Fresh 3 hr GUS-stained Arabidopsis seedlings were immediately transferred
into 150 mM Na phosphate buffer (pH = 7) and kept at 4 °C overnight in a 6-well plate (Iwaki). These
seedlings were subsequently washed three-time using ultrapure H,O, cut into 3 mm pieces using a
razor blade and fixed in 100 mM Na phosphate buffer with 5% glutaraldehyde (pH = 7.4) ina2 mL
microcentrifuge tube at 4 °C overnight. Then, fixed tissue was washed in 1xPBS buffer (137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PQO,, pH = 7.4) for 10 min and transferred into
1xPBS with 1% (w/v) agarose in a 6-well plate (Iwaki). The solid agarose was cut into small blocks
containing the fixed tissue, dehydrated in 50% ethanol for 30 min and then taken through a
dehydration series containing 70%, 90% and 100% ethanol for 30 min for each change. The
dehydrated agarose blocks were gradually infiltrated via a change of 100% ethanol with infiltration
solution | (ethanol : Technovit 7100 liquid plus 1% (w/v) Technovit harderner 1, 3:1) for 2 h, with
infiltration solution Il (ethanol : Technovit 7100 liquid plus 1% (w/v) Technovit harderner I, 1:1) for
2 hr and with infiltration solution Il (ethanol : Technovit 7100 liquid plus 1% (w/v) Technovit
harderner I, 1:3) for another 2 h. After that, these agarose blocks were stored in Technovit 7100 liquid
plus 1% Technovit harderner | overnight at 4 °C. These infiltrated agarose blocks were polymerised in
Technovit polymerisation solution (6.25 % (v/v) Technovit hardener Il in Technovit 7100 liquid plus
1% (w/v) Technovit harderner 1) for 1 d. The polymerised tissue was sectioned in 10 um thickness
using Leica RM2265 rotary microtome (Leica). The sectioned tissues were imaged using LEICA
ASLMD Laser dissection microscope (Leica)

4.2.12 Growth assays of transgenic Arabidopsis

A rapid growth-test assay for Arabidopsis transgenic lines at T, generation underwent a rapid
screening of transformants via germination on %2 MS agar medium plus 25 pg/mL hygromycin-B for
2-3 d as described in Section 4.2.7, then the transformants were selected and transferred to BNS agar
medium without antibiotics, and grown together with same-age wild-type Col-0 seedlings that were
germinated in the same condition but without hygromycin-B selection in short-day conditions (9 hr
light/15 hr dark, at 22 °C). In the growth assay on T; homozygous Arabidopsis transgenic lines as
well as wild-type Col-0, seeds were germinated and grown in %2 MS agar medium with or without
different CaCl, supplementation for a week in long-day conditions (16 hr light/8 hr dark, 22 °C), after
2 d stratification at 4 °C in the dark. The details of flg22 treatment, salt stress and root growth assay

methods are referred in the respective figure legends.
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4.2.13 Dark-induced chlorophyll measurement

Dark treatment was optimized from Weaver and Amasino (2001) and Keech et al (2007).
Two rosette leaves were given a dark treatment by wrapping the leaf with aluminium foil to keep it
from the light before harvesting as shown in Figure 4.3. The fresh weight of 0 d, 2 d, and 4 d dark-
treated rosette leaves was measured before transferring into a 2 mL microcentrifuge tube and freezing
immediately in liquid nitrogen. Chlorophyll measurement followed the protocol described by Warren
(2008). Basically, the leaf tissue was freeze-dried overnight and ground into a fine powder in the
microcentrifuge tube. Chlorophyll was extracted from the tissue powder in 1 mL methanol by
vortexing for 2 min and centrifuging at maximum speed for 2 min. Supernatant containing
chlorophyll was transferred into a fresh 2 mL microcentrifuge tube. The tissue pellet was re-extracted
in another 1 mL methanol, followed by vortexing and centrifuging again for 2 min at each step. The
second supernatant containing the additional chlorophyll extracts was mixed with the first supernatant
in 2 mL microcentrifuge tube. The chlorophyll extract (200 pL for each sample performed in
triplicate) was transferred into a clear 96-well plate (Greiner bio-one). The absorbance (A) of each
sample in the 96-well plate was measured at 655 nm and 665 nm using FLUOstar Optima multi-mode
microplate reader (BMG LABTECH). The calculation of chlorophyll concentration followed equation
published by Ritchie (2006):

Chlorophyll a (ug/mL) = —8.0962 Assz, 1 cm + 16.5169 Agss, 1.cm
Chlorophyll b (ug/ml_) = 27.4405 Aﬁ52Y 1lcm — 12.1688 A565' 1cm

Chlorophyll content (ug/mg) = 2 x (Chlorophyll a + Chlorophyll b) / fresh weight (mg)
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Figure 4.3 Experimental system of dark-induced senescence using aluminium foil. Arabidopsis
plants were grown in BNS in short-day conditions for 5-6 weeks before dark-treatment; two mature
leaves from No.10-15 were selected and wrapped in aluminium foil.

4.2.14 Callose measurement

Callose measurement was optimized from Currier and Strugger (1956), Galletti et al (2008),
Choi et al (2010) and Daudi et al (2012). Arabidopsis plants that were 5-6 week-old and grown in
short-days were used for callose deposition assays. Either 2 uM flg22 or ultrapure H,O was infiltrated
into an individual rosette leaf. Three leaves per plant and six plants per line per treatment were used
as replicates for the assay. After 20-24 hr, the infiltrated leaves were sampled, cleared and dehydrated
in 100% ethanol for more than 8 hr in a 12-well plate (Iwaki) with the ethanol changed twice and
gently shaken at room temperature. The clear leaves were fixed in fixation buffer | (acetic : ethanol,
1:3) for 1 h, and followed by exchanging it with 50% (v/v) ethanol for 15 min and 30% (v/v) ethanol
for 15 min. The fixed leaves were washed in 150 mM Na phosphate buffer (pH = 8.0) for 1 hr before
aniline staining in staining buffer (150 mM Na phosphate, 0.05% (w/v) aniline blue, pH = 8.0) for
another 1 hr in the dark at 37°C. The stained leaves were mounted in 50% (v/v) glycerol and imaged
with an Axiophot Pol Photomicroscope excitation from a mercury light source and captured with a
UV filter (LP =470 nm) (Carl Zeiss). Callose deposited in leaves was measured by ImageJ, using

particle analysis (http://rsbweb.nih.gov/ij/).
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4.2.15 Statistical analysis
Graphing and statistical analysis of all data was performed in GraphPad Prism v6.

4.3 Results

4.3.1 Expression pattern of proCML41::GUS in Arabidopsis

GUS fused to a native promoter provides a versatile tool for the investigation of gene
expression patterns in higher plants (e.g. Arabidopsis) (Jefferson et al., 1987). To elucidate the
CMLA41 expression pattern in planta, 2 kb of the putative CML41 promoter was fused to the GUS
gene and expressed in Arabidopsis. GUS histochemical staining revealed a strong GUS activity
mainly in the root vascular tissue of 5 day-old Arabidopsis seedlings and in the cotyledons of 10 day-
old seedlings, whereas no GUS activity was observed at all in a negative control (Figure 4.4a-f, n). In
17 day-old seedlings, GUS activity was still predominantly observed in the root and cotyledon but
also at the leaf margin (Figure 4.4g and h). The sepals, stamens and apex and base of siliques were the
tissues with strongest GUS activity at the flowering stage of proCML41::GUS plants (Figure 4.4i-m).
As discussed in Section 2.4.3, up-regulated CMLA41 expression was reported in a few microarrays in
response to flg22. Here | also investigate GUS activity under control proCML41 in response to flg22.
After, flg22 treatment there was a significant systemic increase in the GUS activity of rosette leaves
at 4-hr after infiltration, whereas H,O-treated rosette leaves induced a barely perceptible difference in
GUS activity when compared to non-treated leaves, however there was a localised increase in GUS
activity induced by both flg22 and H,O injection at the wound/infiltration site as indicated by arrows
(Figure 4.5). Notably, GUS activity was very much different in the seedlings when grown in long-day
conditions and short-day conditions (Figure 4.4-4.6). Twenty-four day-old seedling grown in long-
day conditions started bolting, and the GUS activity clearly was observed in leaves and likely
increased along with leaf age; this GUS activity was firstly seen in the petiole of the young leaf, then
gradually increased in the petiole and appeared in veins of mature leaves and the whole tissue of old
leaves (Figure 4.6 a, c-€). Additionally, GUS activity was also observed in young cauline leaves and
sepals but not in stems when bolting (Figure 4.6b). This age-dependent CML41 expression in the
seedling in long-day conditions was initially considered as an indication that CML41 was involved in
response to leaf age or even senescence.

Individual-leaf senescence can be induced by dark-treatment and is associated with a
spectacular phenomenon on this leaf — the breakdown of chlorophyll (Weaver and Amasino, 2001,
Hortensteiner, 2006; Keech et al., 2007). As such, 2-week dark was imposed on individual rosette leaf

of 6 week-old proCML41::GUS plants grown in short-day conditions. GUS histochemical assay again

88



was utilized to stain the leaves with or without this dark treatment to reveal the possibility of
senescence-induced CMLA41 expression. Obviously, this 2-week dark treatment imposed a significant
senescence on leaves with a clear breakdown of chlorophyll, compared to leaves without dark
treatment (Figure 4.6f, g). GUS activity was observed highly in the main vein of 8 week-old rosette
leaves and somewhat on the other part of those leaves; whereas there was barely GUS activity on the

chlorophyll-degraded site of 8 week-old rosette leaves with 2-week dark treatment (Figure 4.6f-i).
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Figure 4.4 Tissue-specific expression of CML41 in Arabidopsis grown in short-day conditions.
a-d, proCMLA41::GUS activity in 5 day-old Arabidopsis seedlings. e, proCML41::GUS expression in
10 day-old Arabidopsis seedlings. f, cross-section of 5 day-old Arabidopsis root expressing
proCML41::GUS. g-h, 17 day-old Arabidopsis seedlings expressing proCML41::GUS. i-I, 40 day-old
proCML41::GUS flowering plants. m, silique of 50 day-old proCML41::GUS Arabidopsis. n, a
negative control of GUS histochemical assay on non-GUS-transformed seedlings. All Arabidopsis
plants were grown in short day conditions. The proCML41::GUS seedlings were grown on ¥ MS agar
medium in short day conditions (with 9 hr light/15 hr dark) for 4 weeks before being transferred into

soil and grown in long day conditions (with 16 hr light/8 hr dark).
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Figure 4.5 GUS activity of proCML41::GUS Arabidopsis in response to flg22 infiltration. GUS
histochemical staining of 24 day-old proCML41::GUS Arabidopsis after 4-hr infiltration with either 2

UM flg22 or H,0, as well as non-infiltrated grown at short-day conditions (with 9 hr light/15 hr dark).
»’ points to the infiltration site of flg22 or H,O into leaf.
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Control 2-week dark-treatment

Figure 4.6 Tissue-specific expression of CML41 in Arabidopsis grown in long day conditions or
in short day conditions treated with dark on individual rosette leaf. a, proCML41::GUS activity
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in 24 day old of Arabidopsis seedlings grown in long day conditions (16 hr light/8 hr dark, 22 °C). b-e,
zoom-in images of proCML41::GUS activity in different organs of seedlings in a. e, proCML41::GUS
activity in detached leaves of plant shown in a, aligned from the youngest (on left) to the oldest (on
right). f and g, images of leaves of 8 week old proCML41::GUS Arabidopsis grown in short-day
conditions without dark treatment (f) or with 2 week dark treatment (g), as shown in an typical

example in Figure 4.3. h and i, GUS activity in those leaves respectively shown in f and g.

4.3.2 CML41FL and S expression in transgenic 355::CML41FL, 355::CML41S and
35S8::CML41-amiRNA lines

To investigate the role of CML41FL and S in planta, | planned to examine Arabidopsis plants
through gain and loss of CML41FL and S expression. To this end, both CM41FL and CML41S were
overexpressed driven by the 2x35S promoter in Arabidopsis via Agrobacterium-mediated
transformation. The transformants were examined using PCR analysis on their gDNA to confirm the
presence of the T-DNA insertion into transfromants before their gene expression were further
investigated. Here the PCR amplification indicated that CML41FL-OEX-2 and -12, CML41S-OEX-3,
-4 and -6, CML41-amiRNA#1-1, -2 and -8, CML41-amiRNA#2-1, -4 and -8 lines all had a T-DNA
insertion event, suggesting that they all had been transformed (Figure 4.7). A further analysis by qRT-
PCR indicated that CML41FL transcript level was dramatically increased by more than 2500- and
4000-fold respectivelyin overexpression lines CML41FL-OEX-2 and -12 (P < 0.0001) in comparison
to control wild-type Col-0 plants, but was not significantly different in CML41S overexpression lines
compared to controls (CML41S-OEX-3 and -6) (P > 0.05) (Figure 4.8A). CMLA41S transcript level
was considerably enhanced in CML41S-OEX-3 by about 14-fold and 28,000-fold in CML41-OEX-6
compared to wild-type Col-0. Interestingly, CML41S also appeared to have increased in CML41FL-
OEX-2 and -12, 260- and 330-fold respectively, as indicated by gRT-PCR (P < 0.05) (Figure 4.8A).
In Col-0 in standard conditions, the transcript level of CML41S was only about 12% of CML41FL
(Figure 4.8A).
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Figure 4.7 PCR amplification to validate the putative Arabidopsis T, transformants and wild-
type Col-0. PCR amplified fragments from Arabidopsis gDNA for genes of interest derived from the
pMDC32 binary vector with primers (listed in Table 4.3) as indicated in the upper panels of A, B, C
and D; control PCR reactions amplified CML41 fragments on gDNA of putative T, transformants and
wide-type Col-0 as templates with CML41 CDS_F/R primers (listed in Table 4.3) as indicated in the
lower panels of A, B, C and D. A, CML41FL-OEX-2 and -12 refer to No.2 and 12 putative
transformants with CML41FL overexpression; CML4FL-Null refers to the null line of CML41FL-
OEX plant. B, CML41S-OEX-3, -4 and -6 refer to No.3, 4 and 6 putative transformants with CML41S
overexpression. C, CML41-amiRNA#1-1, -2 and -8 refer to No.1, 2 and 8 putative transformants with
CML41-amiRNA#1 overexpression. D, CML41-amiRNA#2-1, -4 and -8 refer to No.1, 4 and 8
putative transformants with CML41-amiRNA#2 overexpression; CML41-amiRNA#2-Null refers to
the null line of CML41-amiRNA#2 plant. Wild-type Col-0 gDNA and plasmid DNA of pMDC32
vector containing genes of interest respectively were used as negative and positive controls in A, B, C
and D, L = DNA marker ladders, 100 bp DNA Ladder (New England Biolabs).
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Figure 4.8 CML41FL and S expression level in 35S::CML41FL, 35S::CML41S and 35S::CML41-
amiRNA Arabidopsis lines and Col-0. gRT-PCR analysis of CML41FL and S expression with
primer pairs CML41FL_gPCR_F1/R1 and CML41S_gPCR_F1/R3 (listed in Table 4.4) in the leaves
of 5-6 week-old plants grown in BNS in short-day conditions (with 9 hr light/15 hr dark) in A or in
the leaves of 5-6 week-old plants grown in BNS in short-day conditions treated with 1 uM flg22 in B;
gene expression level was relative to GAPDH-A (At3g26650). Mean = SD, n =5 plantsin Aand n =
4 plants in B, qRT-PCR performed in triplicate; a, b, ¢ and d represent data groups that are not
statistically different, as determined by Student’s t test, P < 0.05.

To abolish CML41FL and S expression in planta the T-DNA Express database
(http://signal.salk.edu/cgi-bin/tdnaexpress) was mined to identify whether any CML41 T-DNA-

insertion line existed (Alonso et al., 2003). However, no line with a T-DNA inserted into CML41 was
available in this database, so an alternative approach that employs amiRNA technology to induce
specific gene-silencing in Arabidopsis was used (Schwab et al., 2006; Ossowski et al., 2008). Two
amiRNAs are recommended for one target gene since the chance for a designed amiRNA silencing its
target is around 75% (refers to http://wmd3.weigelworld.org/cgi-
bin/webapp.cgi?page=Help#procedure). Searching for CML41-amiRNA#1 and CML41-amiRNA#2
targets in WMD3 database indicated that both amiRNAs were specifically targeted to CML41 mRNA

and bound to different regions of the genes (to 3°-UTR and C-terminal coding region of CML41
mRNA respectively, with an approximate hybridization energy of -36 kcal/mol) (Figure 4.2),

96


http://signal.salk.edu/cgi-bin/tdnaexpress
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Help#procedure
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Help#procedure

suggesting that overexpression of either amiRNA could be reasonably expected to target both
CML41FL and CMLA41S transcripts and silence them simultaneously (Figure 4.2). The overexpression
of CML41-amiRNA#1 failed to silence either CML41FL or CMLA41S in all three CML41-amiRNA#1-
1, -2 and -8 lines (Figure 4.8B). But the overexpression of CML41-amiRNA#2, by contrast, reduced
expression of CML41FL by up to 84% rather but not CMLA41S in the lines CML41-amiRNA#2-1 and -
4 in standard conditions (P < 0.05) (Figure 4.8A).

4.3.3 Gene expression profiles in transgenic 35S::CML41FL, 35S::CML41S and 35S::CML41-
amiRNA#2 lines

In addition to quantifying CMLA41FL and S expression in these overexpression lines, CAX1
and CAXa transcript profiles were also investigated in CML41FL and S-OEX lines, as | hypothesised
that CML41FL and S might control expression of either of them. However, neither CAX1 nor CAX3
transcript levels was altered in leaves of any of these overexpression lines compared to wild-type Col-
0 (P > 0.05) (Figure 4.9). In addition, some sample hormone- and chemical-response marker genes,
including ARR5 (At3g48100, marker gene for cytokinin — CK), BR6ox2 (At3g30180, marker gene for
BR), IAAL (At4914560, marker gene for auxin — IAA), SCL3 (At1g50420, marker gene for
gibberellins — GA) and PR1 (At2914610, marker gene for SA), were not misexpressed by
overexpressing either CML41FL or CML41S (Figure 4.9) (Abel et al., 1995; Penninckx et al., 1996;
Taniguchi et al., 1998; Ogawa et al., 2003; Shimada et al., 2003). CAX3, ARR5 and IAA1 expression
did not respond to the knock-down of CML41FL in the leaves of CML41-amiRNA#2 lines (Figure
4.9B). Additionally, nitric oxide synthase-type gene (NOA1) and ICS1 seemed not to have an altered
expression level in CML41FL and S-OEX lines (P < 0.05) (Figure 4.9A).
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Figure 4.9 Gene transcription profile in 35S::CML41FL, 35S::CMLA41S lines and Col-0. A, qRT-
PCR analysis of gene expression in the leaves of 5-6 week-old 35S::CML41FL, 35S::CMLA41S lines
and Col-0 grown in BNS in short day conditions (with 9 hr light/15 hr dark) with gRT-PCR primers
listed in Table 4.4. B, qRT-PCR analysis of gene expression in the leaves of 5-6 week-old
35S::CMLA41FL, 35S::CMLA41S, 35S::CML41-amiRNA#2 lines and Col-0 grown in BNS in short day
conditions with qRT-PCR primers listed in Table 4.4. Gene transcript level was relative to GAPDH-A
(At3g26650). Mean = SD, A, n = 3 plants, B, n =5 plants, gRT-PCR performed in triple-technical
replicates, statistical difference was determined by One-way ANOVA, P < 0.05.
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As the GUS histochemical assay indicated that CML41 expression could be induced in leaves
in short day conditions by flg22 treatment (Figure 4.5), a further investigation of CML41FL and S
transcription following flg22 treatment was performed using gRT-PCR. This was deemed appropriate
as a limitation of GUS-reporter assays is that such staining intensities are able to be accumulated over
time even if the real-time gene expression is very low, this is because of that GUS is also very stable
and not easily degraded in plant cells (Mantis and Tague, 2000). Pre-infiltration of 1 uM flg22
significantly increased both CML41FL and CML41S transcript level in wild-type Col-0 by about 6-
and 2-fold respectively compared to H,O-control treatment (Figure 4.10A). Similarly, flg22 treatment
also significantly up-regulated CML41FL by 7- and 18-fold relative to H,O treatment in CML41-
amiRNA#2-1 and -4 lines; the transcript level under flg22 in these lines approached that of the basal
transcript level of CML41FL in H,O-treated wild-type Col-0, but was still 4 to 5-fold lower in
abundance in wild-type Col-0 with flg22 treatment (Figure 4.10A). Although it had a greater mean
expression, CML41S transcript level was not statistically different between flg22- and H,O-treated
CMLA41-amiRNA#2 lines (Figure 4.10A). Of the other genes examined in CML41-amiRNA#2-1 and -
4 lines, Actin2, CAX3 and ACAL0 were significantly up-regulated by about 2-, 6- and 5-fold
respectively in the wild-type Col-0 by flg22 compared to H,O treatment (P < 0.05); however,
although the mean expression of these genes did increase with flg22-treatment in CML41-amiRNA#2
lines, there was an insignificant increase in their transcriptional abundance relative to H,O treatment
(P > 0.05) (Figure 4.10B). Homologs of CAX3 and ACA10, CAX1 and ACAS8, appeared not to respond
to flg22 in by changing their abundance, as they displayed similar transcript levels in flg22- and H,O-
treated CML41-amiRNA#2 lines and wild-type plants (P > 0.05) (Figure 4.10B). PR1 had increased
abundance after pre-infiltration with flg22 in both the wild-type plants and CML41-amiRNA#2 lines
(Figure 4.10B).
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Figure 4.10 Gene expression level in CML41-amiRNA#2 lines treated with either flg22 or H,O.
gRT-PCR analysis of CML41FL and CML41S expression (A) and other gene expression (B) in the
leaves of 5-6 week-old 35S::CML41-amiRNA#2 lines and wild-type Col-0 grown in BNS in short day
conditions (with 9 hr light/15 hr dark) pre-infiltrated by either 1 uM flg22 or H,O with primer pairs as
listed in Table 4.4. Mean = SD, n = 3 plants, gRT-PCR performed in triple-technical replicates. Gene
transcript level was relative to GAPDH-A (At3g26650) in both A and B. a, b and c represent data
groups that are not statistically different, as determined by Student’s t test, P < 0.05.

100



4.3.4 Senescence and growth phenotypes in CML41FL and S-OEX and amiRNA lines

The transgenic T, Arabidopsis lines whose CML41FL and S misexpression had been
validated by gRT-PCR were grown on a BNS agar medium to undergo rapid screening for stress
conditions to compare resulting phenotypes with wildtype plants; it was hoped that this might uncover
a CML41FL and S-associated phenotype. However, CML41FL and S—-OEX and CML41-amiRNA
lines had no obvious growth differences compared to wild-type Col-0 plants when they were grown in
either a BNS agar medium in short day conditions with or without stresses, such as salt (up to 200
mM NaCl), a high osmotic stress (up to 500 mM mannitol) or a Ca**-depleted condition (2 mM
EGTA) (Figure 4.11A and B). Later, transgenic T Arabidopsis homozygous lines, as well as wild-
type Col-0 plants, were grown on a %2 MS agar medium with or without additional CaCl,
supplementation in long day conditions. When grown in a ¥2 MS medium, the primary-root length of
a week-old CML41FL and S-OEX, CML41-amiRNA#2-1 seedlings was similar to that of wild-type
Col-0, but the CML41-amiRNA#2-4 line whose primary root was 7.704 £ 0.677 mm in length, was
significantly shorter than Col-0 primary root (10.085 £ 0.493 mm) (Figure 4.11C and D). The
supplement of 12.5 mM CacCl, increased the primary root length of Col-0 by 16.4% and of CML41-
amiRNA#2-1 and -4 lines respectively by 25% and 30% (P < 0.05); however this amount of CaCl,
had a non-significant effect on the primary root of CML41FL and S-OEX seedlings (P > 0.05) (Figure
4.11C and D). Then, an increase in this CaCl, supplement to 50 mM notably reduced the primary root
growth (by 26.1% ) of wild-type Col-0, (up to 36.8% and 44.5%) of CML41FL OEX-2 and -12 lines
and (27.2% and 36.5%) of CML41S-OEX-3 and -6 lines separately, compared to their primary root
growth in %2 MS medium without additional CaCl, (P < 0.05). In contrast, the primary-root growth of
CML41-amiRNA#2 lines was insignificantly impaired by 50 mM Ca”" (Figure 4.11C and D).

When CML41FL and S-OEX, CML41-amiRNA#2 lines and wild-type Col-0 were grown in
soil in long day conditions, they had little difference in the their plant size, and no obvious difference

was observed at flowering stage (Figure 4.12 A and B)
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Figure 4.11 Growth measurements of CML41FL and S-OEX, CML41-amiRNA lines and Col-0
on agar medium. A, images of 3 week-old seedlings of CML41FL and S-OEX, CML41-amiRNA
lines and Col-0 grown in BNS plus 1.2% (w/v) agar in short day conditions (with 9 hr light/15 hr
dark). B, images of 3 week-old seedlings of CML41FL and S-OEX, CML41-amiRNA lines and Col-0
grown in BNS plus 1.2% (w/v) agar for one week and transferred to fresh BNS medium with either 2
mM EGTA, 100 mM NacCl, 200 mM NaCl, 200 mM mannitol or 500 mM mannitol for additional 2
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weeks in short day conditions. C, images of 1-week-old seedlings of CML41FL and S-OEX, CML41-
amiRNA lines and Col-0 germinated and grown in % MS medium plus 1% (w/v) agar in long day
conditions (16 hr light/8 hr dark, 22 °C) with or without additional CaCl, supplement as indicated. D,
the primary root length of transgenic and wild-type seedlings as indicated in C quantified by ImageJ,
Mean £ SE; Col-0 plants, n = 22-48; CML41FL-OEX-2, n = 8-19; CML41FL-OEX-12, n = 11-26;
CMLA41S-OEX-3, n = 7-12; CML41S-OEX-6, n = 7-22; CML41-amiRNA#2-1, n = 12-23; CML41-
amiRNA#2-4, n = 11-17; statistical difference compared the primary-root length within each line in
CaCl,-supplemented medium with normal %2 MS medium, and was determined by Two-way ANOVA,
*, *** and **** represent P < 0.05, < 0.001 and < 0.0001 respectively.

Col-0 CML41-amiRNA#2-1 CML41-amiRNA#2-4

CML41FL-OEX-2 CML41FL-OEX-12 CML41S-OEX-3 CML41S-0
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Figure 4.12 Growth of CML41FL and S-OEX, CML41-amiRNA lines and Col-0 in soil. A,
images of 4 week-old CML41FL and S-OEX, CML41-amiRNA lines and Col-0 grown in soil in long
day conditions (16 hr light/8 hr dark, 22 °C). B, images of 7 week-old flowering CML41FL and S-
OEX, CML41-amiRNA lines and Col-0 grown in soil in long day conditions.
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A correlation of CML41 expression with leaf senescence had been investigated in
proCML41::GUS plants grown in short day conditions and results indicated that the senescence (or
chlorophyll-breakdown) was linked to suppressed CML41 expression rather than induced CML41
expression in rosette leaves at the sites of chlorophyll-breakdown for a dark treatment of 14 days
(Figure 4.6f-1). As such, | planned to impose a similar dark treatment with a shorter period (0 d, 2 d
and 4 d) on individual rosette leaves of CML41FL and S overexpression lines, CML41-amiRNA#2
(knocked-down) lines and wild-type plants grown in short day conditions. | expected to see a
differential degree of senescence within those lines to uncover whether the there was an up- or down-
regulation of CML41FL and S during leaf senescence. All lines possessed similar level of chlorophyll
content without dark treatment about 0.548 + 0.077 g per mg of fresh tissue across all samples (One-
way ANOVA, P>0.05) (Figure 4.13). After 2 d and 4 d dark treatments, the chlorophyll level was
different across lines. The chlorophyll content in the leaves of Col-0, CML41FL-OEX-2 and -12 lines
was slightly decreased after 4-day dark treatment but was statistically not significant (reduced from
0.478 £ 0.033 down to 0.407 + 0.038 pg/mg in Col-0; from 0.511 + 0.023 down to 0.490 + 0.033 pg/
mg in CML41FL-OEX-2; from 0.533 £ 0.025 down to 0.457 + 0.054 pg/ mg in CML41FL-OEX-12);
whereas CML41S-OEX-3, -6 and CML41-amiRNA#2-1, -4 lines had a significant reduction of
chlorophyll content after 4-day dark treatment (reduced from 0.550 + 0.064 down to 0.405 + 0.036
pg/ mg in CML41S-OEX-3; from 0.580 + 0.064 down to 4.22 + 0.02 pg/ mg in CML41S-OEX-6; from
0.629 £ 0.023 down to 0.384 + 0.053 pg/ mg in CML41-amiRNA#2-1; 0.547 £ 0.033 down to 0.412
+ 0.028 pg/ mg in CML41-amiRNA#2-4) (Figure 4.13)
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Figure 4.13 Relative leaf chlorophyll content of CML41FL and S-OEX, CML41-amiRNA lines
and wild-type Col-0 after dark treatment. The chlorophyll content (in g per mg of FW) with 2- or
4-d dark treatment is relative to the mean of chlorophyll content without dark treatment (as 100%)
within each lines. Mean % SE, n = 3 plants, statistical difference was determined by Two-way
ANOVA, *, ** and **** represent P < 0.05, < 0.01 and < 0.0001 respectively.

4.3.5 Callose measurement

Both gRT-PCR analysis and GUS histochemical assays suggested a probable role of CML41
in response to flg22 in leaves (Figure 4.5 and 4.10A). As an elicitor of P. syringae pv. tomato, flg22
can induce callose deposition in leaves (Gomez-Gomez et al., 1999; Zipfel et al., 2004). Callose
consists of -1,3-glucan and can be detected via histochemical aniline-blue staining (Stone et al.,
1984; Hiickelhoven, 2007). Therein, a comparison of callose deposition in the plants misexpressing
CML41 was made to uncover a role for CML41 in the plants response to flg22. Obviously, the pre-
infiltration of 2 uM flg22 induced widespread callose deposition in the leaves of wild-type Col-0, up
to 230 + 25.1 callose spots mm™ leaf area of view compared to a H,O infiltration of merely about 5 +
0.9 (Figure 4.14A). Whereas, both CML41-amiRNA#2-1 and -4 lines accumulated significantly much
less callose respectively, down to 89.6 + 6.3 and 60 + 15.3 mm™ leaf area after flg22 treatment (P <
0.0001) (Figure 4.14A). Meanwhile, the quantification of callose was also performed in leaves of
CML41FL and S-OEX lines in comparison to Col-0 with H,O treatment. However, the number of
callose deposited in leaves by H,O infiltration was similar across CML41FL and S-OEX, CML41-
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amiRNA lines and wild-type Col-0 at an average of 3.3 + 0.4 callose spots mm™ leaf area across
treatments (Figure 4.14A and B).

A

Col-0 CML41-amiRNA#2-1 CML41-amiRNA#2-4
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Figure 4.14 Callose deposition in CML41FL and S-OEX, CML41-amiRNA lines and wild-type
Col-0. A, callose deposition in the leaves of 4-5 week-old CML41-amiRNA#2-1, -4 and Col-0 grown
in short day conditions (with 9 hr light/15 hr dark) upon flg22 or H,O treatment, three separated
leaves of six individual plants per lines were pre-infiltrated with either 2 uM flg22 or H,O for 24 hr
before aniline-blue staining, Mean = SE, n = 6, statistical difference analysis by One-way ANOVA, P
< 0.0001. B, callose deposition in the leaves of 4-5 week-old CML41FL and S-OEX lines and Col-0
grown under short-day conditions upon H,O treatment, single leaves of three individual plants per
lines were pre-infiltrated with H,O for 24 hr before aniline-blue staining, Mean = SE, n = 3, statistical

difference analysis by One-way ANOVA, P < 0.05.
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4.4 Discussion

4.4.1 CML41FL and S expression in CML41FL and S overexpression lines and CML41-
amiRNA#2 lines

Alternative transcript splicing is a widespread phenomenon in higher eukaryotes and
generates proteomic and functional diversity (Graveley, 2001; Brett et al., 2002; Ner-Gaon et al.,
2004; Blencowe, 2006). In the case of AtCMLA41, the gene is likely to be transcribed into two
transcripts — CML41FL and CML41S. The overexpression of CML41FL increased CML41FL
transcript abundance in CML41FL-OEX-2 and -12 lines and CML41S overexpression enhanced
CMLA41S expression in CML41S-OEX-3 and -6 lines (Figure 4.8A). The overexpression of CML41-
amiRNA#2 appeared to significantly knock down CML41FL expression but not CML41S, as
indicated by gRT-PCR analysis. This is despite BLAST results of CML41-amiRNA#2 suggesting that
it should target both CML41FL and S mRNA,; the reason for this is unknown (Figure 4.2 and 4.8A).
The overexpression of CML41-amiRNA#1 reduced neither CML41FL nor CMLA41S expression in
plants (Figure 4.8B).

Interestingly, qRT-PCR analysis suggested that CML41S expression was also increased by a
few hundred-fold in CML41FL-OEX-2 and -12 lines. On one hand, this CML41S in theory could be
truly overexpressed in CML41FL-OEX-2 and -12 lines, as alternative splicing occurs on precursor-
MRNA (pre-mRNA) at a post-transcriptional level (Reddy, 2007), and the constitutive expression of
CML41FL could increase CML41S mRNA via pre-RNA splicing processing on CML41 pre-mRNA.
On the other hand, it may be a consequence of CML41S transcription being over-estimated by qRT-
PCR. The quantification of alternative splicing transcripts via gRT-PCR analysis can be achieved by a
few approaches involving transcript-specific primers and probes as shown in Figure 4.14
(Vandenbroucke et al., 2001).
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Figure 4.15 Overview of potential approaches to differentiate the alternative splicing transcripts
of CML41 by gRT-PCR analysis. A, distinguish the alternative splicing transcripts by a boundary
spanning probe based on Tagman qRT-PCR. B, distinguish the alternative splicing transcripts by
boundary-spanning/junction-specific primer pairs based on fluorescence-based qRT-PCR. C,
distinguish the alternative splicing transcripts by quantitative subtraction using two pairs of primers
based on fluorescence-based gRT-PCR. Arrows indicate the binding primers; primers in different
colours point to different pairs of primers, the primer sets point to the binding site of each primer on
the template as indicated in B, the blank region points to the splicing region of CML41 transcript in A,
B and C. Adapted from Vandenbroucke et al (2001)

As the SYBR green fluorescence-based qRT-PCR is well established in our lab, two
strategies as shown in Figure 4.15B and C were chosen to distinguish CML41FL and CML41S
transcripts. However, as stated (but not clarified) by Vandenbroucke et al (2001) the strategy in
Figure 15C is only suitable for equally abundant transcripts between splicing variants. Therefore, the
application of a splice junction-specific primer pair CML41S_gPCR_F1/R3 as listed in Table 4.4 was
considered appropriate to distinguish the CMLA41S expression in our case, as shown in Figure 4.15B,
since CML41FL and CMLA41S transcript level was obviously not equally abundant in leaf tissue in
normal conditions (Figure 4.5). However, a PCR reaction with 40 cycles, performed on the plasmid
DNA containing the CML41FL gene as template could amplify a product (data not shown). This
presumably occurred because the CML41S _qPCR_F1 primer partially and CML41S_gPCR_R3
primer perfectly bound CML41FL transcripts and together allowed a low-efficiency amplification of a

product with the CMLA41FL gene as template. Whether such a low efficiency reaction could detect
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CML41S from CML41FL as a template in cDNA is yet unknown. But if this is the case, this low-
efficiency amplification may affect the quantification of CML41S when CML41FL is highly
overexpressed (up to 4000-fold), and as a result potentially over-estimating CML41S expression in
CMLA41FL overexpression lines (Figure 4.8A). As such, it is unknown, so far if this CML41S
expression has been truly up-regulated and/or over-estimated in CML41FL-OEX-2 and -12 lines,
unless a more accurate and specific method is applied to quantify CML41S expression in CML41FL-
OEX lines, such as a junction-specific Tagman probe as shown in Figure 4.15A (Heid et al., 1996).
Altenratively, such an issue could be also addressed through validation at the protein level, such as a
Western blot. For instance, an application of anti-GFP antibody to probe GFP protein fused to
CMLA1FL in plants overexpressing CML41FL fused with GFP gene (CML41FL-GFP-OEX), is
possibly one way to uncover whether CML41FL or both CML41FL and S are overpressed in
CML41FL-OEX lines. If a single product was obtained when using an anti-GFP antibody on protein
extracts from CML41FL-GFP-OEX plants this would indicate solely CML41FL being overexpressed
in CML41FL-GFP plants, if two products were obtained CML41S is suggested to be simutaneously
overexpressed too. In conclusion, the CML41S_gPCR_F1/R3 primer pair is considered not ideal to
quantify CML41S expression in CML41FL-overexpressed conditions and any difference observed
between CML41FL-OEX lines and wild-type Col-0 has to be cautiously interpreted with respect to the
role of CMLA41 in planta.

4.4.2 The involvement of CML41FL and S in plant growth and senescence

CML41 was highly expressed in the cotyledon of 10 day-old young seedlings and only at the
apical regions of leaves of 3-4 week-old plants grown in short-day conditions as indicated by GUS
histochemical assays (Figure 4.4e, g and 4.5, non-treated). CMLA41 expression increased in leaves in
an age-dependent manner in plants grown in long day conditions (Figure 4.6A), where Arabidopsis
flowering occurs more quickly (Simpson and Dean, 2002). These results suggest that CML41
expression in leaves responds to photoperiod (Figure 4.6A). In short day conditions, CML41
expression tended to be localised to the main vein of 8 week-old plant leaves. The 2-week dark
treatment induced chlorophyll degradation and senescence on 8 week-old leaves, and CML41
expression was relatively suppressed; it is not clear if this CML41 suppressed expression was a result
of senescence or just a response to dark as a photoperiod treatment (Figure 4.6f-i). Carviel et al (2009)
inoculated P. syringae into Arabidopsis to increase intracellular SA level required for activation of
age-related resistance in plants and identified CML41 as one of age-related resistance-associated

genes via analysis of the global gene misexpression profile. In addition, CML41 was indicated tightly
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co-expressed with the senescence-related gene SAG13, suggesting that CML41 misexpression might
be linked to somewhat age/senescence phenotype in plants (Figure 2.3) (Swartzberg et al., 2006 and
2011). Thus, | treated the plant leaf with a shorter period of dark. The 4 d dark treatment significantly
reduced the chlorophyll content in treated leaves of CML41S-OEX and CML41-amiRNA#2 lines but
not in wild-type Col-0 and CML41FL-OEX lines (Figure 4.13). In the CML41S-OEX plants, CML41S
has been specifically overexpressed and in CML41-amiRNA#2 lines CML41FL has been knocked
down (Figure 4.8A). Accordingly, | speculate that CML41FL and S may regulate dark-induced
senescence on leaves with CML41FL perhaps negatively regulating senescence whereas CML41S
acting in an opposite way; this hypothesis needs further testing. CML41 was also observed during
flowering, suggesting that CML41FL and S might also have some role in this process — something
that was not further examined in this thesis (Figure 4.4i-m).

In young seedlings of about 5 to 10 days old, CML41 was found highly expressed in the
vascular tissue of roots (Figure 4.4a, e, f and h), this result coupled with its negative correlation with
the major Ca* transporter gene CAX1 expression and co-expression with CAX3 (Figure 2.2)
implicates that CML41FL and S may have a role related to Ca®* nutrient uptake or response in plants.
The root growth response to serial calcium dilutions has been measured in cotton by Howard and
Adams (1965) and discovered that the root growth of cotton is positively correlated with soil calcium
nutrient at sub-mM (ranged from 75 uM to 0.5 mM), and the calcium supplementation above 0.5 mM
up to 6 mM doesn’t further improve the root growth. Gerard (1971) also has measured the influence
of various calcium nutrients to the cotton root and found that the calcium supplementation ranged
from 7.5 mM to 10 mM leads to the maximum stimulation to the cotton root growth in moderate salt
conditions. In my case, the addition of 12.5 mM CaCl, promoted the primary root growth of wild-
type Col-0 (to 12.370 £ 0.534 mm), compared to (10.756 + 1.553 mm) in normal calcium supply
about 300 uM (in %2 MS medium) (Murashige and Skoog, 1962) (Figure 4.11C and D). However,
increasing CaCl, up to 50 mM severely suppressed the primary root growth of the wild-type plants
(down to 6.8 + 0.35 mm), probably attributing to the ionic (about 100 mM CI in % MS + 50 CaCl,
medium) and osmotic stress/toxicity to the root growth (Figure 4.11C and D) (Teakle and Tyerman,
2009). The overexpression of CML41FL or CMLA41S abolished the primary root response to 12.5 mM,
implicating that CML41FL and S may have a role in primary root growth in response to
external/environmental calcium nutrients (Figure 4.11C and D). Notably, the knock-down CML41FL
expression alleviated the inhibition of the primary root growth of CML41-amiRNA#2 lines by 50 mM
CaCl,, which might be linked to the greater blockage of CI influx by external Ca** and/or a higher
[Ca*].y in CML41-amiRNA#2 lines, this has to be determined by further work (Figure 4.11C and D)

(Lorenzen et a., 2004; Saleh and Plieth, 2013). However, the details concerning separate contributions
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of CML41FL and CMLA41S to these processes are unknown, since the CML41S expression profile is
not confirmed in CML41FL-OEX lines.

4.4.3 CML41FL but not CML41S is involved in callose deposition during PAMP-triggered
immunity

A number of studies, including Denoux et al (2008), Carviel et al (2009) and Bricchi et al
(2012) have observed CML41 transcript increased in abundance during pathogen responses. In this
chapter, this was validated via a GUS histochemical assay on leaves of proCML41::GUS plants
(Figure 4.5). This suggests a potential connection between CML41 and plant defence to pathogen
invasion. Pathogen attack induces plant defence responses by two principal strategies: 1) pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI) initiated by pathogen elicitors (e.g.
flg22); and 2) effector-triggered immunity (ET]I) initiated by pathogen effectors (Jones and Dangl,
2006). In the case of Arabidopsis response to flg22, PTI is elicited by a Leucine-rich repeats receptor
kinase (LRR-RK) Flagellin Sensing 2 (FLS2) directly binding to flg22 and rapidly forming a complex
with BRI1 associated receptor kinase (BAK1) to positively regulate PAMP (Gomez-Gomez et al.,
2000; Chinchilla et al., 2007; Dodds and Rathjen, 2010; Zipfel and Robatzek, 2010). PTI involves the
precipitation of diverse PAMP-activated signalling from the early generation of a Ca**-signature, an
oxidative burst and hormone production (including SA accumulation), and downstream signalling
resulting in a production of glucosinolate compound and callose deposition (Chisholm et al., 20086;
Huckelhoven, 2007; Clay et al., 2009; Hématy et al., 2009; Zipfel and Robatzek, 2010).

Callose deposition can reflect the severity of a plants’ PTI response to various pathogens or
their elicitors, reduce symplasmic permeability and prevent pathogen effector transport between host
cells (Smart et al., 1986; GOmez-Gdémez et al., 1999; Jacobs et al., 2003; Zipfel et al., 2004; Zhang et
al., 2007; Luna et al., 2011). Callose measurement revealed that CML41-amiRNA lines accumulated
significantly less callose in the leaves following infiltration of flg22 than for Col-0 (Figure 4.14A). As
CML41S expression displayed no difference in between CML41-amiRNA#2 lines and wild-type Col-
0 regardless of flg22 treatment, this suggested that the lower amount of callose deposited in CML41-
amiRNA plants induced by flg22 was unlikely to be due to CML41S (Figure 10A). Whereas,
CMLA41FL was strongly induced by the infiltration of flg22 up to 6-fold and its expression in CML41-
amiRNA lines was silenced down-to 10% of its normal level in wild-type plants (Figure 4.10A).
Together with callose deposition measurement and gRT-PCR results, this suggested that silencing
CMLALFL is likely to result in a difference of flg22-induced callose deposition in leaves. Additionally,

no obvious difference in callose number was observed across CML41FL and S-OEX, CML41-
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amiRNA lines and Col-0 with H,O-control treatment, implicating that simply overexpression
CML41FL was not sufficient to deposit more callose in the leaves (Figure 4.14B). As a consequence,

| propose that perhaps CML41FL rather than CMLA41S is involved in callose deposition during PTI
and its involvement probably requires certain Ca®* signatures like flg22/PAMP-triggered Ca®*
signalling. It is interesting that unlike the loss-of-function fls2 mutant line, the CML41-amiRNA lines
do not show complete abolishment of callose deposition upon flg22 treatment; the callose counts were
merely reduced. This may be because the expression of CML41 amiRNA, and the resulting
knockdown of CMLA41, is not reduced to the same degree in every cell. Although this is not a widely
reported phenomenon, it is commonly acknowledged that 35S-driven overexpression does not result
in equal expression in all cells.

Flg22 seems induced the expression of Actin2, ACA10 and CAX3 in leaves of wildtype Col-0,
compared to control treatment, but this did not occur in CML41-amiRNA lines where these three gene
expression was not statistically different between flg22 and control treatment, although the mean of
their expression in CML41-amiRNA lines was higher in flg22-treated leaves than the H,O-treated
(Figure. 4.10B) This could be experimental variations that have to been determined by further
investigation. PR1 expression was enhanced by flg22 treatment in both CML41-amiRNA#2 lines and
wild-type plants, suggesting that PR1 acts independent of or the upstream of CMLA41FL in flg22-
triggered immunity (Figure 4.10B). So far, it is still unknown if any hormone production/regulation
participates in CML41FL-regulated signalling pathway or callose deposition during PTI, although
marker genes for a few hormone such as CK, BR, IAA and GA were not misexpressed in CML41FL-
OEX lines (Figure 4.9). In CML41FL knock-down plants, a few genes that are perhaps located
downstream of CML41FL such as Actin2, ACA10 and CAX3.
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Chapter 5: Sub-cellular localisation and protein-protein interaction

5.1 Introduction

In the preceding chapter, CML41 was demonstrated to have a likely role in callose deposition
during flg22-induced PAMP-triggered immunity. Different CaMs/CMLs decode Ca®*- signatures to
achieve similar cellular responses (Dodd et al., 2010). For instance, the transcription factors,
CAMTAS3 and CBP60g mediate salicylic acid (SA) content during plant immunity response via an
interaction with CaM, respectively binding the promoter of Enhanced Disease Susceptibility 1 (EDS1)
and isochorismate synthase 1 (ICS1/SID2) and regulating their expression (Du et al., 2009; Wang et
al., 2009; Zhang et al., 2010). However, cytosolic Ca?*-signalling by the vacuolar Ca* transporters
ACA4 and ACA11, whose Ca“—transport is activated via an interaction with CaM, can be mediated
via regulation of the increase in SA content during a plant immunity response (Geisler et al., 2000;
Lee et al., 2007; Boursiac et al., 2010). Similarly, CML41FL and S may behave in one of these
manners to regulate callose deposition in response to flg22. Interestingly, a nuclear-localised TCP
transcription factor member, TCP14 was revealed as an interacting partner with CML41 using an
Y2H screen (Arabidopsis Interactome Mapping Consortium, 2011; Rueda-Romero et al., 2012),
suggesting that CML41 might contribute to certain gene regulation via interaction with a transcription
factor. Therefore, the interaction between CML41FL and S and TCP14 was further investigated in
this Chapter. In addition, the subcellular localisation of both proteins was determined, since it is
important to confirm whether both proteins are in close spatial proximity in order that they can
interact; this is an important step in corroborating Y2H identified targets and investigate whether the
interaction is physiologically relevant in plants (Reddy et al., 2011). Furthermore, the subcellular
localisation of CML41 on its own is likely to reveal information about its role in the plant. In Chapter
3, I determined that the cleavage of the putative signal peptides did not abolish the ability of CML41
to bind Ca®*. Here, | examined whether the cleavage of the putative signal peptides altered the protein
localisation and whether the chloroplastic prediction in Chapter 2 was correct. Also if localisation

data sheds more light on the callose deposition phenotype observed in Chapter 4.

5.2 Material and Methods

5.2.1 Gene cloning and plasmid construction

The PCR reactions to amplify the truncated CML41FL and CML41S without a stop codon (-
stop) followed the protocols described in Section 3.2.1 with primers CML41 TNT_F_CACC and
CML41_CDS_R-stop (listed in Section 2.2.3 and 3.1). The PCR amplified products were ligated into
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the Gateway® entry vector pENTR™/D-TOPO (Invitrogen) by Directional TOPO cloning. As the
TCP14 genome sequence has no intron, the PCR to amplify the TCP14 coding sequence (1470 bp)
with or without stop codon was performed on Arabidopsis gDNA as a template with primers
TCP14 CDS _F_CACCand TCP14 CDS _R/TCP14_CDS_R-stop (listed in Table 5.1) using
Phusion™ Hot Start High-Fidelity DNA polymerase (FINNZYMES). A Directional TOPO cloning
reaction was used to ligate these PCR amplification products into the Gateway® entry vector
pPENTR™/D-TOPO (Invitrogen) following the manufacturers’ instructions. The TOPO reactions of
CML41FLA1-46-stop, CML41SA1-46-stop and TCP14 were transformed into TOP10 Chemically
Competent E. coli cells (Invitrogen), while the reaction of TCP14-stop was transformed into NEB 5-a
F’1% Competent E. coli cells (New England Biolabs). The cloning of CML41FLA1-46-stop and
CMLA41SA1-46-stop in the entry vector was confirmed by restriction digest using EcoRI/Nhel (New
England Biolabs) and sequencing with the primer M13_Forward (see Section 2.2.3). The cloning of
TCP14 and TCP14-stop in the entry vector was confirmed by restriction digest using Sspl (New
England Biolabs) and sequencing with primers M13_Forward, TCP14_F1_seq (5’-
CAACAAGCTGAACCATCTGTAA-3") and TCP14_F2 seq (5’-ATTTCTGGATGGTTGCGG-3")
(listed in Section 2.2.3). The recombination of CML41FL-stop, CML41S-stop, CML41FLA1-46-stop
and CML41SA1-46-stop from pENTR/D/TOPO CMLA41 into the expression vector pBS 35S attR-
YFP (for sub-cellular localisation through transient expression in Arabidopsis protoplasts) and binary
vector pMDC83 were performed using the Gateway® LR Clonase® Il Enzyme Mix (Invitrogen). The
same experiment was also performed when recombining CML41FL-stop, CML41S-stop and TCP14-
stop into the expression vectors pUC-SPYNE/GW, pUC-SPYCE/GW, pGPTVII-Bar.GW-YC,
pGPTVII-Hyg.GW-YC and pDUExD7, and recombining CML41FL, CML41S and TCP14 into the
expression vectors pGPTVII-Bar.YN-GW, pGPTVII-Hyg.YC-GW and pDuExAn6 (see Appendix 7
and 8). Further details of expression vectors are in Appendix 8 these include: pUC-SPYNE/GW and
pUC-SPYCE/GW which were used for the split YFP protein-protein interaction assay in Arabidopsis
mesophyll protoplasts (Waadt et al., 2008); pGPTVII-Bar.GW-YC, pGPTVII-Hyg.GW-YC,
pGPTVII-Bar.YN-GW and pGPTVII-Hyg.YC-GW that were utilised for split YFP protein-protein
interaction assays in intact Arabidopsis plants via Agrobacterium-mediated transient expression
(Walter et al., 2004); pDUEXD7 and pDUEXANG that were used for the split luciferase protein-protein

interaction assay in Arabidopsis mesophyll protoplasts (Fujikawa and Kato, 2007).
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Table 5.1 Primers used to clone TCP14 coding sequence from Arabidopsis gDNA. Primer

sequence underlined refers to directional cloning sequence used for directional TOPO cloning.

*
Product Primers Sequence (5'-3) Tom Product
name (°C) size
TCP14_CDS_F_CACC CACCATGCAAAAGCCAACATCAAGT 57.5
TCP14 1474 bp
TCP14_CDS_R CTAATCTTGCTGATCCTCCTCAT 57.4
TCP14- TCP14_CDS_F_CACC CACCATGCAAAAGCCAACATCAAGT 57.5 1471 b
p
stop TCP14 CDS R-stop ~ ATCTTGCTGATCCTCCTCATCA 58.6

*Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)

5.2.2 Transient expression in Arabidopsis mesophyll protoplasts

Protoplast isolation and transformation was modified and optimized from the method
described by Yoo et al (2007) where W2 solution (4 mM MES, 0.4 M mannitol, 15 mM KCI, 10 mM
CaCl, and 5 mM MgCl,, adjusted to pH 5.7 with KOH) was used to take the place of WI and W5
solution. Arabidopsis plants that were 5-6 weeks old and grown as described in Section 2.2.2 were
used for protoplast isolation. In total, 10-20 leaves, consisting of 3-4 leaves from each plant, were cut
into 1 mm strips and transferred by dipping both side of the strips into 10 mL of enzyme solution (20
mM MES, 1.5% (w/v) Cellulase R10, 0.4% (w/v) Macerozyme R10, 0.4 M mannitol, 20 mM KCl, 10
mM CaCl,, 0.1% (w/v) BSA, pH = 5.7 by KOH). The enzyme solution with leaf strips was vacuum-
infiltrated for 30 min using a desiccator and incubated in the dark at room temperature. After 3 hr
incubation, the incubation media was mixed with ice-cold 10 mL W2 solution to stop the reaction.
Then transferred and filtered using a 75 pm nylon mesh into a new 50 mL falcon tube. The protoplast
solution was centrifuged at 150 x g at 4°C for 2 min followed by one wash in 10 mL ice-cold W2
buffer. Protoplast cells were collected again by centrifugation at 150 x g at 4°C for 2 min to remove
the excessive enzyme solution and resuspended in ice-cold W2 solution. Protoplasts (100 pL) were
mixed with 10-20 ug plasmid DNA (6-12 kb) and 110 pL PEG solution (30% (w/v) PEG 4000, 0.2 M
mannitol and 100 mM CacCl,) and incubated for 5 min at room temperature for protoplast
transformation. The transformation reaction was stopped by adding 400 pL W2 solution and collected
by centrifugation by 200 x g at room temperature for 4 min. The cell pellet was gently resuspended in
500 pL W2 solution, transferred into a 12-well plate (Iwaki) and incubated in the dark at room

temperature for 16-24 hr to allow the gene of interest to be expressed in protoplasts before imaging.
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5.2.3 Transient expression in Arabidopsis by Agroinfiltration of leaves

Serial binary vectors of pGPTVII-Bar.YN-GW/GW-YN and pGPTVII-Hyg.YC-GW/GW-YC
with different genes of interest (Walter et al., 2004) (see Appendix 7) were transformed into A.
tumefaciens strain AGL1 using a freeze-thaw method (details see Section 4.2.5). The Agrobacterium-
mediated transient expression in Arabidopsis followed the method optimised from Lee and Yang
(2006) and Kim et al (2009b). In brief, the transformed Agrobacterium colonies carrying genes of
interest in the binary vector was culture in 5 mL LB media with Rifampicin (25 pg/mL) and
Kanamycin (50 pg/mL) at 30 °C for 2 d. The saturated Agrobacterium culture was diluted 1:10 into
10 mL fresh LB with the same antibiotics and cultured at 30 °C for 5-6 hr till its OD at 600 nm
reached 0.7-1.0. The bacterial culture was collected by centrifugation at 3000 x g for 5 min, and the
cell pellet was resuspended in an equal volume of infiltration medium (0.5% (w/v) D-glucose, 10 mM
MES, 10 mM MgCl,, 0.2 mM acetosyringone, 0.1% Triton X-100, pH = 5.8 by KOH).
Approximately 0.1-0.3 mL of Agrobacterium cell suspension was infiltrated using a 1 mL needless
syringe into individual the mature leaf of 5-6 week-old Arabidopsis that was grown in a short day
condition as described in Section 2.2.2. Totally, 3 leaves of each plant were infiltrated. In terms of co-
expression of two genes, two Agrobacterium suspensions that carry different binary vectors were
mixed in equal volume together to be infiltrated into the Arabidopsis leaf. Infiltrated Arabidopsis
plants were covered with clear polyethylene film for 16 hr in the dark to maintain high humidity.
Then the film was removed, and those plants were further grown in short day conditions for another
3-6 d before imaging.

5.2.4 Stable expression of CML41FL::GFP and CML41S::GFP in Arabidopsis

The stable expression of CML41FL and CML41S fused with GFP in Arabidopsis using the
pMDCB83 vector (Curtis and Grossniklaus, 2003) and selection of transgenic Arabidopsis plants
followed the protocol described by Harrison et al (2006) (details described in Section 4.2.5-4.2.6). T,
to T3 plants were grown hydroponically in short day conditions as described in Section 2.2.2 and used

for cell imaging.

5.2.5 Fluorescence live-cell imaging

The fluorescence of fluorescent proteins in transgenic Arabidopsis plants or transiently-
expressed in Arabidopsis mesophyll protoplasts was imaged by the confocal laser scanning
microscope equipped with a Zeiss Axioskop 2 mot plus LSM5 PASCAL and argon laser (Carl Zeiss)

or a Leica SP5 spectral scanning confocal microscope (Leica). Sequential scanning and laser
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excitation was used to capture fluorescence via the LSM5 PASCAL from GFP (excitation = 488 nm,
emission Band-Pass (BP) = 505-530 nm), YFP (excitation = 514 nm, emission BP = 570-590 nm)
propidium iodide/chlorophyll autofluorescence (excitation = 543 nm, emission Long-Pass (LP) = 560
nm), or by using the Leica SP5, YFP (excitation = 514 nm, emission BP = 520-550 nm), chlorophyll
autofluorescence (excitation = 488 nm, emission = 640-740 nm). Images were analysed by either
LSM 5 Image Examiner (Carl Zeiss) or LAS AF Lite (Leica).

5.2.6 Split luciferase complementation assay

The pDuEx-Bait-Prey expression vectors — pDUEXD7 and pDUExAN6 with N- and C-terminal
fragments of Renilla reniformis luciferase were used to study the potential protein-protein interaction
(Fujikawa and Kato, 2007). Transient co-expression of pDUExD7 and pDUExAn6 with genes of
interest in Arabidopsis mesophyll protoplasts followed the protocols of Section 5.2.2. Luminescence
detection after protoplasts transfection for 24 hr was optimised from the method as described in
Hocking (2008) and Fujikawa and Kato (2007). ViviRen Live Cell substrate (60 uM) (Promega) was
added to and mixed briefly with W2 solution of transfected protoplasts, 100 uL of which was
transferred into individual wells of a 96-well white plate (Greiner bio-one). The protoplast solution
was always mixed with substrate for 2 min before the luminescent signal was quantified every 30 sec
for 3 mins (at gain = 4095) using FLUOstar Optima multi-mode microplate reader (BMG
LABTECH). As the peak luminescence had been observed at 300 sec after the substrate addition by

Hocking (2008), the last luminescent reading was used for the analysis.

5.3 Results

5.3.1 Punctate YFP fused to CML41FL and CML41S and cytoplasmic YFP fused to
CML41FLA1-46 and CML41SA1-46 in Arabidopsis mesophyll protoplasts

Plant protoplasts with enzymatic removal of the cell wall are still capable of performing
extensive signal transduction events and physiological response to light, hormones, metabolites, biotic
and abiotic stresses (Sheen, 2001). One of the likely reasons for this is that many of the cellular
proteins are still properly targeted to the appropriate organelles and are still functional in protoplasts.
Therefore, plant protoplasts (e.g. Arabidopsis mesophyll protoplasts) are widely used to study protein
subcellular localisation via fusion with a fluorescent protein (Yoo et al., 2007). So transient
expression of CML41FL and S in Arabidopsis mesophyll protoplasts fused with fluorescence protein

was here deemed a suitable way to investigate their subcellular localisation. Fluorescence of YFP
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fused to C-terminus of CML41FL (CML41FL::YFP) always appeared to be in punctate structures in
protoplasts (Figure 5.1A). CML41FL and CMLS share the same putative signal-peptide sequence,
thus the fluorescence signal of YFP fused to N-terminus of CML41S (YFP::CMLA41S), also displayed
punctate structures similar with CMLA41FL (Figure 5.1). Nevertheless this YFP fluorescence was
unlikely to have arisen from the chloroplasts, since similar punctate YFP was observed in cells
expressing YFP::CML41S in a leaf epidermal cell lacking chloroplasts (Figure 5.1B, panel vi).
Compared to published protein localisation in other organelles of Arabidopsis protoplasts, CML41FL
and S fused with YFP in punctate structures may indicate targeting to peroxisomes, golgi, endosomes,
mitochondria or plastids (Nelson et al., 2007; Geldner et al., 2009; Lamberto et al., 2010).

In Arabidopsis mesophyll protoplasts, the fluorescence of YFP fusion to C-terminus of
CMLA41FLA1-46and CML41SA1-46 (designated as CML41FLA1-46::YFP and CML41SA1-46::YFP)
exhibited very different subcellular localisation patterns compared to the fusion of YFP to CML41FL
and CML41S. Truncation of the putative signal peptide of CML41FL and S resulted in their fused
YFP fluorescence extensively in the cytoplasm instead of punctate structures (Figure 5.2). The
absence of the first 46 aa likely led to the mistargeting of CML41FL and SA1-46 to any specific

organelle in Arabidopsis protoplasts.
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Brightfield YFP::CML41S Merged

Vii

viii

Figure 5.1 Subcellular localisation of CML41FL and S in Arabidopsis mesophyll protoplasts.
Transient expression of CML41FL::YFP and YFP::CML41S (driven by 35S promoter) in 5-6 week-
old Arabidopsis mesophyll protoplasts. A, i-iv panels show confocal images of different protoplasts

expressing CML41FL::YFP. B, v-viii panels show confocal images of different protoplasts expressing
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YFP::CMLA41S. The fluorescence was captured using sequential scanning for YFP (excitation = 514
nm, emission = 570-590 nm) by LSM5 PASCAL, scale bars = 20 um.

CML41FL
Brightfield A1-46::YFP Chlorophyli

Brightfield CML41SA1-46::YFP Chlorophyll Merged
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Figure 5.2 Subcellular localisation of CML41FL and SA1-46 in Arabidopsis mesophyll
protoplasts. Transient expression of CML41FLA1-46::YFP and CML41SA1-46::YFP (driven by 35S
promoter) in 5-6 week-old Arabidopsis mesophyll protoplasts. A, i and ii panels show images of
protoplasts expressing CML41FLA1-46::YFP. B, iii and iv panels show images of protoplasts
expressing CML41SA1-46::YFP. The fluorescence was obtained by sequential scanning for YFP
(excitation = 514 nm, emission = 520-550 nm) and chlorophyll autofluorescence (excitation = 488 nm,
emission = 640-740 nm) by Leica SP5, scale bars = 20 um.

5.3.2 Dual types of CML41FL and S localisation in stable-transformed Arabidopsis
Protoplasts with loss of cell wall are divergent from their form in plants, even though they
still retain many physiological functions. The cell boundary and its related characteristics are lost or
interrupted in protoplasts, including plasmodesmata (PD), cell-cell communication and interactions;
the study of cell-wall related processes or components may be not interpreted properly in the
protoplast system (Sheen, 2001). As a consequence, transient expression in protoplasts is not a perfect
system to study all types of protein localisation. Simultaneous expression of a gene fused with a
fluorescent gene into intact plant is often applied to verify its protein localisation results obtained in
the protoplasts system (Sheen et al., 1995; Sheen, 2001). Thus, CML41FL and S fused with GFP on
their C-teriminus (designated as CML41FL::GFP and CML41S::GFP) driven by 35S promoter were
stably over-expressed in Arabidopsis plants. Roots of transgenic plants were firstly used to examine
the subcellular localisation of CML41FL and S. GFP fused to CM41FL was predominantly in the
cytoplasm of root tip and the elongation zone, and the plasmolysis of root cells by 10 % (w/v) sucrose
show GFP fluorescence clearly in cytoplasm (Figure 5.3A, i-iii). The same cytoplasmic GFP was also
observed when fused to CML41S in roots (Figure 5.3B, i and ii). GFP-CML41FL and S were
localised to the cytoplasm of roots thorough all developmental stages from initial elongation of the
hypocotyl till the flowering stage of Arabidopsis under normal growth conditions (data not shown).
Nevertheless, this cytoplasmic CML41FL and S were translocated into punctate structures in the root
tip but not in root elongation zone whilst 5-6 week-old Arabidopsis were exposed to nutrient solution
with 25 mM CaCl, for 3 d (Figure 5.3A, iv, v and 5.3B, viii, ix). When zooming into those images, it
was clear that this punctate GFP fused to CML41FL and S always appeared in pairs at opposite sides

of cells, contiguous with the cell boundary (Figure 5.3A, v and B ix).
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Figure 5.3 Subcellular localisation of CML41FL and S in Arabidopsis roots. Stable expression of
CML41FL::GFP and CMLA41S::GFP in Arabidopsis Col-0 plants. A, localisation of CML41FL::GFP
in Arabidopsis roots, i to v images were the root tissue of 5-6 week-old Arabidopsis expressing
CML41FL::GFP. B, localisation of CML41S::GFP in Arabidopsis roots, vi to ix images were the root
tissue of 5-6 week-old Arabidopsis expressing CML41S::GFP. i, ii, iii, vi and vii imaged from
Arabidopsis grown at BNS; i imaged from root tissue plasmolysis by 10% (w/v) sucrose; iv, v, viii
and ix imaged from Arabidopsis at BNS and treated with 25 mM CaCl, for 3 d. The fluorescence was

captured using sequential scanning for GFP (excitation = 488 nm, emission = 505-530 nm) and Pl =
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Propidium lodide (excitation = 534 nm, emission LP =560 nm) by LSM5 PASCAL, scale bars = 25

pm.

CMLA41FL and S also had distinct localisations in leaves. The fluorescence signal of GFP
fused to CML41FL and S was always visualised in the cytoplasm in developing young leaves (those
had not yet developed an elongated petiole) of 5-6 week-old Arabidopsis plants, and this cytoplasmic
GFP of both CML41FL and S gradually changed into a punctate localisation from developing young
leaves, mature leaves to old leaves (Figure 5.4). In the old leaves, the CML41FL and S-GFP again
exhibited punctate structures in pairs on the opposite sides of epidermal cells but was absent in mature
guard cells (Figure 5.4). Additionally, the GFP puncta was absent in the cytoplasm but only present
contiguous with the cell boundary; therefore CML41FL and S were possibly targeting a cell-wall
related component (Figure 5.4). As a control, overexpression of GFP driven by 35S promoter
(35S::GFP) in Arabidopsis plants constantly showed cytosolic-bound GFP localisation in leaf cells
thorough all developmental stages, suggesting that the cytoplasmic and punctate GFP pattern was due
to different targeting of CML41FL and S in Arabidopsis cells (Figure 5.4 and 5.5).

128



Young leaf

Mature leaf

Old leaf

CML41FL::GFP

Brightfield

Old leaf

Fluorescence
Chlorophyll Merged

CML41FL::GFP

All Merged

129



Fluorescence

CML41S::GFP Chlorophyll

Old leaf Young leaf

Old leaf

» Young leaves > Mature leaves » Old leaves

130



Figure 5.4 Subcellular localisation of CML41FL and S in Arabidopsis rosette leaves. Stable
expression of CML41FL::GFP and CML41S::GFP in Arabidopsis Col-0 plants. A, Localisation of
CMLA41FL::GFP in leaves Arabidopsis grown hydroponically in BNS, B, Localisation of
CMLA41S::GFP in leaves of Arabidopsis grown hydroponically in BNS. C, Leaves corresponding to
young, mature and old leaves used in A and B are pointed by arrows as indicated. The fluorescence
was captured using sequential scanning for GFP (excitation = 488 nm, emission = 505-530 nm) and
chlorophyll autofluorescence (excitation = 534 nm, emission LP = 560 nm) by LSM5 PASCAL, scale
bars = 50 pm.

Fluorescence
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Figure 5.5 Subcellular localisation of free GFP in Arabidopsis rosette leaves. Stable expression of
35S::GFP in Arabidopsis Col-0 plant; localisation of free GFP in leaves of Arabidopsis grown
hydroponically in BNS for 5-6 weeks. Leaves corresponding to the young, mature and old leaves used
as indicated in Figure 5.4C. The fluorescence captured using sequential scanning for GFP and

chlorophyll autofluorescence refers to in Figure 5.4, scale bars = 100 pm.
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5.3.3 Protein-protein interaction between CML41FL and S and TCP14

The Y2H system provides a robust tool for the discovery of protein-protein interactions
particularly for high-throughput interactome mapping (Uetz et al., 2000; Ito et al., 2001; Causier and
Davies, 2002; Parrish et al., 2006; Arabidopsis Interactome Mapping Consortium, 2011, Braun et al.,
2013). However, Y2H screens are susceptible to high background noise and high false positive rates,
and whilst the bimolecular fluorescent complementation (BiFC) assay or split Renilla reniformis
luciferase complementation assays are still subject to false positives they provide another line of
evidence to confirm the putative interaction between proteins (Uetz et al., 2000; Ito et al., 2001;
Fujikawa and Kato, 2007; Morsy et al., 2008; Waadt et al., 2008; Braun et al., 2013). The BiFC and
split luciferase complementation assay were employed to further validate the CMLA41 interaction with
the TCP14 target protein, which was discovered in the Arabidopsis interactome map using the Y2H
system (Arabidopsis Interactome Mapping Consortium, 2011). BiFC expression vectors — pUC-
SPYNE/GW and pUC-SPYCE/GW (with the split N- and C-terminal fragments of YFP fusion to C
terminus of protein), were utilized to transiently co-express CML41LFL / S and TCP14 in Arabidopsis
mesophyll protoplasts (details see Appendix 7 and 8). The fluorescence given off by the formed YFP
complex was visualised in the protoplasts via co-expression of CML41FL-YFP" and TCP14-YFP®
and of TCP14-YFPN and CML41S-YFP® (Figure 5.6, Appendix 7 and 8). Co-expression of CML41S
and TCP14 resulted in a slightly lower level of YFP fluorescence signal than when CML41FL and
TCP14 were co-expressed. The fluorescence of the YFP complex resulting from CML41FL and S and
TCP14 co-expression was still in punctate structures, whilst this BiFC assays seemed to produce
larger number of YFP than the simple expression of CML41FL::YFP and YFP::CML41S in
protoplasts (Figure 5.1 and 5.6A).

Another approach was used to verify the interaction between CML41FL and S and TCP14 via
expressing them fused with the split luciferase gene in Arabidopsis mesophyll protoplasts.
Luminescence was detected with very good signal-to-noise ratio that its signal from protein-
interaction pair (>20,000 RLU) was at least 10-fold higher than the background noise (only about
2,000 RLU) (Figure 5.6B). Significant luminescence signal was detected from all the protein pairs:
CML41LFL-D7::CML41FL/CML41S/TCP14-An6, CML41S-D7::CML41FL/CMLS/TCP14-An6
and TCP14-D7::CML41FL/CML41S/TCP14 as well as positive control 35S::LUC. The CML41FL-
D7::-TCP14-An6 protein pair showed higher level of luminescence than TCP14-D7::CML41FL-An6
pair (One-way ANOVA, P < 0.0001), while the luminescence detected from CML41S-D7::TCP14-
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An6 and TCP14-D7::CMLA41S::An6 was subtly different. Interestingly, the luminescence signals
from the protein pairs CML4FL-D7::CML41FL-An6 was the highest, about 2-fold higher than the
rest of protein pairs (one-way ANOVA, P < 0.0001). Co-expression of LucM-CML41FL and S and
Luc®-CML41S-Luc® also led to high level of luminescence detected (Figure 5.6B).

A

CML41FL-YFPN
Brightfield +TCP14-YFPC Merged

TCP14-YFPN
Brightfield +CML41S-YFPC Merged
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Figure 5.6 CML41FL and S and TCP14 interaction in Arabidopsis mesophyll protoplasts. A,
confocal images of 5-6 week-old Arabidopsis mesophyll protoplasts transiently co-expressing pUC-
SPYNE/GW-CML41FL with pUC-SPYCE/GW-TCP14 (as indicated CML41FL-YFP" + TCP14-
YFP®) or pUC-SPYCE/GW-CML41S with pUC-SPYNE/GW-TCP14 (as indicated TCP14-YFP" +
CML41S-YFP®): The fluorescence was captured using sequential scanning for YFP refers to Figure
5.2, scale bars = 10 um. B, Luminescence from 5-6 week-old Arabidopsis mesophyll protoplasts
transiently co-expressing CML41FL, CML41S and/or TCP14 using pDUEX-Bait and -Prey serial
vectors (details see Appendix 7 and 8), 35S::LUC and protoplasts without (w/0) plasmids as control,
RUL = relative luminescence units, Mean + SD (n = 3).

As CMLA41FL and S might potentially have a cell-wall related localisation (Figure 5.4), the
interaction between CMLA41FL and S and TCP14 was determined again using BiFC but in the intact
Arabidopsis plants. Serial binary vectors — pGPTVII carrying CML41FL and S and TCP14 were
transformed into Agrobacterium. Different combinations of CML41FL and S and TCP14 co-
expression fused with split YFP were transiently expressed in 5-6 week-old Arabidopsis leaves
mediated by Agrobacterium infiltration. The fluorescence of the YFP complex formed by the YFP"-
CMLA41FL + YFPS-TCP14 protein pair was observed in punctate structures in the Arabidopsis leaf.
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These punctate YFP were obviously in pairs positioned on opposite sides of cells (Figure 5.7A). The
additional z-serial images of cells on Figure 5.7A (bottom panel) showed a large number of punctate
YFP present on two adjacent cells, some of which was also likely attached somewhat on the
endoplasmic reticulum (ER) as well (Figure 5.7A and B). YFP fluorescence was also observed when
Agrobacterium carrying YFPN-CML41S and TCP14-YFP® had been co-infiltrated into the
Arabidopsis leaf. This YFP was mainly in cytoplasm, although a few YFP spots were noticed around
the cell boundary. Meanwhile, the YFP signal derived from YFPN-CML41S + TCP14-YFP® pair was
obviously weaker than that from YFPN-CML41FL + YFP®-TCP14 pair (Figure 5.7C). Overall,
CMLA1FL probably interacts with TCP14 at similar subcellular localisation to CML41FL-GFP in the
Arabidopsis leaf, whereas the interaction between CML41S and TCP14 is obviously not as strong as
CMLA41FL and TCP14 interaction (Figure 5.7A and C).
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YFPN-CML41S
Brightfield +TCP14-YFPC Merged

Figure 5.7 CML41FL and S and TCP14 interaction in Arabidopsis leaf. A, images of Arabidopsis
leaf with co-infiltration of Agrobacterium carrying YFPN-CML41FL (N-terminal fragment of YFP
fused to N-terminus of CML41FL) and YFP®-TCP14 (C-terminal fragment of YFP fused to N-

terminus of TCP14). B, z-serial optical section images of the cell displayed on the bottom panel of A.
C, images of Arabidopsis leaf with co-infiltration of Agrobacterium carrying YFPN-CMLA41S (N-
terminal fragment of YFP fused to N-terminus of CML41S) and TCP14-YFP® (C-terminal fragment of
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YFP fused to C-terminus of TCP14). The fluorescence was captured using sequential scanning for

YFP refers to Figure 5.2, scale bars = 10 pum.

5.4 Discussion

5.4.1 CML41FL and S are localised at plasmodesmata

Recently, PD have been successfully isolated from Arabidopsis cell suspension cultures using
cell-wall digestion by Fernandez-Calvino et al (2011). The analysis of the PD proteome by Nano LC-
MS/MS discovered more than 1,300 PD-localised proteins, about 20% of these were predicted to be
localised in chloroplasts by public subcellular-localisation databases (e.g. TargetP and SignalP)
(Fernandez-Calvino et al., 2011). This means there is a precedent for proteins with a high chloroplast
prediction score, due to the presence of a putative chloroplast transit peptide, actually being localised
to the PD. It must be noted that CML41 was not detected in the PD proteome in this study as perhaps
it is not in those conditions and the cell-types used in that study. A review by Zambryski (2004)
summarised the methods for the identification of PD components, one of which utilizes cDNA-GFP
expression in plants. The cDNA-GFP displaying punctate fluorescence similar to GFP-CML41FL and
S and adjacent to the cell boundary is strongly considered as a PD-specific localisation as shown
examples in Figure 5.8A-C. Moreover, the CML41FL and S-GFP punctate localisation was identical
with the localisation of GFP/YFP fused to plasmodesmata-located protein 1 (PDLP1, At5g43980),
PDLP5 At1g70690 and plasmodesmata callose binding protein 1 (PDCB1, At5961130) in
Arabidopsis, as well as Melon necrotic virus pA7 and Poa semilatent virus (PSLV, genus Hordeivirus)
TGBp3 in N. tabacum (Gorshkova et al., 2003; Thomas et al., 2008; Simpson et al., 2009; Amari et
al., 2010; Genoves et al., 2010; Lee et al., 2011). All of these proteins have been proven to be targeted
to PD in plants. Therefore, the equivalent distribution of punctate CML41FL and S-GFP at opposite
sides of cell boundary indicates that CML41FL and S are likely to be localised at PD in intact
Arabidopsis mature and old leaves as well as in the root tip upon a high calcium treatment (Figure 5.3
and 5.4).

A 30 kDa movement protein (MP) of tobacco mosaic virus (TMV) has been well studied that
is targeted on the PD of tobacco and associated with viral movement between cells via interaction
with the PD; removal of cell wall restricts the TMV MP to the cytoplasm attached with cytoskeleton
of transfected N. tabacum protoplasts and TMV MP gradually aggregates at the edge of protoplasts
after 48 hr transfection (Wolf et al., 1989; Lucas and Gilbertson, 1994; Heinlein et al., 1995; McLean
etal., 1995 and 1997). Similarly, MP-GFP of Red clover necrotic mosaic virus (RCNMV) is also
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targeted at PD in Nicotiana benthamiana epidermal cells at 15-20 hr after viral RNA inoculation but
appearing in punctate spots in the cytoplasm and toward the internal surface of N. benthamiana
protoplasts as shown examples in Figure 5.8D and E (Kaido et al., 2009). Hence, the punctate YFP-
CMLA41FL and CML41S-YFP observed in Arabidopsis mesophyll protoplasts is likely to be the result
of CML41FL and S that were not localised at PD but co-localised with cytoskeleton in the cytoplasm
of protoplasts and aggregated towards the periphery of cells (Figure 5.1). So the study of cell-wall
related components has to be treated with caution when using the protoplast system (Sheen, 2001).
Similarly, the investigation of CML41FL and S to target these proteins in the protoplast system for
either split YFP or luciferase complementation assay will also be compromised (Figure 5.6).

To validate the signal peptides of CML41FL and S, the truncation of the first 46 residues
caused the YFP fusion of CML41FLA1-46 or CML41SA1-46 to be observed in the cytoplasm of
Arabidopsis mesophyll protoplasts (Figure 5.2). This 46-residue truncation did not abolish the Ca?*-
binding characteristic of CML41FLA1-46 or CML41SA1-46 (Figure 3.5). Interestingly, CML41FL
and CMLA41S can be found in the cytoplasm in certain conditions (see Section 5.4.2 below). This
suggests that the N-terminal 46 residues of CML41FLA1-46 or CML41SA1-46 may function as a
signal peptide to alter the subcellular localisation of the CML41 proteins, being cleaved to result in a

cytosolic localisation and being intact to result in a PD localisation (Figure 3.5 and 5.1-5.2).
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Figure 5.8 Typical GFP fused to PD-localised proteins in plants. A-C, confocal images of
Arabidopsis epidermal cell expressing YFP-PDCB1. C, zoom-in image of YFP-PDCBL1, YFP exhibits
predominantly punctate spots at opposite sides of cell wall in Arabidopsis. D, confocal image of
RCNMV MP-GFP localization in N. benthamiana at 15-20 hr after viral RNA inoculation, RCNMV
MP-GFP is targeted at PD. E, confocal image of N. benthamiana protoplasts isolated from D. Images
adapted from Simpson et al (2009) and Kaido et al (2009).

5.4.2 Dual patterns of CML41FL and S localisation dependent on developmental stages,
organs and calcium treatment

A few Arabidopsis PD-localised proteins discovered by Fernandez-Calvino et al (2011) were
validated by fusion with a GFP in Arabidopsis, these include three Receptor-like kinases (RLKSs,
At1gG56145, At4g21380, and At5g24010) and Tetraspanin 3 (TET3, At3g45600). These were found
to be not only localised on the PD but also on the plasma membrane (Fernandez-Calvino et al., 2011).
Not surprisingly if they are PD-localised proteins, CML41FL and S appeared not to be targeted to the
PD in all circumstances. For instance, GFP-CML41FL and S were observed predominantly in the
cytoplasm of root tissue during all developmental stages of Arabidopsis grown in BNS except that
CMLA41FL and S were translocated to the PD in the root tip when the high dose of calcium was added
into the Arabidopsis growth solution (Figure 5.3). Cytoplasmic CML41FL and S were observed in
very young leaves as well (Figure 5.4). Thus, CML41FL and S are therefore likely to be dual-targeted
proteins and are the first CaM/CMLs found in Arabidopsis that have this differential dual-targeting
characteristics in a developmental, organ- and Ca”**-dependent manner, although Arabidopsis CaM2,
CML9 and CMLA42 have also been reported to be localised simultaneously within the nucleus and
cytoplasm of N. benthamiana (Perochon et al., 2010; Vadassery et al., 2012; Fischer et al., 2013).

The common mechanisms for the dual-targeting of proteins is regulated at the transcriptional
and translational levels (reviewed in Danpure, 1995; Small et al., 1998; Silva-Filho, 2003). This can
result in multiple translation products that either gain or lack the signal polypeptides, achieved by
different transcriptional initiation, alternative splicing transcripts or distinct translational initiation
(Figure 5.9A and B) (Danpure et al., 1995; Small et al., 1998; Silva-Filho, 2003). In the case of
CMLA41, the dual-targeting characteristics of CML41FL and S seemed not to be regulated at a
transcriptional level, as both CML41FL (the non-splicing CML41) and CML41S (the spliced CMLA41)
shared the same dual-targeting localisation in response to similar stimuli (e.g. Ca**, development)

(Figure 5.3 and 5.4). Additionally, no proper second AUG was observed on the N-terminus of mMRNA
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transcribed from CML41FL and S CDS, suggesting that CML41FL and S both only have a single
translation and their dual-targeting are not regulated at translational level either (Figure 2.5 and 2.7).
In fact, a single translation is still able to direct protein dual localisation via post-translation
modification (e.g. protein conformational change) (Silva-Filho, 2003; Karniely and Pines, 2005). For
instance, a DNA-repair enzyme Apurinic/apyrimidinic endonuclease 1 (Apnl) from S. cerevisiae
harbours a nuclear targeting signal on the C-terminus and a mitochondrial targeting signal on the N-
terminus; the interaction between Apnl and Pirl induces Anpl a conformational change, concealing
its C-termina mitochondrial targeting signal and leading it its localisation in the nucleus
(Vongsamphanh et al., 2001). In a similar way, CML41FL and S structural conformation at resting
cytosolic Ca** concentration may mask the protein’s targeting signal that however might be revealed
in the presence of a specific Ca®* signature (Karniely and Pines, 2005). CML41FL and S both can
bind Ca** and their PD localisation occurred in the root tip in the presence of high calcium in the
growth solution (Figure 3.5, 3.7 and 5.3). In the high calcium condition, there is likely to be an
increased apoplastic and cytoplasmic Ca®* concentration in the root tip since Ca®* entry into the root
xylem is restricted to the root tip (White, 2001; review in Chapter 1). So | propose that as Ca**
sensors — CML41FL and S perhaps sense Ca®* signalling in response to a high cytoplasmic or
apoplastic Ca*" concentration which induces CML41FL and S a conformational change, exposes their
N-terminal PD signal and translocates them from cytosol to PD. Similarly, CML41FL and S PD
localisation in mature and old leaves was probably a result of decoding the Ca?*-signalling during
Arabidopsis development or senescence (Figure 5. 4). Such PD localisation of CML41FL and S is
worth a further validation using other techniques such as immunogold particle labelling of GFP in
CML41FL::GFP or CML41S::GPF expressing plants (as further discussed in Chapter 6).
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Figure 5.9 Transcriptional and translational regulation of multiple protein products from a
single gene. A, multiple transcribed mRNAs produced by either different 5’-end transcriptional
initiation or different splicing transcriptions on a single gene, arrows indicate gene transcriptional
start-site. B, multiple translational start sites from different AUGs on a single mRNA, arrows indicate
translational start-site. Adapted from Danpure et al (1995), Small et al (1998), Silva-Filho (2003) and
Karniely and Pines (2005).

5.4.3 CML41FL and S interact with TCP14

As discussed above, CML41FL and S PD targeting is proposed to be as a result of a
conformational change via the binding Ca* that exposes a targeting signal on the N-terminus of the
protein. Hence, cytosolic CML41FL and S may be considered as the default location when not bound
to Ca®* (Silva-Filho, 2003). PD-localised CML41FL and S occurs in the Ca®*-bound state by exposing
the hydrophobic region ready to target another protein, then a target proteins such as TCP14,
identified via interaction with CML41FL, are co-localised to the PD as well. Consistent with this, the
fluorescence of a YFP complex formed via the interaction between CML41FL and TCP14 was clearly
observed in punctate structures contiguous with the cell boundary, very much similar to GFP
localisation fusion to CML41FL (Figure 5.3A, 5.4A and 5.7A), suggesting that the CML41FL and
TCP14 interaction may occur at the PD in leaves. However, the interaction between CML41S and
TCP14 was observed comparatively more in the cytoplasm than at the PD (Figure 5.7B). The
fluorescence given off by the YFP complex implicates that the interaction between CML41FL and
TCP14 was obviously stronger than that between CML41S and TCP14 (Figure 5.7A and C). This was
potentially attributed to a structural difference between these two CMLs (Bhattacharya et al., 2004;
Gifford et al., 2007). CML41FL has four putative EF-hands, whereas CML41S putatively has only
three, which may lead to very different EF-hand domain organisation between them (Figure 5.10 and
5.11) (Gifford et al., 2007). EF-hands usually appear in pairs to bind Ca?* in face-to-face manner and
together form a stable four-helix bundle domain to create a hydrophobic surface essential for
interaction with targeting protein (Bhattacharya et al., 2004; Gifford et al., 2007). For instance,
putative EF-h1::EF-h2 of CML41FL probably creates a hydrophobic surface that CMLA41S is missing,
resulting in the different target selectivity between these two CMLs (Bhattacharya et al., 2004).
Following the CML41 and TCP14 interaction identified by Arabidopsis Interactome Mapping
Consortium (2011), Valentim et al (2012) predicted the CML41 putative interaction motif to occur in
the residues ‘SHFDSDGD’. This ‘SHFDSDGD’ motif is actually present in both CML41FL (of EF-
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h1) and CMLA41S (of New EF-h) (Figure 5.10). As a consequence, | propose that both CML41FL and
CMLA41S can interact with TCP14 because of the presence of the putative ‘SHFDSDGD’ interaction
motif in both of them; however the putative EF-h1::EF-h2 pair may facilitate a more
selective/stronger interaction between CMLA41FL and TCP14 than between TCP14 and CML41S in
presence of putative New EF-hand::EF-h3 in a pair (Figure 5.7 and 5.10). Experiments, such as
isothermal scanning calorimetry, could be expected to further probe the Ca®*-binding capacity and
kinetics of each putative EF hand in CML41FL and S and test our hypothesis (Dobney et al., 2009).
In conclusion, the CML41FL and S interaction with TCP14 as well as their subcellular
localisation has been tested in this chapter. Together with the evidence from BiFC, another validation
of this protein-protein interaction using other techniques such as immunoprecipiation may provide
more convincing results, since CML41FL /S are surprisingly neither nuclear nor chloroplastic
proteins and TCP14 previously identified as a nuclear protein but here seems strongly interacting with
CMLA41FL at the PD, the reason for this is unknown (Rueda-Romero et al., 2012; Braun et al., 2013).
Futhermore, a transcription factor being targeting to PD is unprecidented. Moreover, CML41FL and S

PD-localisation also provides another evidence that neither regulate CAX1 expression in planta.
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Figure 5.10 Protein sequences of CML41FL and S with EF-hand domain and predicted
interaction motif labelled. The residues in red are the putative interaction motif of CMLA41 as
predicted by Valentim et al (2012), the residues in green box are the spliced region of CML41FL into
CMLA41S and the residues underline are the predicted EF-hand motifs by InterProScan
(http://www.ebi.ac.uk/Tools/pfa/iprscan/).
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Figure 5.11 EF-hand domain organisations of EF-hand proteins. A, an example of Parvalbumin
with three-EF-hands from rat, the EF-hand on the bottom (as indicated in purple) helps stabilise the
EF-hand Ca*"-binding pair above (as indicated in blue). B, three different arrangements of EF-hands
in proteins with four EF-hands: i, two separate domains of a CaM jointed by a dynamic linker; ii, two
domains placed tandem on the same protein face; iii, two pairs of EF-hands arranged oppositely to

form a compact spherical fold structure. Apdated from Gifford et al (2007).
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Chapter 6: General discussion

In this project, | aimed to identify signalling components associated with perturbed calcium
storage, or at least the knockout of CAX1, with the rationale that this would uncover either
transcriptional regulators of CAX1 or downstream signalling elements dependent upon its proper
function. The hope being that this may help develop better strategies for calcium biofortification in
plants or at least improve our understanding of Ca?* signalling networks in plants. Candidates were
initially identified via analysing the global transcriptional profile in the loss-of-function mutants —
caxl, cax3, caxl/cax3 and cax1/sCAX1 as well as the wild-type Col-0 as a control. The Calmodulin-
like gene 41 was found to be negatively correlated with CAX1 misexpression in these mutant lines,
and as the most highly misexpressed candidate, it was decided that it would be an interesting gene to
functionally characterise. My studies on CML41 indicate that the misexpression of CML41 does not
control CAX1 (Chapter 4) and therefore it is likely to function downstream of perturbations in Ca®*
signalling caused by CAX1 misexpression.

Interestingly, it was found that CML41 is likely to be transcribed into two CDSs — CML41FL
and CMLA41S. They respectively encode the CML41FL and CML41S protein each with a distinct
number of putative EF-hand Ca?*-binding domains but the same signal-peptide sequence (Chapter 2).
Both of them have a Ca®*-binding capacity, so the proteins are equipped with the capacity of decoding
intracellular Ca**-signals, and this may also assist with altering their subcellular translocation between
cytoplasm and PD via eliciting a conformational change that conceals or reveals a protein targeting
signal (Chapter 3 and 5). They are the first calmodulin family members identified as PD components
and thereby are expected to participate in very different cellular processes from other published
CaMs/CMLs behaving as transcriptional regulators in Arabidopsis (Reddy et al., 2011). Further
characterisation in planta reveals that CML41FL is likely to participate in the plant in response to
pathogen elicitors, CML41FL and S are involved in leaf senescence and regulating primary root
growth in response to changes in external Ca**, and possibly the plant immune response (Chapter 4).
The following discussion will further explore the role of this novel Ca®* sensor in Arabidopsis and

uncover important questions that remain to be tested with further experiments.

6.1 PD-localised CML41FL involved in callose deposition in PTI
In the Chapter 4 and 5, | observed that CML41 can localise to PD and the reduction in

CMLA41 expression leads to the reduction of callose deposition at PD. The callose deposition assay
was carried out using quantification of allinine blue staining. This is one of several approaches that

can be used to measure callose. Ideally, to corrobate this finding alternative techniques should be used
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such as immunogold labelling to label the callose deposition upon flg22 treatments with anti-callose
(Salnikov et al., 2003). However, the following discussion makes the assumption that CML41 can
localised to PD and is involved in callose deposition.

Every living organism has their own approach for intercellular communication (Luca and Lee,
2004). PD as a symplasmic domain has evolved in plants for cell-to-cell communication. A simple
PD is comprised of microchannels with a specific structure containing: a plasma membrane-lined
cylindrical tunnel bridging neighbouring cells; an appressed ER trapped within the centre of
cytoplasmic cylinder; proteinaceous components anchored to both the plasma membrane and ER; and,
the cell wall surrounding the plasma membrane to provide physical constrains on the channel via
deposition of insoluble glucans such as callose (Figure 6.1) (Luca and Lee, 2004; Maule et al, 2011).
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Figure 6.1 Schematic model of a simple PD. Adapted from Maule et al (2011).

Cytoplasmic sleeves act as a gateway traversing the cytoplasm in between cells and are a

space of 3-4 nm in diameter bordered by the plasma membrane and ER of PD. This imposes a basal
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size-exclusion limit (SEL; ~800 to 1,200 Da) for the passive diffusion of small molecules between
cells (e.g. sugar, organic acids) (Roberts and Oparka, 2003; Luca and Lee, 2004; Maule, 2008). PD
also have the capacity to mediate cell-to-cell trafficking of macromolecules like RNA and a special
class of proteins called non-cell autonomous proteins (NCAPSs); the trafficking of NCAPs, of size up
to 40 kDa is facilitated by PD via a gated or selective pathway (reviewed in Zambryski and Crawford,
2000; Lucas and Lee, 2004). PD-mediated symplasmic transport coordinates plant development and
immunity against viral, fungal and bacterial invasion through its distinctive dynamic structural
characteristics (models for pathogen defence by callose deposition at PD is summarised in Figure
6.2A-C) (Zambryski, 2004; Burch-Smith et al., 2011; Lee and Lu, 2011). Callose as a polysaccharide
is composed of -1,3-glucan branched with -1,6-glucan, and deposited at neck region of PD as
shown in Figure 6.1. One of the immune responses to P. syringae is callose deposition at PD to
reduce PD permeability and restrict bacterial effectors and other unknown signalling molecules
movement between cells; this is mediated by a SA-dependent pathway, triggered by P. syringae
flagellin (e.g. flg22) (Figure 6.2D) (Radford et al., 1998; Chen and Kim, 2009; Dodds and Rathjen,
2010; Luna et al., 2010; Lee and Lu, 2011; Wang et al., 2013).
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Figure 6.2 Models of callose plug deposition at PD following microbial pathogen invasion. A,
virus utilises movement proteins to modulate PD size-exclusion limits to assist with viral cell-to-cell
spread. B, fungus and effectors move between cells through PD. C, bacterial effectors are transported

via PD. The plant defence involves the regulation PD permeability via callose plugs reducing
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movement of those microbial pathogens as shown in A, B and C. D, a hypothetical pathway of PD

regulation against bacterial infection. Adapted from Lee and Lu (2011).

Here, | report the expression of both CML41FL and CMLA41S is induced by flg22 infiltration
into leaves, in this flg22-triggered immune response, knocking down CML41FL expression reduces
the callose deposition at PD in CML41-amiRNA#2 lines; the involvement of CML41S in this process
is unknown (Figure 4.5, 4.10A and 4.14A). In addition, PD is the location where CML41FL is present
in leaves except in young developing tissues where CML41FL is localised in cytoplasm instead
(Figure 5.4). CMLA1FL has also been demonstrated to be a Ca®* binding protein (Figure 3.6 and 3.8).
Accordingly, | speculate that CML41FL probably functions as a Ca** sensor in translating a PAMP-
triggered Ca* signalling into the regulation of PD callose deposition and PD permeability in the plant
innate immunity in response to flg22, for which this CML41FL-PD localisation probably is essential.

6.2 CML41FL differs from other immunity-response CMLs in Arabidopsis
CaMs/CMLs as Ca** signalling regulators play a critical role in the plants defence against
intruders (Reddy et al, 2011). As discussed above, CMLA41FL is likely to participate in the callose
deposition during PTI. In fact, similar to CML41FL, a few other CaMs/CMLs have also been reported
to regulate the plant immunity response in Arabidopsis such as CML9, CML24 (TCH2), CML42 and
CMLA43 (reviewed in Cheval et al., 2013, references therein). But each of them, including CML41FL
functions in distinct cellular processes during the plant immunity response. CML42 is predominantly
localised to the nucleus and cytoplasm, and mediates Ca**-signalling to negatively modulate JA and
the glucosinolate content in plants as a chemical defence against attack by the herbivorous insect
Spodoptera littoralis (Vadassery et al., 2012). CML43, the closest homologue to CML42 is regulated
by P. syringae pv. tomato, and CML43 overexpression facilitates the faster/accelerated activation of
Ca**-signalling regulated hypersensitive-response (HR) in Arabidopsis (Chiasson et al., 2005). CMLJ,
similar to CML41FL, modulates callose deposition during PTI but via a negative regulation of PR1
expression and perhaps via a switch of GA-dependent signalling elements (Popescu et al., 2007; Leba
et al., 2012a and 2012b). CML24 is a touch-induced calmodulin-like protein and important in
recognition of PAMP-triggered early signalling in the activation of downstream NO generation and
HR against P. syringae pv. tomato (Ma et al., 2008). The unique subcellular localisation of CML41FL
at the PD is likely to determine its function in different cellular processes during the plants immunity
response when compared to the nuclear-localised CML24, CML9 and CML42 (Perochon et al., 2010;
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Vadassery et al., 2012; Mohd Noh, 2013). Moreover, the role of CML41FL is likely to be the
modulation of symplasmic transport and cell-to-cell communication, whereas the majority of
CaMs/CMLs characterised in this response exert their effect via Ca?*-regulated transcriptional
regulation (reviewed in Kim et al., 2009a; Reddy et al., 2011; Bender and Snedden, 2013, references
therein). However, the details of the pathway controlling CML41FL-regulated Ca®* signalling are far

from clear.

6.3 Involvement of CML41FL and S in response to other stresses

CMLA41 has previously been identified as one of a number of age-related resistance-associated
genes (Carviel et al., 2009), and is included in a co-expression network with the senescence-related
gene SAG13 (Figure 2.3) (Swartzberg et al., 2006 and 2011). GUS histochemical assays suggest that
dark-induced senescence (after 14 days) imposed in this study is not an effective treatment for
stimulating CML41 expression, but the constitutive expression of CML41S and silencing of
CMLA41FL both accelerate the dark-triggered chlorophyll breakdown and leaf senescence in plants.
This suggests that both CML41FL and S may be involved in the regulation of senescence elicited by
changes in photoperiod (Figure 4.6f-i and 4.13). In fact, PCD is induced in plants as a mechanism of
resistance to pathogen invasion and produces reactive oxygen species (ROS) that is always followed
by the production of callose (Greenberg, 1997; Breusegem and Dat, 2006; Benitez-Alfonso et al.,
2011). Indeed, the constitutive expression of PLDP5 is linked to the over production of callose and an
early senescence phenotype in plants (Lee et al., 2011). Presumably, the dark-induced PCD on
individual leaves is also related to callose metabolism; however in my case, it still remains obscure
whether this dark-triggered senescence is sufficient to invoke the translocation of CML41FL and S
between the cytoplasm and PD, and if this CML41FL and S-associated senescence modulates PD
permeability via callose deposition.

PD-mediated symplasmic transport regulated by PD closure can be regulated by abiotic
stresses, such as exposure to aluminium (AI*") which induces callose formation to reduce the PD size-
exclusion limit (SEL) in epidermal cells of maize roots and then in root cortical cells after the loss of
epidermal layers (Sivaguru et al., 2000; Jones et al., 2006; Benitez-Alfonso et al., 2011). In 12.5 mM
calcium supplemented conditions, the overexpression of CML41FL and S reduces the sensitivity of
the primary root to external Ca*", relative to the wild-type Col-0 (Figure 4.11C and D). In response to
high external Ca**, CML41FL and S appears to be translocated from the cytosol to the PD at the root
tip of CML41FL and S-GFP plants, suggesting that the primary root sensitivity to Ca®* perhaps is
linked to CML41FL and S targeting to PD (Figure 4.11C, D and 5.3). Moreover, the root Ca** uptake
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involves apoplastic Ca®* influx into the root at the root apical area from soil and then is delivered via
the symplasmic pathways into the xylem (White, 2001; White and Broadley, 2003). As such, this
translocation of CML41FL and S to PD may reduce the PD permeability at the root tip in response to
external high Ca?, perhaps followed by a decrease in the symplasmic Ca?* transport via PD into root
xylem from the root tip. In the presence of high Ca?*, primary root growth of CML41FL and S-OEX
lines displayed relatively lower sensitivity than wild-type plants, presumably as a result of a reduced
Ca’* symplasmic delivery into root xylem (Figure 4.11C and D). Nevertheless, the separate
contribution by CML41FL and S in this cellular process are yet to be elucidated, but this could be
aided by examining the CML41FL and CMLA41S expression profile in CML41FL-OEX lines (Section
4.4.1). In high CaCl, conditions (up to 50 mM), the wild-type plants and CML41FL and S-OEX lines
undergo a severe reduction in primary root growth, whereas this growth reduction is suppressed in
CML41-amiRNA#2 (Figure 4.11C and D). This phenomenon might be a partial consequence of the
enhanced Ca®* symplasmic uptake into root xylem via silencing CML41FL expression, undergoing a
higher [Ca**].,/greater Ca*" influx and lowering CI™ uptake/toxicity in the cells (Lorenzen et a., 2004;
Saleh and Plieth, 2013). This hypothesised correlation of CML41 with root symplasmic Ca?* uptake
requires further measurement, and the impacts by CML41 misexpression on leaf calcium content are

worthwhile to be tested in plants as well.

6.4 Correlation of CML41 with CAX1

Initially, CML41 was selected from >1000 misexpressed genes via a microarray analysis as it
displayed the strongest negative correlation with CAX1 expression in the cax mutant lines analysed;
CAX1 knock-out was associated with a significant induction of CML41 expression (Figure 2.1 and
2.3). The misexpression of CML41FL and S, however did not perturb CAX1 expression in leaves even
under certain stresses (e.g. flg22), this suggests that CML41FL and S are not transcriptional
regulators of CAX1. Instead CAX1 probably negatively regulates CML41 expression and CML41FL
and S act as the Ca** sensors downstream of CAX1 (Figure 4.9A and 4.10B). Moreover, CML41
misexpression in cax1/cax3 line is significantly alleviated when cax1/cax3 line are grown with low
calcium supplementation (300 pM), where the leaf necrosis of cax1/cax3 line disappears and its
[Ca*]a0 and cell-wall thickness are also reduced to a similar level with wild-type Col-0 (Conn et al.,
2011; Gilliham et al., unpublished results). Therefore, CML41 expression is presumably induced in
cax1/cax3 misexpression lines due to either damage to the cell wall or by a perturbation in Ca?*-
signalling/[Ca”*].p, as would occur also in response to several biotic and abiotic stresses, as discussed

above (Conn et al., 2011). Nevertheless, this explanation is not consistent with CML41 misexpression
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observed in caxl mutant line (Figure 2.1), where CAX3 is specifically induced in the leaf mesophyll
and believed to functionally compensate for the loss of CAX1 and carryout Ca®* uptake into the
mesophyll vacuoles; however neither [Ca”]e1po nor cell-wall thickness is obviously altered in cax1 line
(Conn et al., 2011; Conn et al., unpublished results). In fact, the tonoplast Ca**/H" antiport activity
has been observed as decreased by up to 50% in the caxl line, suggesting that CAX3 may acquire
lower tonoplast Ca®* uptake capacity than CAX1 in leaf mesophyll. This is perhaps due to the absence
of certain CAX3 activators in leaf mesophyll, unlike CAX1, or a lower innate Ca* transport rate
and/or affinity, although the de-regulated SCAX1 and SCAX3 (A90-CAX3) have similar affinities in S.
cerevisiae (respectively 10-15 pM and 14 pM) (Hirschi, 1996; Cheng et al., 2003; Manohar et al.,
2011). Moreover, cax1 plants has a ~35% enhanced tonoplast Ca**-ATPase uptake activity, however
Ca®*-ATPases have relative lower capacity for Ca®* transport, therefore this increased Ca®* uptake by
Ca’*-ATPase perhaps is not enough to perfectly compensate the reduction (by 50 %) in tonoplast
Ca®*/H* antiport Ca”* uptake activity, and the overall tonoplast Ca**-uptake capacity of mesophyll is
presumably impaired in caxl line (Sze et al., 2000; Geisler et al., 2000; Baxter et al., 2003; Cheng et
al., 2003; Hayter and Peterson, 2004). This reduced total tonoplast Ca**-uptake capacity in the
mesophyll of cax1 plants does not lead to a perceptible [Ca2+]apo increase in caxl line (Conn et al.,
unpublished results). The up-regulation of CMLA41 in cax1 line may be linked to a reduced
symplasmic Ca®" transport into root xylem at apical part of roots (as discussed in Section 6.3) and
perhaps less Ca?* delivery into leaf apoplasm via xylem, and result in undetectable difference in
[Ca”]apo of cax1 line from wild-type plants, for which a further investigation is worthwhile (Figure
2.1) (Cheng et al., 2003; Conn et al., 2011). Relative to normal calcium (2 mM) supplementation,
cax1/cax3 line acquires a lower [Ca®*],y, level in the low calcium supplemented environment where
CMLA41 is not initiated (Conn et al., 2011; Conn et al., unpublished results; Gilliham et al.,
unpublished results). Alternatively, as CAX3 has a lower transport capacity than CAX1, [Ca2+]cyt
signalling is perturbed in not only cax1/cax3 but also cax1 and this initiates CML41 expression. But
the phenotypes in cax1 are not as severe as cax1/cax3 as the limitation on Ca®* transport
characteristics of the tonoplast are not as severe. Moreover, it is noted that CMLA41 is also
misexpressed in cax1/sCAX1 line, where sCAX1 is constitutively expressed and the active SCAX1
constantly moves Ca?* into vacuoles in all cell types of cax1 plants, however the phenotype of cax1
line is essentially comparable with wild-type plants (Figure 2.1) (Cheng et al., 2003). This signifies
that the regulation of CML41 as a signalling element probably is interrelated with mesophyll-specific
expression of CAX1 in plants.

I speculate that the reasons behind CML41 up-regulation in cax1 and cax1/cax3 lines may be

linked to CML41-associated external calcium nutrient response, possibly in addition to CML41-
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mediated pathogen response in plants, and the spatial expression of CAX1 may be vital for the
regulation of CML41. Hence, it would be interesting to examine the calcium-sensitive phenotypes and
[Ca”]apo in cax1 and cax1/sCAX1 mutant lines overexpressing CML41-amiRNA#2 as they may
increase in leaves.

A caveat must be raised for using purely gene expression data to form a complete picture of
an experimental system. In the discussion above, it is clear that expression differences of Ca®*
transporters leads to difference in protein abundance and activity. However we have not yet been able
to validate whether differences in

6.5 Remaining questions and future direction
Apart from several questions mentioned above, there are a few additional remaining questions
about the CML41FL and S-associated regulation in plant growth, development and adaptation to

environmental stimuli, such as:

1) Is CMLA41S transcript really present in Arabidopsis mMRNA?

CMLA41S seems to be the major transcript form of CML41 in Arabidopsis mesophyll
protoplasts, apart from that CML41FL has been observed to be the major one in all other conditions
tested (Figure 2.4). So | speculate that CMLA41S is very likely present as a splicing variant of CML41.
However, a further validation is worthwhile to back up this hypothesis, such as a Nothern blot. This
could probe RNA directly to detect the presence and absence of certain mMRNA spliced transcripts at
very low abundance from total RNA (Vandenbroucke et al., 2001). An extension of this question is
whether both protein products are produced. This could be tested by Western blot analysis specific
antibodies to CML41FL and CML41S.

2) Does CML41FL and S function at PD and require an interaction with another PD-localised
protein?

The PD is a membrane-rich structure. A number of known PD protein families acquire
transmembrane domains (TMD), such as PDLPs, RLKs, GPI-anchor proteins, and -1,3-glucanases
(Levy et al., 2007; Thomas et al., 2008; Simpson et al., 2009; Fernandez-Calvino et al., 2011), but no
transmembrane domain (TMD) has been found in CML41FL based on the prediction from 18
individual database (Figure 6.3). Although as a Ca®* sensor involved in callose deposition in PTI,
CMLA41FL when targeting to PD unlikely acts as an enzyme to stabilise/inhibit callose

binding/degradation, instead perhaps it interacts with another PD-localised protein to regulate some
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enzymatic process. CML41FL and S share very similar structural characteristics, such as Ca?*-binding
ability and a putative targeting signal (Figure 2.6 and 2.8). CML41S function at the PD may also
require incorporation with a PD-anchored protein. In fact, eight CaM-binding proteins have been
identified from the PD proteome, including two pathogen-related CaM-binding proteins — Mildew
resistance locus O 2 (MLO2, Atlg11310) and Bcl-2-associated athanogene 6 (BAG6, At2946240)
(Doukhanina et al., 2006, Bai et al., 2008; Lewis et al., 2012). An interaction screen of CML41 and
these candidates, under high Ca** conditions would be worthwhile, as would performing pull-down
type experiments using GFP-Trap immunoprecipitation on CML41-GFP plants (Roux et al., 2011).

At3g50770 .1

B :lpha helix TM span with low...high average hydrophobicity

Alpha helix TM spans Bl consensus alpha helix TM span with weak. strong score
(Min) / (N-ot)  cytoplasmic(=in) / non-cytoplasmic(=out) orientation of N-terminus
Alon_v2 none
DAS-THFilter none
Eiconda_vl none
HmmTop_v2 none
MemSat_v3 none
Minnou none
Phobius hone
PredTmr_vi none
S=Tmhmm_v0 .9 none
Scampi none
Sosuib_vi.1 none
SWltm_v3 none
THUMBUP_vi none
TuHMM_v2 none
THMMOD none
TwPred hone
TopPred_v2 hohe
TuConsens 0 tm
50 100 150 200

Figure 6.3 Diagram of CML41 (At3g50770) TMD prediction based on 18 individual programs
output by ARAMEMNON transmembrane alpha helix prediction. (http://aramemnon.uni-

koeln.de/index.ep).

3) Does any interaction CML41FL and S with TCP14 contribute to pathogen defence in PTI?
The interaction between CML41FL and S with TCP14 has been validated in this thesis,
however the function of these interaction pairs is still unknown. Analysis of the Arabidopsis
interactome data set by Mukhtar et al (2011) revealed that TCP14 interacts with NB-LRR receptor
proteins At1g31540 and At1g62630, which contain nucleotide-binding (NB) and leucine-rich repeat

(LRR) domains that can recognise the specific pathogen effectors, and with an immune-related

154


http://aramemnon.uni-koeln.de/index.ep
http://aramemnon.uni-koeln.de/index.ep

WRKY transcription factor (WRKY 36, At1969810) (Caplan et al., 2008; Dodds and Rathjen, 2010;
Arabidopsis Interactome Mapping Consortium, 2011). Mukhtar et al (2011) propose that TCP14 is a
key component in a certain subunit within the whole plant-pathogen immune network. In addition to
CMLA41FL function in the PAMP immune response, the interaction of CML41FL and TCP14 might
have a role in the plant defence against pathogens. Moreover, the investigation of protein interaction
was performed on leaves using Agrobacterium-mediated transient expression. In fact, the A.
tumefaciens mediated transformation involves the activation of PAMP in Arabidopsis via an elicitor
named elf18 different from flg22 elicitor of P. syringae that is compromising the first 18 aa on the N
terminus of bacterial elongation factor Tu (EF-Tu) and precipitated by EFR receptor kinase of
Arabidopsis (Kunze et al., 2004; Zipfel et al., 2006; Zipfel, 2008). Both elf18 and flg22 harbour
similar signalling pathways and both elicit callose deposition at PD regardless of whether they are
recognized by different receptors in the plant, both also increase the expression of CML41 in plants
(Figure 2.8 and 4.10A) (Bittel and Robatzek, 2007; Lu et al., 2009). The stronger/selective interaction
between CML41FL with TCP14 than between CML41S and TCP14 observed predominantly at PD
hints that this CML41FL and TCP14 interaction might contribute to the modulation of PD, perhaps
via callose deposition in the plants defence against pathogens (e.g. A. tumefaciens). However, this
requires further investigation. For instance, serial pathogen inoculation (e.g. virulent or avirulent
strains of P. syringae pv. tomato) and real-time ROS measurement on CML41 knock-down and/or
loss-of-function tcp14 plants, which would be expected to reveal the contribution of the interaction
between CML41FL and S with TCP14 in the plant immune response and uncover more details of

CMLA41FL roles in the regulation of callose deposition by flg22 treatment.

4) Are CMLA41FL and S involved in the regulation of plant development?

The CML41FL and S expression and CML41FL and S subcellular localisation both exhibit an
age-dependent pattern (Figure 4.6 and 5.4), implicating that CML41FL and S are likely to be
regulated by developmental signalling. Moreover, macromolecule transport between cells plays a
critical role in regulation of plant development, indeed the endogenous NCAPs and RNA trafficking
confers the sophisticated regulation of embryonic, vegetative and reproductive development in plants
(reviewed in Zambryski et al., 2000; Zambryski, 2004). This cell-to-cell transport of certain NACPs
and RNA even involves long-distance signal transport via the phloem between organs, such as the
FLOWERING LOCUS T (FT) encoded FT protein that is synthesized in leaves but is transported via
the phloem into the shoot apex to initiate Arabidopsis flowering (Lucas and Lee, 2004; Corbesier et

al., 2007; Turgeon and Wolf, 2009) The cell-to-cell transport/communication, including long-distance
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transport signals, can be mediated by PD (Lucas and Lee, 2004; Zambryski, 2004; Turgeon and Wolf,
2009). CMLA41FL and S expression has been found in the main vein of mature and old leaves where
CMLA41FL and S are targeted to the PD (Figure 4.6 and 5.4). Accordingly, these results suggest that
CMLA41FL and S might sense certain developmental Ca?* signalling to modulate the PD SEL in cells
of main vein of leaves and regulate long-distance signal transport during certain plant developmental
processes, and perhaps even through the interaction with TCP14 that functions as a regulator of plant
leaf shape and internode length (Kieffer et al., 2011)

5) Where are CML41FL and S localised within PD?

CMLA41FL and S have been identified as the PD components but it is not clear where they are
precisely located within PD. A precise localisation within PD will better help understand how CMLA41
might be associated with PD modulation. For example, the overexpression of either PDCB1 or
PDLP5 has been found to increase callose accumulation in plants; later PDCB1 and PDLP5 are
indicated by immunogold labelling to be localised respectively at neck region of PD and at the central
region of PD as shown in Figure 6.4, and their precise localisation at PD helps better understand the
difference in their mechanisms of modulating PD closure. PDCBL directly mediates callose
deposition at PD via physically binding callose at the neck region of PD, while PDLP5 being
localised at the central region of PD requires an additional unknown factor to indirectly mediate the
callose accumulation and involve a positive signalling feedback loop between it and SA in a
EDS1/ICS1/NPR1 dependent manner (Simpson et al., 2009; Lee et al., 2011; Wang et al., 2013).
Likewise, more details of CML41FL and S PD localisation would potentially help a further
identification of CML41FL and S-mediated signalling pathways in Arabidopsis, potentially to be
indicated by immunogold labelling. Meanwhile, this is also expected to provide further evidence to

support CML41FL and S PD localisation indicated by cell imaging.

CwW
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Figure 6.4 PDCB1 and PDLPS5 localisation within PD imaged by transmission electron
microscopy. The arrows point to the immunogold particles labelling PDCB1 (A) and PDPL5-GFP (B)
in vivo. Adapted from Simpson et al (2009) and Lee et al (2011).

6.6 Conclusion

In this thesis, | have reported that a calmodulin-like gene 41 (CML41) possibly encodes dual
Ca®*- sensors — CML41FL and CMLA41S that are likely to play a regulatory role in response to biotic
stresses, calcium nutrition and leaf senescence. As such, this study discovers novel Ca**-signalling
elements likely to be under the regulation of CAX1 and this has filled knowledge gaps and tested
some hypotheses listed in Section 1.5:

i) CMLA41 was identified to be negatively correlated with CAX1 expression in serial cax1 mutant
lines, and CML41 probably acts as a Ca** sensor/signalling element downstream of CAX1.

i) The understanding of CML41 roles in plants uncovers a new Ca**-signalling pathway
mediated by CAX1 in participation of plant adaptation to pathogen, sensitivity to
environmental calcium supply and dark-stimulated leaf senescence.

iii) The physiological link between cell-specific calcium compartmentation and CML41 (both
modulated by CAX1) has not been tested in this study, but both of them rely upon cell-
specific expression of CAX1 in plants, implicating that the cell-type calcium
compartmentation in plants might be essential to control Ca** signalling elements in plants,
such as CMLA41.
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Abstract

Background: Hydroponic growth systems are a convenient platform for studying whole plant physiology.
However, we found through trialling systems as they are described in the literature that our experiments were
frequently confounded by factors that affected plant growth, including algal contamination and hypoxia. We also
found the way in which the plants were grown made them poorly amenable to a number of common
physiological assays.

Results: The drivers for the development of this hydroponic system were: 1) the exclusion of light from the growth
solution; 2) to simplify the handling of individual plants, and 3) the growth of the plant to allow easy
implementation of multiple assays. These aims were all met by the use of pierced lids of black microcentrifuge
tubes. Seed was germinated on a lid filled with an agar-containing germination media immersed in the same
solution. Following germination, the liquid growth media was exchanged with the experimental solution, and after
14-21 days seedlings were transferred to larger tanks with aerated solution where they remained until
experimentation. We provide details of the protocol including composition of the basal growth solution, and
separate solutions with altered calcium, magnesium, potassium or sodium supply whilst maintaining the activity of
the majority of other ions. We demonstrate the adaptability of this system for: gas exchange measurement on
single leaves and whole plants; gRT-PCR to probe the transcriptional response of roots or shoots to altered nutrient
composition in the growth solution (we demonstrate this using high and low calcium supply); producing highly
competent mesophyll protoplasts; and, accelerating the screening of Arabidopsis transformants. This system is also
ideal for manipulating plants for micropipette techniques such as electrophysiology or SiCSA.

Conclusions: We present an optimised plant hydroponic culture system that can be quickly and cheaply
constructed, and produces plants with similar growth kinetics to soil-grown plants, but with the advantage of being
a versatile platform for a myriad of physiological and molecular biological measurements on all plant tissues at all
developmental stages. We present 'tips and tricks’ for the easy adoption of this hydroponic culture system.
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Introduction

Arabidopsis thaliana (L.) Heynh. (Arabidopsis) has been
adopted as a model plant of choice in many laboratories
for a variety of reasons. These include a brief life cycle, a
small and well-annotated genome, its amenability to tissue
culture, the limited cell-layers per cell type (for developing
roots), the availability of natural diversity sets and targeted
mutants, and the ease at which it can be genetically trans-
formed [1]. The diminutive stature and rosette growth
habit of Arabidopsis also means that it does not require a
large area to cultivate. At the same time, the size of Arabi-
dopsis has presented considerable challenges for those
wanting to perform physiological measurements on intact
plants such as gas exchange, hydraulic conductance, or for
obtaining single-cell parameters such as turgor pressure
and membrane potential. To benefit from the vast mo-
lecular resources of Arabidopsis, physiologists have had to
adapt measuring equipment and assays to the microscale;
these technological challenges have curtailed the use of
Arabidopsis as a tractable physiological model [2]. In order
to perform such assays whilst providing a flexible experi-
mental platform for manipulation of both the shoot and
root environment, the use of hydroponics for research
purposes has become common.

Hydroponics, as a convenient means for studying plants
in the laboratory and for growing commercial crops, was a
term first coined by William F. Gericke in 1929, yet it is a
documented technique dating back to the late 17" century
[3,4]. Its advantages include the potential for accessibility to
all plant tissues and the easy manipulation of the nutrient
profile of the growth medium when compared to soil, given
the complex interaction of ions with soil particles. Agar or
phytagel plates share these advantages but the opportun-
ities for physiological experimentation using this system are
limited as seedlings can only be grown for about 2 weeks
on plates and plants transpire very little meaning that su-
crose is commonly included as a carbon substrate and
aseptic culture must be used. A disadvantage of both
hydroponics and agar plates is that many species have a dif-
ferent root morphology when compared to soil, including a
lack of root hairs, although this is not the case for Arabi-
dopsis [5]. Various hydroponic systems have been devel-
oped for the growth of Arabidopsis independently in
several laboratories reflecting their need and utility; Arapo-
nics®, is an example of a commercially available system [6].
Other hydroponics systems described in the literature have
often been designed with a specific purpose in mind, and
as a result have not been tested in terms of the ease at
which various experimental parameters can be assayed
(refer to Table 1 for advantages and disadvantages of each
method). Whilst trialling these methods in our laboratory
we identified several key limitations with these systems as
they are documented in the literature, including: (1) the use
of a small holding tank (up to 1 L) to hold the growth
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solution, reducing scalability [7,8]; (2) the need to sterilise
parts of the set-up [8,9], which lengthened and complicated
the procedure; (3) the use of rockwool or sponge [7,10-12],
which prevented access to the full root system and predis-
posed the apical meristems to flooding; (4) the use of spe-
cialised materials such as a prefabricated seed holder, which
increased cost [13]; and the need to transfer plantlets be-
tween multiple growth environments [14,15]. While each
methodology possessed strengths and was designed to suit
its endpoint analysis, we sought to streamline the entire
process and provide a universal and fully adaptable system.

One common and significant problem associated with
aggregate hydroponics growth systems is the algal con-
tamination of the culture medium [16]. This can occur in
the tank, and particularly on rockwool or agar-based
plugs, or the plant roots and shoots, due to the use of
non-sterile phosphorous-rich medium and the exposure
of these components to light. This becomes a problem for
physiological studies as algal growth can reduce root nu-
trient uptake efficiency, plant growth, perturb the compos-
ition of the growth solution (nutrients, pH) and induce
significant changes to the plant global transcriptome and
proteome [16-18]. For this reason alone it is important
that hydroponic systems avoid illumination of the growth
media if they are to be used in physiological studies.

A major driver for developing this hydroponics system
was to be able to manipulate Arabidopsis plants for a var-
iety of assays including single cell sampling and analysis
(SiCSA), which requires live plants to be fixed to a flat,
hard growth surface [19-22]. The following system allowed
us to sample single cells easily for both molecular and
ionomic interrogation (the methodology for molecular ana-
lysis is outlined in [22]); it would also be ideal for micro-
pipette techniques such as turgor measurement and
electrophysiology. After considerable iterative development
we present this simple, inexpensive, flexible and robust
hydroponics system for the cultivation of Arabidopsis (and
other plants), which addresses the above considerations
and streamlines the methodology to allow other laborator-
ies to adopt this procedure. In addition, we document how
to adapt physiological measuring equipment to this hydro-
ponics system and present some analyses of Arabidopsis
plants grown in this hydroponic set-up. These comparisons
show that the hydroponic system produces plants with
equivalent growth rates to soil-grown plants but provides
more flexibility for applying many physiological and mo-
lecular analyses of the plant tissues.

Materials
Reagents

e Agar, plant cell culture tested (e.g. Sigma, A7921)
e Nutrient solution stocks (see Additional file 1 for
detailed description of growth solutions).



Conn et al. Plant Methods 2013, 9:4 Page 3 of 11
http://www.plantmethods.com/content/9/1/4

Table 1 Advantages and disadvantages between geoponics, agar plates and three distinct aggregate hydroponics
methods for cultivating arabidopsis plants

Parameter Geoponics Agar plates Aggregate hydroponics
(i.e. soil/sand) Polystyrene/ Araponics© This system
Rockwool (Conn et al.)

Setup costs Low Low Low High Low
Running costs
Media Low Intermediate Low Intermediate Low
Equipment Low Intermediate Low Intermediate Low
Footprint Small Small Small Small-to- Intermediate* Small
Sterile culture No Yes No No No
Batch variability High Low Low Low Low
Experimental Flexibility Low Intermediate High High High
Contamination (algal, bacterial) Medium High High Low Low
Throughput High Intermediate Intermediate Intermediate Intermediate
Root entanglement Yes Potential Yes Yes No
Developmental window Mature plants < 3 week-old seedlings Mature plants Mature plants Mature plants

* Can use either the low or high density trays.
The system presented in this manuscript is regarded as agar-based, aggregate hydroponics. Estimated setup costs for Araponics system is approximately US$4 per
plant, while for the system presented in this paper is US$0.81 (based on 140 plants, pricing as per January 2013, http://www.araponics.com).

Equipment damage. Drill a hole in the centre of 50 mL
centrifuge tube lid (11 mm diameter) to support the
e 1.5 mL microcentrifuge tube, black lip of the plant holder. Forty-eight tubes are

(e.g. Bioplastics, B74010), 48

50 mL polypropylene conical centrifuge tube with
flat top screw cap (e.g. BD Biosciences, 352070), 48
Leather punch, or 15-18G x 1 1/2" hypodermic
needles (e.g. Terumo, NN-1838R), 1

13 L multistacking container (e.g. Nally, IH305), 1
24 well floater microtube rack, blue with hinged lid
(Scientific Specialties, 5100-43), 2

Or, for large scale planting ( > 100 seeds) pizza
crisper trays with 11 mm holes (e.g. Willow, heavy
metal bakeware 34 cm family size) and pot saucer
that fits the pizza tray making it light tight (e.g.
Reko, 430 mm saucer, RSRSTD430.07), 1 each.
Plastic support for tubes in hydroponics container,
plastic, 1

Aquarium air pump (e.g. Resun, AC9904), 1
Freshwater aquarium air stones, 2

Aquarium tubing, 1.5 m to fit aquarium pump (e.g.
Aquaone, 4 mm internal diameter tube)

Plastic Y-connectors to fit tubing, and clamps to
adjust airflow

Fluorescent lamps 36W /840 cool white (e.g. Osram,
4050300517872).

Equipment setup
Mature plant tank

e Remove the conical base from the 50 mL centrifuge

tubes using a hacksaw or band saw, and smooth the
cut edges with a metal file to prevent future root

required per tank.

o Adhere four plastic strips (20 x 120 x 10 mm) to
the inside of an opaque 13 L hydroponics growth
container (320 mm x 415 mm x 110 mm) with
silicon-based adhesive, 20 mm from the top to
support the microcentrifuge tube lid.

e Plastic lids can be made from a rectangular plastic
sheet (290 mm x 390 mm x 5 mm). Using a hole-bit
drill 48 holes (6 x 8 pattern) of 32 mm diameter to
fit the cut 50 mL centrifuge tubes.

e Aeration of each hydroponics tank is provided via a
single tube from a 4-outlet aquarium pump (5 W,
540 L.h™' maximum), with a Y-connector fitted
inline to permit the use of two freshwater airstones
(30 =100 mm) in each tank. These can be anchored
onto the base of the tank with silicone adhesive. Use
clamps to adjust airflow if necessary.

e DPlants in hydroponics tanks can be illuminated as
required. For this setup we use 36W/840 cool white
fluorescent lamps, 8 lamps per shelf (3 tanks per
shelf). Plants are typically grown 210 mm beneath
lamps.

Protocol

The general workflow for the Arabidopsis hydroponics sys-
tem is summarised in Figure 1, Additional File 2, with step-
wise written instructions below and is further outlined in
a tutorial video (http://www.youtube.com/watch?v=c9neV
LaS63c). The total cost to completely establish this system,
at current prices, is up to five times less than commercially
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8hr:16hr photoperiod l

!
!

» Seed Collection

equipment set-up.

Transfer 1-3 seeds to
germination medium (GM) agar-filled
black microcentrifuge lids

Dark, covered with Clingﬁlml Stratify 4°C, 2d

Germinate seeds

22°C, 4-1d
Incrementally adapt bath solution to

standard nutrient solution (BNS) over 3d

7d

Puncture clingfilm to equilibrate plants
to chamber humidity

3d Growth
Remove clingfilm cover
3-5d

Transfer ~21d seedlings in lid to 50ml centrifuge
tube in aerated tank containing BNS

l 2-7 weeks

* Physiological Experiments

Figure 1 Simplified Arabidopsis hydroponics growth method. Flow chart outlining the timeline and key steps in the process. Timing

(in bold) on right of arrows indicate time between steps (d: days). Images on right-hand panel showing setup of seed germination and
representative images of seedlings and mature plants, including view of roots contained within centrifuge tubes of 5-week old plant. Also refer to
protocol, and Additional file 2 and online tutorial video (http://www.youtube.com/watch?v=c9neVLaS63c) for more detailed descriptions of the

Seed(s)
-'-'—|—Tube lid

7d

l Germination

28d

sourced systems. The ability to reuse the majority of the
components further reduces the expense of the system.

Preparing germination lids

1. Prepare 100 mL of germination medium (GM)
(recipe Additional file 1) in a autoclavable bottle and
add 0.7 g agar (final conc. 0.7% w/v), autoclave and
cool slightly. The solution can also be microwaved to
dissolve the agar as aseptic culture is not required.

2. Using a leather punch or hypodermic needle, bore a
single 1.2 — 1.8mm diameter hole into the centre of a
black microcentrifuge tube lid.

NOTE: This design is essential to limit light penetra-
tion into the culture medium and in so doing abolishes
algal growth and minimises evaporation/water loss from
the hydroponic tanks.

3. Cut lids from the microcentrifuge tube base,
retaining 1 — 2mm of the hinge, invert lid onto
clingfilm or adhesive tape. Once all lids have been

prepared, fill each with ~250-300 uL germination
medium agar and leave to solidify for 15 min.

CRITICAL POINT: The hinge of the microcentrifuge lid
can be used for easy manipulation of plants with tweezers.

CRITICAL POINT: Ensure the lids are filled such that
there is a dome of GM-agar for each lid, but avoid over-
flowing as this may cause the lids to sit askew in the ger-
mination tank. If the solution escapes through the lid
hole, either allow media to cool (55-60°C is ideal) or
supplement with additional media.

NOTE: Once finished, the residual GM-agar can be
stored at 4°C for 1 month and reused by melting in the
microwave as required.

4. Invert lids into floating racks with the agar plug in
contact with liquid GM to create the functional seed/
seedling/plant holder.

NOTE: Prefabricated 34 cm diameter pizza crisper
trays, containing over three hundred holes of 11 mm in
diameter, can be used to hold larger batches of plants.
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We found it essential that each of the microcentrifuge
tube lids sat snugly enough in the holding tray to pre-
vent light penetration into the GM, but loosely enough
so they could be easily removed and transferred to an-
other container when required.

Germinating seedlings

5. Using a moistened toothpick, place up to three seeds
in the hole of the lid on the agar surface to maximise
chances of seed germination. Then, cover the entire
container with plastic clingfilm to enhance humidity,
leaving at least 10 mm above the plant for growth.
Stratify seeds in the dark at 4°C for at least 48 h.

6. Transfer the germination tank into growth cabinets
under a 8:16 h, light:dark cycle, with 55%
atmospheric humidity, at 22°C and an irradiance of
150 pmol photons m2.s™ at the plant level. Under
these conditions, the roots of these seedlings emerge
from the agar plug after 4-7 days.

7. At this stage thin down to a single plant per lid and
replace the bath solution incrementally from GM to
a standard growth solution (in our case, a modified %
Hoagland's solution, hereafter referred to as BNS,
refer to Additional file 1 for recipe). On day 1 of the
solution change, /5 of the GM was replaced with
BNS. On day 2, 50% of the existing solution was
exchanged with BNS and on day three the entire
solution was replaced with BNS.

8. After day 14, puncture holes in the clingfilm to decrease
humidity and then remove completely after day 17.

CRITICAL POINT: Do not allow agar plugs to dry out
at this stage, this is rarely a problem if using floating
racks but it is extremely important to keep the solution
level topped up if using pizza or equivalent trays to ger-
minate the seedlings.

Maturing plants

9. When the roots are 40—50 mm in length,
approximately 21 days post-germination, plants are the
appropriate size to survive transfer into an aerated
hydroponics tank. Transfer plants in lids to the
modified 50 mL centrifuge tubes, passing the roots
through the 11 mm diameter hole drilled in its lid to
support the lip of the seedling holder. Then insert this
unit into the lid of the tank containing 10 L of growth
solution and continue until all 48 positions are filled.

CRITICAL POINT: These holders permit access for
the roots to the whole growth media but prevent root
entanglement for up to ~7 weeks when grown under
short (8 h:16h) photoperiod (Figure 1).
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NOTE: If not all 48 plant tubes are filled with plants,
unused holes must be covered to exclude light from the
growth solution. Use 50 mL centrifuge tube lids without
holes or place an intact lid or base of a black microcen-
trifuge tube within the 11 mm hole if present, or use
large pieces of aluminium foil wrapped in plastic cling-
film to cover multiple holes simultaneously.

NOTE: Plants can remain in these 13 L tanks, each
holding 48 plants, with weekly solution changes until
analysis. After ~3 days in these larger tanks the agar
plug dries to form a thin film that separates itself from
the root system. This occurs because the agar plug no
longer is in contact with the growth solution when the
plant holder is placed in the hydroponic tank. As such,
this permits full access to the whole of the shoot and/or
root system. The plant holder provides a useful handling
tool for transferring the seedling to experimental cham-
bers or different solutions, whilst limiting mechanical
stress, but could be removed from the plant by cutting
the plastic lid in half. This is particularly useful for im-
aging whole plants for reporter localisation studies.

Sample results

Plant growth and seed collection

Plant growth and development are dynamic processes
that can be perturbed by a number of biotic and abiotic
factors, including nutrient availability, oxygenation of
growth solutions, prevalence of microorganisms, humid-
ity and air temperature [23]. A number of measurements
were made to ascertain the physiological state of plants
grown in our hydroponics system. Under both soil and
hydroponic conditions using the BNS growth solution,
plants had vibrant green colouration (total chlorophyll
content of 5-week old hydroponics plant leaves was 12.5 +
0.4 pg.mg-DW ™' (mean + SD) while soil-grown leaves had
12.6 + 0.6 pg.mg-DW ' (n = 12), both with approximately
2.5:1 of Chla:Chlb), and possessed the same growth rates
throughout the vegetative growth cycle (3-7 weeks)
(Figure 2A). The germination rate of plants grown hydro-
ponically was 5-18% higher than on soil (supplemented
with seed raising mix for 20 lines tested), with the greatest
increase seen for the caxI-1/cax3-1 T-DNA insertion line
[24]. Once siliques were filled, plants were wrapped in
clear, perforated plastic bags and transferred into tanks
containing ~2 L water to avoid salt formation on roots, to
avoid mould growth and to hasten drying. Siliques dried
upon evaporation of the water, with the isolated seeds pos-
sessing from 90-100% germination efficiency and un-
affected leaf ionomics profile compared to the previous
generations (data not shown).

Transient protoplast transformation
A number of studies on promoter responsiveness, cellu-
lar localisation and protein-protein interactions can be
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Figure 2 Comparisons of Arabidopsis shoot growth kinetics
and protoplast transformation efficiency between soil and
hydroponics system. A) Shoot biomass during vegetative growth
phase of Arabidopsis Col-0 is equivalent between soil-grown and
hydroponically-grown plants under short-day photoperiod (8 h:16 h)
until seven weeks post-germination. Mean + SD (n = 6 plants per
timepoint, per condition). No significant differences were found
between growth conditions at each timepoint using a t-test (P < 0.01).
B) Transfection efficiency of Arabidopsis mesophyll protoplasts were
determined by fluorescence microscopy comparing two quantities (5
ug and 10 pg) of two sGFP-expressing plasmids under a single CaMV
35S promoter, pHBT-sGFP(S65T)-NOS (GenBank accession number:
EF090408) [25] and pGWB406 (GenBank accession number: AB294430)
[37] of 42 kb and 12.4 kb, respectively as per Conn et al. [20]. For each
condition n = 5 independent transformations, each with cell counts >
100 protoplasts. Data presented as the proportion of GFP-expressing
cells; Mean + SEM. Asterisks indicate significant difference between soil
and hydroponics derived protoplasts within each condition (P < 0.01).

undertaken in Arabidopsis protoplasts, rather than using
the whole plants. Yoo et al. [25] presented a technique
for transient expression of genes in protoplasts isolated
from Arabidopsis mesophyll cells. We trialled a modified
version of this protocol on protoplasts isolated from
plants grown in soil or our hydroponics system, to detect
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expression of a cytosolic sGFP encoded on both a small
vector (4 kb) and a large vector (12 kb), and quantifying
the proportion of GFP-positive cells. The transfection effi-
ciency of protoplasts derived from hydroponically-grown
leaves was consistently higher than that of those derived
from soil-grown plants, at least 2-fold higher for the 12 kb
vector and 8—26% higher for the smaller vector, depending
on DNA input (Figure 2B). Furthermore, as expected, we
observed that the transformation efficiency of the larger
vector was lower regardless of growth regime. However,
for the hydroponically grown plants at least, the rate was
sufficiently high at 14-20% to be used as a screening tool
for specific applications like subcellular localisation of
large membrane transporters. No difference was observed
in the average size of protoplasts between methods, or the
intracellular localisation of sGFP, yet the total yield of
mesophyll protoplasts was consistently 15% above those
from soil-grown plants, in part due to more uniform
growth enabling the harvest of healthy leaves at consistent
stages of development. Combining this higher yield and
higher transformation rate, this constitutes an optimised
approach for the study of many processes in protoplasts.

Plant nutrition and transcriptional response
We tested a number of plant growth solutions and found
that a modified % Hoagland’s solution (BNS) was a simple,
defined and affordable media, which supported good plant
growth and similar nutrition to plants grown in soil
obtained from the largest public dataset for Arabidopsis
ionomics, the PiiMS database (http://www.ionomicshub.
org) (Table 2). Note that the PiiMS soil-grown plants were
fed Y-strength Murashige and Skoog (MS) medium. As a
result of previously observing growth retardation and stress
phenotypes associated with full strength growth solution
(i.e. Gamborg's, Hoagland’s or MS) we used the more di-
lute BNS media, as it was sufficient to provide adequate
and reproducible growth. The flexibility afforded by creat-
ing the growth solution from individual components
allowed manipulation of certain nutrients either separately
or in combination in order to investigate nutrition-
associated genotypes or phenotypes of different Arabidop-
sis ecotypes or mutant lines [19-21]. The basic recipe plus
those with altered (increased or decreased) concentrations
of potassium (K), sodium (Na), calcium (Ca) [19,21] and
magnesium (Mg) [20] can be found in Additional file 1. In
each of these solutions the concentrations of multiple com-
ponents were altered to keep the activity of most ions the
same despite a significant change in the one or two of the
ion species. This was performed using the ion activity cal-
culator program vMinteq (KTH) to investigate, as far as
possible, ion-specific treatments [19-21].

The ability to isolate the entire root and shoot tissues of
plants also enabled quantification of the transcriptional re-
sponse to altered elemental concentrations in the growth
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Table 2 Comparative ionomics of soil-grown and

hydroponically-grown plants

Element Soil-grown Hydroponics Ratio
Na? 1,608 + 219 1,808 + 120 112
Mg*® 9,402 + 845 9,876 + 492 1.05
p*! 8449 + 602 8225 + 204 097
K3 34,214 + 1874 37,747 + 1542 1.1
Ca® 44314 + 3005 38821 + 1603 086
Micronutrients

cr? 0 <4 nd.
Mn?>? 64 + 35 116 + 42 182
Fe*® 85 + 36 64 + 20 075
Co* 3406 <6 n.d.
Ni®° 1402 <7 nd.
® 1405 13404 1.10
Zn® 65 + 28 360 + 108 556
Se”’ 2+04 < 60 nd.
™ 341 <2 nd.

Data presented as dry weight normalised shoot ionomics data obtained by
inductively coupled plasma optical emission spectroscopy (ICP-OES) as per
[19,20] on 5 week old Col-0 shoots grown in soil (the PiiMS database: soil-
grown plants fed z-strength MS media; n=125 plants) and our hydroponics
system (n=12 plants). Ratio compares ionome of hydroponics plants to soil-
grown plants showing lines are similar in nutrient content for most elements,
excluding Zingc, in the shoot. Detection limit shown for Cr, Co, Ni, Se and Cd, n.
d.: not determined as one or both readings were given as a detection limit
(note in all these cases the ranges overlap).

media. We adjusted the calcium ion activity (dcq.) to 3
levels; 1 mM (BNS), 0.025 mM (Low Calcium Solution,
LCS) and 5 mM (High Calcium Solution, HCS) (Additional
file 1), whilst keeping the activity of all other ions (except
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roots and shoots to these solution changes within the
epidermal enhancer trap line, KC464 (Columbia-0
background) of: known tonoplast Ca**/H* exchangers
(AtCAXI1, AtCAX2) and endoplasmic reticulum-localised
autoinhibited Ca®*-ATPase (AtACA2) calcium transporter;
and vacuolar H'-ATP synthase subunits (AtVHA-a2,
AtVHA-a3) (Figure 2).

We found that the expression levels of genes matched
previous reports, including the higher shoot expression of
AtCAXI and the higher root expression of both AtCAX2
and AtACA2 (Figure 3, Additional file 3) [26,27]. We also
confirm the calcium concentration-dependent response of
AtCAXI seen in previous reports [19,20,28]. Whilst the
transcript abundance of AtACA2 has previously been
shown to be unchanged with increased Ca [26,27], we
detected that its expression was increased in both shoot
and root tissues in LCS. AtACA2 and AtCAX2 also
showed the opposite transcriptional regulation to AtCAX1
by LCS (Figure 3A,B). It is conceivable that this may be
the result of a greater affinity but lower capacity for Ca
ion (Ca") transport by AtACA2 than AtCAXI [29,30],
so altering the capacity of the vacuole for Ca storage
and increasing the role of the ER in this process over
the vacuole when Ca is limiting. Likewise, the lower af-
finity Ca**-transport capacity of AtCAX2 compared to
AtCAX1 [29,30] may also contribute to the lower Ca
storage of the vacuole under these conditions [19-21].
The fact that both genes are preferentially expressed in
the mesophyll, adds further evidence to suggest that
AtACA2 and AtCAX2 may play a minor role in leaf Ca
compartmentation, as this is where the majority of Ca

Cl") similar. We quantified the transcriptional response of is stored [19-21,29]. In addition both genes are
N
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Figure 3 Calcium-dependent transcriptional responses of Arabidopsis leaves and roots of hydroponically-grown plants. gPCR performed
on RNA isolated from the (A) shoots and (B) roots (above and below the hypocotyls, respectively) of 5-week old Arabidopsis KC464 plants grown
under three different Ca activities (ac, LCS = 0.025mM; ac, BNS = 1 mM; ac, HCS = 5 mM) for seven days. n = 9, from three biological replicates
per tissue. Mean + SD. Asterisk indicates significant expression difference from BNS (P < 0.01). gPCR performed as described in Conn et al. [19,20]
with primers listed in Additional file 3.
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transcriptionally upregulated in the double knockout of
two vacuolar CAX genes (cax1/cax3), therefore AtACA2
and AtCAX2 have both been predicted to partially com-
pensate for the loss of the major mechanism to secrete
leaf apoplastic Ca [19,21]. The vacuolar ATPase subu-
nits, AtVHA-a2 and AtVHA-a3, were found to show a
similar ~ Ca-dependent transcriptional response as
AtCAX1, which is consistent with the T-DNA inser-
tional mutant of these genes showing similar dwarf
growth and lower leaf Ca accumulation phenotypes to
the caxl/cax3 line [19,31]. As such, these results vali-
dated the use of these solutions in this hydroponics
system.
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Figure 4 Gas exchange measurements for Arabidopsis Col-0
measured using the LiCOR extended reach chamber or whole
plant chamber whilst growing in hydroponics. A Transpiration or
B Net CO, assimilation/photosynthesis measured using 6-week old
plants growing the basal nutrient solution. Individual plants were
exposed to light intensity of ~350 pmol m? s at least 30 min prior
to the start of measurement. The rosette was allowed to acclimatise
inside the Arabidopsis whole rosette or extended reach chamber for
at least 10 min before gas exchange data were recorded with
reference CO, concentration set at 500 umol mol™, flow rate at 500
umol s™ (for the whole plant chamber) or 100 pmol s (for the
extended reach chamber) light intensity at 350 umol photons m™ s
and relative humidity at 56%. Data shown as Mean + SEM of fifteen
biological replicates. No significant differences were found between
each dataset using a t-test (P < 0.01).
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Gas exchange measurement of hydroponically grown plants
Measurement of gas exchange for Arabidopsis can be
problematic due to the plants’ small stature and rosette
growth. However, Arabidopsis can be induced to produce
a relatively large amount of shoot vegetative biomass in
low light conditions (~100 pmol photons.m™s™), and
when the photoperiod is short (~8-10 h). Leaves of hydro-
ponically grown Arabidopsis plants are relatively clean,
compared to soil grown leaves, hence there is no need to
wipe the leaves prior to measurement of gas exchange.
This avoids any potential mechanical damage to the leaves
or the trichomes, which would affect airflow and the ex-
tent of the boundary layer across the leaf, which can influ-
ence the results of gas exchange measurements. We used
a LiCOR 4600-XT InfraRed Gas Analyser (IRGA), with
the whole Arabidopsis chamber or extended reach cham-
ber, to take gas exchange measurements as described in
the Figure 4 legend and Additional file 2.

To be able to perform these measurements we found
it necessary to make all components of the Arabidopsis
whole plant chamber airtight — without this, moisture
from the hydroponics media compromised the gas ex-
change measurements. As detailed in Additional file 2,
we sealed the plant holding lid into the centrifuge tube
lid using teflon air-tight sealing tape. The plant, now
held within a centrifuge tube lid, was transferred into an
intact centrifuge tube base containing the treatment so-
lution of interest. The centrifuge tube was then sealed
into the LiCOR ‘cone-tainer’ using a 30 mm OD rubber
O-ring. This system would allow exclusive measurement
of rosette gas exchange for at least 3 h for 6-week old
Arabidopsis plants without any detectable reduction in
photosynthetic rate during the middle of the photoperiod
(Figure 4). Gas exchange measurements were adjusted on
the basis of the leaf area contained within: i) the extended
reach chamber (LiCOR) estimated by taking a scaled
photograph and analysis of the percentage of the leaf
within the chamber window using Image] (National Insti-
tute of Health, NIH) as detailed in [19] or, ii) the whole
Arabidopsis plant chamber (LICOR) by estimating the ros-
ette size using a customised code developed in MATLAB®
2010b (Mathworks Inc., Natick, MA, USA) and the Image
Analysis Toolbox® to process scaled photographs semi-
automatically. Two codes were used, a semi-automated
and an automated code. The latter recognises by colour
contrast the Arabidopsis rosette to obtain automatically
the cover area. The semi-automated code was used in pic-
tures where this contrast was not detected by the automa-
tion algorithm. In this case, a tool was developed to select
a region of interest (ROI) corresponding to the rosette
manually to extract the cover area. See Additional files 4,
5, 6 for further details of the code and method.

The leaf gas exchange measurements were not signifi-
cantly different for the hydroponics system using either
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the LiCOR whole Arabidopsis plant chamber or the
extended leaf chamber (Figure 4). However, it was evi-
dent that the whole plant chamber took more consistent
readings presumably due to the ability to sum the read-
ing over a larger area and avoiding the need to seal the
chamber directly onto the leaf tissue, which can con-
found results through improper sealing and/or leaf dam-
age. We found that consistent results could be achieved
with the extended leaf chamber when leaves were large
enough, but the dimensions of the leaf and petiole made
the clamping of a large amount of leaf area in the cham-
ber a challenge unless the plant was older than 6 weeks.
In contrast plants could be assayed in the whole Arabi-
dopsis chamber from weeks 3-8. It is clear that this sys-
tem offers potential to be widely used to study leaf gas
exchange in a highly controlled manner throughout the
majority of Arabidopsis development.

Comments

In our hands

Given the importance of aeration of hydroponics sys-
tems for adequate growth [10], several aeration systems
were trialled. The media within the tank was aerated ei-
ther using a standard 4-outlet aquarium pump that
constantly bubbled air through airstones or by using an
ebb-and-flow system that pumped media between the
tank containing the plants and a solution holding reser-
voir every 60 min. Both systems produced plants that at
least qualitatively resembled each other, however, the
former technique was markedly simpler to construct and
maintain so it was used for all further studies. Oxygen-
ation levels in the constantly aerated plants were suffi-
cient to avoid increased expression of known hypoxia
induced genes, AtWRKY40 and AtNIP21 [32,33], in
contrast, transcription of both genes were induced when
the media was non-aerated for 7 days (Additional file 7).

Profiling of transgenic plants

The desire to accelerate the analysis of transgenic Arabi-
dopsis plants has led to the design of a number of rapid
approaches for selection of transformants. The method
commonly used to select transformed Arabidopsis seed-
lings is by spreading the seeds on suitable growth media
such as soil or agar. Soil is commonly used if the selec-
tion marker gene is phosphothrinocin, whereas agar is
used if the marker gene is kanamycin or hygromycin.
Thereafter, the putative transformants are usually trans-
ferred into soil for seed collection. The main problem
with this method is the potential damage to the fragile
root systems of the selected seedlings, which conse-
quently affects their survival rate. We demonstrate that
our hydroponic system can be used as an alternative to
soil growth for cultivation of transformants selected on
agar plates (using phosphothrinocin, kanamycin or
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hygromycin) as per Harrison et al. [34]. Over 95% of
transformants survived transfer using this method, with
the collected seed displaying a high germination rate
(Additional file 8). However, the real advantage lies in
the ability to reliably analyse mature first generation
transformants, particularly for root cellular localisation
studies and root phenotypes that are impossible with
soil- and agar plate- based selection methods.

Adapting the system for other plants

The improved hydroponic system we highlight here can
be easily adapted for use with other plants with changes
to the diameter of the hole produced in the lid of the
microcentrifuge tube. We made holes of up to 6 mm in
diameter (suitable for up to 4-week old cucumber and 6
week old tobacco [35]), and also grew Lotus spp. seed-
lings (data not shown). Furthermore, we also adapted
the system for use with cereals using the 1.5 mL black
microcentrifuge tubes with the bottom 7 mm cut off,
this was sufficient to hold the seed, roots and shoots in
place and removed the need for agar [36].

Conclusions

We demonstrate the quality and versatility of our hydro-
ponics system by profiling and comparing with soil-
grown plants and previous hydroponics reports many
parameters throughout the growth of Arabidopsis, in-
cluding biomass, ionomics and transcriptomics. We
present this hydroponics growth system as an adaptable
system for characterising the entire Arabidopsis plant
and other plants by a variety of physiological and mo-
lecular biological methods, superior to and more inex-
pensive than many techniques currently in use.
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Appendix 4. Full list of misexpression gene (log (2) = 1) in cax1, cax3,

cax1/cax3 and cax1/sCAX1 lines, compared to wildtype Col-0 plants

-
#
m
o

cax3

1:1

caxlicaxd

cax1isCAx]

At5g13330
At244040
At3g50260
At1g01250
At1gB4380
At3gE1530
At1g77840
At5g50015
At2g18300
At3g4TE40
At5gET110
At1g51140
At3gE1850
At3g07340
At5 48560
At2g42280
AtdgOo0S0
Atdg34590
At1g7EB50
At5 30870
At3g47480
At3g01830
At3g02310
At1g13260
At2g36080
At3g55560
At5g25190
At1 72380
AtlgB7O70
Atdg 18880
At3gE1880
At2 46580
At1gB2000
At5 40330
At5gB7300
AtdgaT180
At2g38080
At1g74850
At1gB3910
At2g47190
At3g27812
Atdg34000
Atdg3ss20
AtS 26655
AtSg12870
At1g18710
At1 18570
At4g01880
At1goas40
Atdg22880
At1g01010
At1g02220
At1g34180
At1 952800
A2g17040
At3g04070
AtSg18270
AtSg13180
At1gBa490
A2g4E770

AP2 domain-containing transeription factor family protein
"APZ domain-containing transcription factor TINY, putative"

"AF2 domain-
"AFZ domain-
"AFZ domain-
"AFZ domain-
"AP2 domain-

containing transcription factor, putative"
containing transcription factor, putative"
containing transcription factor, putative"
containing transcription factor, putative"
caontaining transcription factor, putative"

basic helizloop-helix (bHLH) family protein
basic helizloop-helix (bHLH) family protein
basic helixloop-helix (kHLH) family protein
basic helix-loop-helix (kHLH) family protein
basic helix-loop-helix (bkHLH) family protein
basic helix-loop-helix (kHLH) family protein
basic helix-loop-helix (bHLH) family protein
basic helizloop-helix (bHLH) family protein
basic helizloop-helix (bHLH) family protein
basic helixloop-helix (kHLH) family protein
bZIP transcription factor family protein
caleium-binding EF hand family protein
caleium-binding EF hand family protein
caleium-binding EF hand family protein
"calmodulin-related protein, putative"

developmental protein SEPALLATAZ { floral hemeotic protein (AGLE) (SEPZ)

DNA-binding protein RAWT (RAWT)
"DNA-binding protein, putative"
DMA-binding protein-related

"ethylene-responsive element-binding protein, putative"
"ethylene-responsive element-binding protein, putative"

"heat shock factor protein, putative (HSFS) "
heat shock transcription factor 21 (HEFZ21)

homeoboxleucine zipper protein 12 (HB-12) 4 HD-ZIP transcription factor 12
homeoboxleucine zipper protein 7 (HB-7) / HD-ZIP transcription factor 7

homeodamain transcription factor (KNATT)
myb family transcription factar

myb family transcription factar

myb family transcription factor

myb family transcription factor

myb family transcription factor (e%13)

myb family transeription factor (MYB103)
myh family transeription factar (MYB2)

myb family transeription factor (MYB3) (MYB21)

myb family transeription factor (MYB32)
myb family transcription factor (MYB4)

myb family transcription factor (MYB4) (MYBBE)

myb family transcription factor (MYB4E)
myb family transeription factor (MYB47)
myh family transeription factar (MYBS1)
myb family transcription factar (MYB5S5)
myb family transeription factor (MYBES1)
myb family transcription factor (MYBB5)
no apical meristemn (MAM) family protein
no apical meristemn (MAM) family protein
no apical meristem (MAM) family protein
no apical meristem (NAM) family protein
no apical meristem (NAM) family protein
no apical meristern (MAM) family protein
no apical meristern (MAM) family protein
no apical meristemn (MAM) family protein
no apical meristemn (MAM) family protein
no apical meristem (MAM) family protein
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Continued

At1g32770 no apical meristern (MAM) family protein

Atdg2a500 no apical meristemn (MAM) family protein

At1g22470 no apical meristern (MAM) family protein

At1g27360 squarmosa promoterbinding protein-like 11 {SPL11)
At2g42200 squamosa promoterbinding protein-like 8 (SPLE)
At3g02150 "TCP family transeription factor, putative"

At3g06E160 transeriptional factor B3 family protein

Atdg31800 WRKY family transcription factor

At2g30250 WREKY family transcription factor

AtSg07100 WRKY family transcription factor

At2g38470 WREY family transcription factor

AtSg22570 WREY family transcription factor

At3g01970 WREY family transcription factor

At4a01720 WREY family transcription factar

AtSg40520 WRKY family transcription factor

Atdg23810 WREKY family transcription factor

At1gB2300 WRKY family transcription factor

At2g25000 WREY family transcription factor

AtSg13080 WREY family transcription factor

AtSga6350 WREY family transcription factor

A2 0447 45 WREY family transcription factar

AtSg25830 zine finger (GATA type) family protein

At3g15050 calmodulin-binding family protein

At3g50590 calmodulin-binding family protein

At4g00220 calmodulin-binding protein-related

At3g51920  calmodulin-g (CAME)

At2g41410 "calmodulin, putative"

At4n33050 calmodulin-binding family protein

At4n31000 calmodulin-binding protein

At2g2E190 calmodulin-binding family protein

At2g41100 " calmodulin-related protein 3, touch-induced (TCH3Y'
At1g73200 calmodulin-binding protein

At1g73805 calmodulin-binding protein

AtSg2G920 calmodulin-binding protein

At3gS0770 "calmodulin-related protein, putative"

AtSgSTE30 "CBL-interacting protein kinase 21, putative (CIPK2 1}
AtSg10830 CBL-interacting protein kinase 5 (CIPKS)

At1gD1140 CBL-interacting protein kinase @ (CIPKE)

AtSg12470 curculin-like (mannose-binding) lectin family protein
At2g30500 kinase interacting family protein

At1gE7520 lectin protein kinase family protein

AtSgE0280 lectin protein kinase family protein

At1g53070 legume lectin family protein

At2g13790 leucine-rich repeat family protein / protein kinase family protein
Atlg34420 leucine-rich repeat family protein / protein kinase family protein
AtSg25930 leucine-rich repeat family protein / protein kinase family protein
At4g0a850 leucine-rich repeat family protein / protein kinase family protein

At1gS1780 "leucine-rich repeat protein kinase, putative"

At1gS1860 "leueine-rich repeat protein kinase, putative"

At1g51800 "leuzine-rich repeat protein kinase, putative"

At1g51800 "leucine-rich repeat protein kinase, putative"

At1g7as20 "leucine-rich repeat transmembrane protein kinase, putative"
Atdg12640 "leugine-rich repeat transmembrane protein kinase, putative”
At3g03770 "leucine-rich repeat transmembrane protein kinase, putative”
At4g22730 "leucine-rich repeat transmembrane protein kinase, putative"
At1g74360 "leuzine-rich repeat transmembrane protein kinase, putative”
A5 45800 "leuzine-rich repeattransmembrane protein kinase, putative"
At2g31880 "leucine-rich repeat transmembrane protein kinase, putative"
At1g3s7 10 "leucine-rich repeat transmembrane protein kinase, putative"
At2g19190 "senescence-responsive receptorlike serinefthreonine kinase, putative (SIRK)'

At4g02470 "mitegen-activated protein kinase, putative"
At1gD1560  "MAPK, putative (MPK11Y'

AtSg43910 pfkB-type carbohydrate kinase family protein
At1g14370 protein kinase (APKZ2a)

At2040120 protein kinase family protein

At1g0o440 protein kinase family protein

At1g24030 protein kinase family protein

At1gSGET20 protein kinase family protein

AtSgand4z0 protein kinase family protein

At2g18880 protein kinase family protein

AtSg11410 protein kinase family protein

At5g52350 protein kinase family protein

Atdg23300 protein kinase family protein

AtSg5a040 protein kinase family protein

At1g70520 protein kinase family protein

At2g32800 protein kinase family protein

At4g23180 protein kinase family protein

At1g70530 protein kinase family protein

At4n25300 protein kinase family protein

A2g31010 protein kinase family protein
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Continued

R e
At4g23240 pretein kinase family protei

At4g04400 protein kinase family protein
AtSg25440 protein kinase family protein
At4n23220 protein kinase family protein
At4n11880 protein kinase family protein
Atdg23150 protein kinase family protein

o g e

AtdgD4500 protein kinase family protein

At2g452910 protein kinase family protein / U-box domain-containing pretein
AtSgE5530 "protein kinase, putative"

AtSg02280 "protein kinase, putative"

AtSg47070 "protein kinase, putative"

A2 030680 "protein kinase, putative"

At3gaE280 protein kinase-related

At3g22060 receptor protein kinase-related
At4g23140 receptor-like protein kinase 5§ (RLKS)
At4g23310 "receptorlike protein kinase, putativ
At3g45860 "receptorlike protein kinase, putative"

AtSg3s210 serinefthreonine protein kinase family protein
At1gEE380 serinefthreonine protein kinase family protein
AtSg3g240 "serinefthreonine protein kinase, putative"
At1g21240 "wall-associated kinase, putative"

A2 g4GE00 "galeium-binding protein, putative"

AtSg04220 C2 domain-containing protein (sytC)

At1g21550 "caleium-binding protein, putative"

At2038170 caleium exchanger (CAXT)

At3g51860 "cation exchanger, putative (CAXI)

At1gdHTO0 "cation/hydrogen exchanger, putative (CHXAGY"
At4g23700 "gation/hydrogen exchanger, putative (CHX1TY
At1g27770 CalZ+rATPase isoform 1 (AGA1)/ plastid envelope ATPase 1 (PEAT)
At3gS7330 "CaZ+-ATPase, putative (ACAT1)"

AtSga7T110 Ca(2+)»ATPase isoform 8 (ACAR)

At4n20000 "Ca2+-ATPase, putative (ACA10)"

Af3g22010  "Ca(2+}ATPase, putative (ACA13)'

Af3gBA3E0  "Ca(2+}ATPase, putative (ACA1Z)'

At4g14610

At4gD4410

At2gD4460 -

AtSg20410 "MGDG synthase, putative"

AtSg23020 2-isopropylmalate synthase 2 (IMS2)

AtS5g0oa200 "inositol polyphosphate 1-phesphatase, putative"
AtSgS4000 "3'(2"),5 - bisphosphate nuclectidase, putative"
At3gS5360 3-oxo-5-alpha-steroid 4-dehydrogenase family protein
At1gE5080 4 coumarate--CoA ligase 3 / 4coumaroyl-Cos synthase 3 (4CL3)
At1g0GES70 4 hydroxyphenylpyruvate dioxygenase (HPD)
At3g28510 Aot type ATPase family protein

At3g50930 Ao type ATPase family protein

At3g2a540 Albtype ATPase family protein

At3g55110 ABC transporter family protein

At1g71330 ABC transporter family protein

At3g477E0 ABC transporter family protein

At3g21080 ABC transporter-related

At401130 "acetylesterase, putative"

At2g26400 acireductone dioxygenase (ARDJARD') family protein
Af3g12110  actin 11 (ACT11)

At2g16700 actin-depolymerizing factor 5 (ADFS)

At3g05020 "acyl carier protein 1, chloroplast (ARCP-1)"
At4n33TE0 "acyl CoA reductase, putative"

At4n28300 "ADP, ATP carrier protein, mitochondrial, putative ™
At3g02860 "alanine--glyoxylate aminotransferase, putative"
At3g47E00 aldose 1-epimerase family protein

At1g34040 alliinase family protein

At4g25000 "alpha-amylase, putative / 1,4-alpha-D-glucan glucanchydrolase, putative"
At1g3z23s0 "alternative oxidase, putative"

At4p21120 amino acid permease family protein

At1g77Ee0 "amino acid permease, putative"

At2p41180 amino acid transparter family protein

At2g24500 anleyrin repeat family protein

At1g10340 anleyrin repeat family protein

At3g15400 "anther development protein, putative"

At1g24520 antherspecific protein agp1

At3g01700 arabinogalactan-protein (AGP11)

At4n2E320 arabinogalactan-protein (AGP13)

AtSgSE540 arabinogalactan-protein (AGP14)

At2g22470 arabinogalactan-protein (AGP2)

AtSg10430 arabinogalactan-protein (AGP4)

At1g35230 arabinogalactan-protein (AGPS)

At3g20865 "arabinogalactan-protein, putative (AGPY"
AtSgS3250 "arabinogalactan-protein, putative (AGP2Z)"
At3g57E00 "arabinogalactan-protein, putative (AGP23)"
At2g27E880 "argonaute protein, putative J AGO, putative"
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t4g35030 armadillo/beta-catenin repeat family protein

AtSgE7T3I40 armadillo/beta-catenin repeat family protein / U-box domain-containing protein

At2g03200 aspartyl protease family protein

At4g044E60 aspartyl protease family protein

At1g25510 aspartyl protease family protein

At1g4a050 aspartyl protease family protein

AtSg10760 aspartyl protease family protein

At2gaso40 At1g7E430

At2g20120 At2g24730

At1gE0810 ATP citrate-lyase -related

At3p42640 "&TPase, plasma membrane-type, putative / protan pump, putative"

At1g30410 "ATP-binding cassette transport protein, putative"

Atdg17280 auxin-responsive family protein

AtSgS0TE0 auxin-responsive family protein

At1g16310 auxin-responsive family protein

At4p27260 auxin-responsive GH3 family protein

AtSg13320 auxin-responsive H3 family protein

At5g54510 "auxin-responsive GH3 protein, putative (DFL-1)"

R

Atdg12080 "auxin-responsive protein, putative
AtSgaT530 "auxin-responsive protein, putative"

At2g04250 auxin-responsive protein-related

At3g12955 auxin-responsive protein-related

At1g33960 avirulence-responsive protein f avirulence induced gene (AIG1)
AtSg3a720 avirulence-responsive protein-related J avirulence induced gene (AlG) protein-related
At1gE0840 band 7 family protein

At3g01290 band 7 family protein

At1g3s310 Bet v | allergen family protein

Atd4g15210 "beta-amylase (BMY1)/ 1,4alpha-D-glucan maltohydrolase"

At2g32280 "beta-amylase, putative / 1,4-alpha-D-glucan maltohydrolase, putative"
At1g7a950 "beta-amyrin synthase, putative"

At4n28250 "beta-expansin, putative (EXPB3)Y'

At3g13700 beta-fructosidase (BFRUCT1)/ beta-fructofuranosidase / cell wall invertase
At3g52E00 "beta-fructosidase, putative / beta-fructofuranosidase, putative"
At3gS2370 beta-1g-H2 domain-containing protein / fasciclin domain-containing protein
At2g35860 beta-1g-H3 domain-containing protein / fasciclin domain-containing protein
At1g04220 "beta-ketoacyl-CoA synthase, putative”

At4p21580 "bifunctional nuclease, putative"

At1gE2200 "bifunctional nuclease, putative"

AtSg15530 biotin carboxyl carier protein 2 (BCCP2)

At3gS1190 BON1-associated protein 1 (BAF1)

At3gS0750 brassinosteroid signalling positive regulatorrelated

At3gS0480 broad-spectrum mildew resistance RPWS family protein

At1g23140 C2 domain-containing protein

At4g00700 C2 domain-containing protein

At1g02070 "C2 domain-containing protein J sre2-like protein, putative"

At1gB7E00 "caffeoyl- CoA 3-O-methyltransferase, putative"

Atdg2E220 "caffeoyl CoA 3-O-methyltransferase, putative"

At1gE7oe0 "gaffeoyl-CoA 3-0-methyltransferase, putative"

At1g0a450 calreticulin 3 (CRT3)

AtSg04180 catbonic anhydrase family protein

At1g52180 catbanic anhydrase family protein / carbonate dehydratase family protein
At2g20870 "cell wall protein precursar, putative”

Atdg1a7a0 "cellulose synthase, catalytic subunit (IRX1)"

AtSg17420 "gellulose synthase, catalytic subunit (IRX3)

AtSg44030 "cellulose synthase, catalytic subunit (IRXS)

At1g02205 CER1 protein

At1g02200 CER1 protein

At1g02180 "CER1 pratein, putative"

AtSg5TE00 "CER1 protein, putative (WAXZY

AtSg13930 chalcone synthase / naringenin-chalcone synthase

At3gS5120 chalcone-flavanone isomerase § chalcone isomerase (CHI)

AtSg05270 chalcone-flavanone isomerase family protein

At1g02360 "chitinase, putative"

At243620 "chitinase, putative"

At2043570 "chitinase, putative"

At3g22840 chlarophyll A B binding family protein / early lightinduced protein (ELIP})
At2g40100 chlarophyll 4B binding protein (LHCB4.3)

At4g03320 chloroplast protein impeort compeonentrelated

At2023910 cinnamoyl-GoA reductase-related

At4n27430 COP1-interacting protein 7 (CIPT)

At3p43670 "copper amine oxidase, putative"

At3g4a070 copperbinding family protein

At3g22640 cupin family protein

Atdg34400 cyclase-associated protein {cap1)

At4g01010 "gyclic nucleotide-regulated ion channel, putative (CNGC13)"
At418930 cyclic phosphodiesterase

At3g45130 "(5}2,3-epoxysqualens mutase, putative"

At3023470 eyclopropane-fatty-acyl-phosphalipid synthase family protein

AtdgIs3s0 "cysteine endopeptidase, papain-type (XCZP1)'

AtSgaT550 "cysteine protease inhibitor, putative / cystatin, putative"
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At1 gDE2E0
At3gaa340
At3g22460
At2g3zT20
A2g30750
At3g26210
A2g4EET0
At3g28740
A2gaGEE0
AtSga4E20
At3g20100
At4g30480
At4g30510
At3g26230
A2g2o090
At3g26220
At1g5TTS0
At1gB3T10
At3g10570
At4g12310
At1g01800
At4gaTarTo
At1g3aT20
AtSg5T220
AL2g2TEE0
A244380
A2g17740
A5 25610
AtSg15800
At1g81720
At3g23110
At3525010
A2g32880
A2 g32EE0
At3g24800
AtSg04720
Atdg3aa00
At1g33560
At3542000
At1g81100
At1g5TEI0
A2g3z140
At1g72800
Atdg16890
At1gBE0S0
At1B3TS0
AtS 41740
At3g13650
At4g23600
Atdg11210
At1gE4160
AtS 03170
At4g00350
At1g72070
AtSg3nE00
At1g52250
Atdg24510
At3g54150
At5pE2210
At4g24280
At1 gB4300
AZg24170
A3g5T510
At3g24360
Atdg25040
At4g3T150
At1g08310
At1 g0E180
At1g07000
At1g02790
At3g0TES0
At1 27440
At3g4E070
A2 g12660
A2g03090
At3g55500
AtSg302E0
At3g20030
At3g28270
At3g28750

"cysteine proteinase, putative"

"gysteine proteinase, putative"

"O-acetylserine (thiol}lyase, putative f O-acetylserine sulfhydrylase, putative"
"cytochrome b5, putative"

"eytochrome P450 71412, putative (CYPT 1A12)

"eytochrome P450 71823, putative (CYP7 1B23)

"eytochrome PA50 7EC2, putative (CYPTECZ) (YLSEY

cytochrome P450 family protein

cytochrome P50 family protein

cytochrome P450 family protein

cytochrome P50 family protein

cytochrome P450 family protein

cytochrome P450 family protein

cytochrome P450 family protein

cytochrome P50 family protein

cytochrome P450 family protein

"cytochrome P450, putative"

"eytochrome P450, putative"

"eytochrame P450, putative"

"ecytochrome P450, putative"

"cytochrome PA5D, putative"

"gytochrome P450, putative"

"gytochrome P450, putative"

"cytochrome P450, putative"

DC1 domain-containing protein

DC1 damain-containing protein

DC1 domain-containing protein

dehydration-responsive protein (RD22)

developmental protein SEPALLATA [ floral hemeotic protein (AGL2) (SEP1)
dihydroflavonol 4reductase (dihydrokaempferol 4reductase) family (BAN)
disease resistance family protein

disease resistance family protein

disease resistance family protein

disease resistance family protein / LRR family protein

disease resistance family protein / LRR family protein

"disease resistance protein (CCG-NBS-LRR class), putative"

"disease resistance protein (CC-NBS-LRR class), putative"

"disease resistance protein (CC-NBS-LRR class), putative"

disease resistance protein (EDS1)

"disease resistance protein (TIR class), putative"

"disease resistance protein (TIR class), putative"

"disease resistance protein (TIR class), putative"

"disease resistance protein (TIR-NBS class), putative"

"disease resistance protein (TIR-NBS class), putative"

"disease resistance protein (TIR-NBS class), putative"

"dizease resistance protein (TIR-NBS-LRR class), putative"

"dizease resistance protein (TIR-NBS-LRR class), putative"

disease resistance response protein-related/ dirigent protein-related
disease resistance-responsive family protein / dirigent family protein
disease resistance-responsive family protein / dirigent family protein
disease resistance-responsive family protein / dirigent family protein
DNAJ heat shock MN-terminal domain-containing protein

DMAJ heat shock M-terminal domain-containing protein

DHAJ heat shock M-terminal domain-containing protein

DSBA oxidereductase family protein

dynein light chain type 1 family protein

eceriferum protein (CERZ)

embryo-abundant protein-related

embryo-specific protein-related

"endo-1,4beta-glucanase, putative / cellulase, putative"
"endo-1,4beta-glucanase, putative / cellulase, putative"
"endemembrane protein 70, putative"

endo-polygalacturonase (ADFPG1)

enoyl-Co& hydratase/isomerase family protein

epsin N-terminal homology (ENTH) domain-containing protein
"esterase, putative"

esterase/lipase/thioesterase family protein

"ethylene-responsive factor, putative"

exocyst subunit EXOT0 family protein

"exopolygalacturonase f galacturan 1,4-alpha-galacturonidase (PGA3)/ pectinase”
"exopolygalacturonase f galacturan 1,4-alpha-galacturonidase / pectinase"
exostosin family protein

expansin family protein (EXPL1T)

expansin family protein (EXPR3)

"expansin, putative (EXP15)"

"expansin, putative (EXP1G)"

"expansin, putative (EXP23)"

"expansin, putative (EXPS)"

expressed protein

expressed protein
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At3g01240
At1gEEETS
At1g72110
At4g23406
AtSg3TI00
At1g00E10
A5 22430
A2g31030
At1g30250
At4g2T435
At1g33800
AtS 30880
At5 01380
A2gAE10
At4g14695
AtSgE1720
At3g50220
At1gBEE00
At3p22540
AtSgBT210
At3g28830
At4g0oeo0
AtSgE1340
At3g26110
Atdg19430
At3525130
At3g28700
At3g55420
AtS 50305
At1g07120
At4g27030
At3528080
At3g21710
At5gE2140
A2g17300
At3gE2730
Atdg11760
AtSgaTEIS
At1g7O420
A5 57785
A2 40480
At3g23090
At4g20050
AtSg20270
At1g23060
At1g14345
At5g0BE30
At1g30260
At1g2a050
AtSgE0T20
At1g35180
At3504080
At1g7TETO
Atdg24130
At3g21190
At1gB4360
At2g42800
At1g7E170
At1g17000
At3g5E260
A5 04470
A2g2eET0
At3g0B035
At4g26260
At1gB4080
At1g28375
At5g01700
At5 02440
At4g14380
A2g34150
At3g54260
At5 23530
A5 15740
A2 gA0435
At4g00440
At3g26860
AtSg58260
At1g03820
At5 27200
At5 84000

expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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At3g52380
At2g28410
Atdg27840
AtSg58350
AtSg40830
Atdg18425
At3g57320
At1g27300
At1g12020
At1g10880
At3g07780
At1g17710
Atdg25170
At3g51800
AtSg05300
AtSg15860
At1g13980
At1g48000
A3g27210
At5 44820
At5g12340
AtdgO5590
Atdg3B560
AtSg5TTE0
At1g14780
At1 918850
At5g12420
At5g18310
At1gBaT20
AtSg44E10
AtSg42050
At1gBEB20
At3g14080
Atdg31080
At1g10820
At1g21520
Atdg3zET0
At3g03020
Atdg31240
At5g07820
Atl 958500
At3gE3010
AtSgB4ET0
At1g15790
At2g300890
At3g13082
At3g48210
At1gB0130
AtSg16030
At1g13340
AtSg10805
At5g18080
At228400
At1 gDSETS
At1g23840
At1gB2840
Atdg3aBT0
At1g05340
At550200
At1g18020
Atdg 18000
At1g52200
At1g18380
Atdg23510
At1gB7020
At5g08240
A2g41730
A2g23120
AtSg3ns20
At1 g85480
At2g35200
At1gBE510
At1g78080
At2g18800
Atdg23880
At1g14870
At1gB5500
At1g13470
Atdg27450
At3g28470

expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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o e
AtSg25260
At3gB0420
At3g13850
At3g18250
At5 52000
A2g32210
At1g15010
At1g72060
A2g3z100
A2ga4240
At1g2E410
At1 28380
At4g20860
At1g26420
At1g30700
At1g26390
At1gT5EE0
At1g75000
At1 75010
At1g75030
At1g20120
A2g24450
AtSgE04a0
Atdg12730
AL2g04780
A2 g4E470
A5 44130
At1g0&120
At1g01120
A2g46T 20
AtS 27020
At5 25350
At1 gBI0G0
At3g16250
AtSgOTEOD
At1gB2540
AtSgOTEo0
AtSg02E40
At5BIEE0
Atdg12080
At1gEa120
At3g54340
AtSg20240
At1gB5480
At1g24150
At4g28530
At3g28340
At1g53200
Atdg12860
Atdg12800
At1g58430
At2g42000
Atdg2ETo0
AL2gO4570
AtSg3AaT0
AtSg45860
At3g48460
At1g54700
At3gB2020
At3g05030
At4g14630
AtS 26606
AtSg3Ba10
At1gBEIS0
At3503450
At5 50845
At1 81800
AtSg51850
At1g12570
Atdg16590
AtSg18170
A5 07440
At3g04110
At3g0T520
A2g2a110
At1g15045
AtSg3TEO0
At3pE2030
At4g15800
At1g03E50

e e
expressed protein

expressed protein

expressed protein

expressed protein

expressed protein

expressed protein

expressed protein

expressed protein

expressed protein

expressed protein

FAD-binding domain-containing protein

FAD-binding domain-containing protein

FAD-binding domain-containing protein

FAD-binding demain-containing protein

FAD-binding domain-containing protein

FAD-binding domain-containing protein

family Il extracellular lipase 1 (EXL1)

family Il extracellular lipase 3 (EXL3)

family Il extracellular lipase 4 (EXL4)

family Il extracellular lipase & (EXLE)

"family Il extracellular lipase, putative"

fasciclin-like arabinogalactan family protein

fasciclin-like arabinogalactan-protein (FLA1Z2)

fasciclin-like arabinogalactan-protein (FLA2)

fasciclin-like arabinogalactan-protein (FLAT)

fasciclin-like arabinogalactan-protein (FLAZ)

"fasciclin-like arabinogalactan-protein, putative"

fatty acid desaturase family protein

fatty acid elongase 3-ketoacyl-GoA synthase 1 (KCS1)

"fatty acid elongase 3-ketoacyl-CoA synthase, putative"

F-box family protein

F-box family protein

F-box family protein / SKP1 interacting partner 3-related
ferredoxin-related

flavin-containing monooxygenase family protein £ FMO family protein
flavin-containing monooxygenase family protein £ FMO family protein
flavonoid 3-monooxygenase [/ transparent testa 7 protein (TT7)
flavanol synthase 1 (FLS1)

"flavonal synthase, putative"

floral homeotic protein AGAMOUS [AG)

floral hemeotic protein APETALAT (AP1)F agamous-like MADS box protein (AGLT)
floral homeotic protein APETALAZ (AP3)

floral homeotic protein PISTILLATA (PI)

flowering locus T protein (FT)

farmin hamalogy 2 domain-containing protein / FH2 domain-containing protein
"fructose-bisphosphate aldolase, putative"

"galactinol synthase, putative"

galactosyltransferase family protein

gamma interferon responsive lysosomal thiol reductase family protein 7 GILT family protein
gamma interferon responsive lysosomal thiol reductase family protein 7 GILT family protein
GDSL-maotif lipase/hydralase family protein

GDEL-motif lipase/hydrolase family protein

GDSL-motif lipase/hydrolase family protein

GDSL-motif lipase/hydrolase family protein

GDSL-motif lipase/hydrolase family protein

GDSL-motif lipase/hydrolase family protein

GDEL-maotif lipase/hydrolase family protein

GDSL-maotif lipase/hydralase family protein

germin-like protein (GLP10)

germin-like protein (GLPE)

germin-like protein (GLPEY

"germin-like protein, putative"

"germin-like protein, putative"

gibberellin regulatory protein (RGL1)

"gibberzllin response modulatar, putative"
gibberellin-regulated family protein
"glucose-G-phosphate/phosphate translocator, putative"
glucose-methancl-choline (GMC) oxidoreductase family protein
glucose-methanol-choline (GMC) oxidoreductase family protein
glucosyltransferase-related

glutamate dehydrogenase 1 (GDH1)

glutamate dehydrogenase 2 (GDHZ)

glutamate receptor family protein (GLR1.1) (GLR1)

glutamate receptor family protein (GLR1.4)

glutamate receptor family protein (GLRZ.8) (GLURS)

glutamine amidotransferase-related

"glutamine synthetase, putative"

glutaredaoxin family pratein

glutaredoxin family protein

glutaredoxin family protein
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At5g18170
At5gOT440
At3g04110
At3g07520
At2g28110
At1g15048
At5g37800
At3gB2030
Atdg 15820
At1g03B50
Atdg15700
Atdg 15880
At220470
Atl 902030
At1gB2930
At1g74500
At3g20520
Atdg 13800
At5g17850
Atdg18280
At5g07530
AtSgOT550
AtSgO7560
AtSg51210
AtSg56100
At3g18860
Atdg33340
Atdg33330
At3g160920
At1g18170
At3g42050
At1gB1810
At3gB0140
Atl g75040
Atdgoe160
At3g04010
At3g57260
Atdg18810
At5g0a730
A3gB2710
At5g11820
Atdg35010
AtSg34e40
At1g1a940
At2g32000
At243860
Atdg24040
Atlg02310
AtSg0aTe0
At1gB0140
At2g37080
Atdg3EB00
At5 54800
Atl g 18300
At1g53100
AtSg18580
AtSg02230
At2g41250
At2g35080
At235080
At5g0E320
At1gB5520
A2g40130
AtSg52750
AtSg52760
Atdg35080
At122000
Atl gBaT20
AtSg26340
Atdgoa150
At1gB2360
A2g35210
At5g58310
Atdg 12830
AtS5g3g220
At3g05B80
AtSg14380
At2g34870
A2g21140
At5g37050

glutamate dehydrogenase 1 (GDH1)

glutamate dehydrogenase 2 (GDHZ)

glutamate receptar family protein (GLR1.1)(&LR1)

glutamate receptor family protein (GLR1.4)

glutamate receptar family protein (GLR2.8) (GLURS)

glutamine amidotransferase-related

"glutamine synthetase, putative"

glutaredoxin family protein

glutaredoxin family protein

glutaredoxin family protein

glutaredoxin family protein

glutaredoxin family protein

"glutathione S-transferase, putative"

"glutathione S-transferase, putative"

"glutathione S-transferase, putative"

"glutathione S-transferase, putative"

glycerophosphoryl diester phosphodiesterase family protein

"glyeine hydroxymethyltransferase, putative"

glyzine/praline-rich protein

glycine-rich cell wall protein-related

glycine-rich protein (GRP17)

glycine-rich protein (GRP19)

glycine-rich protein (GRP20)

glycine-rich protein f oleosin

glyzine-rich protein f oleosin

glyzogenin glucosyltransferase (glycogeninkrelated

glycogenin glucosyltransferase (glycogenin}related

glycogenin glucosyltransferase (glycogenin}related

glycoside hydrolase family 19 protein

glycoside hydrolase family 28 protein f polygalacturonase (pectinase) family protein
glycoside hydrolase family 28 protein f polygalacturonase (pectinase) family protein
glyezosyl hydralase family 1 protein

glycosyl hydrolase family 1 protein

glycosyl hydrolase family 1 protein / antherspecific protein ATAZT

glycosyl hydrolase family 10 protein

glycosyl hydrolase family 17 protein

glycosyl hydrolase family 17 protein

glycosyl hydrolase family 18 protein

glyezosyl hydralase family 3 protein

glycosyl hydrolase family 3 protein

glycosyl hydrolase family 32 protein

glycosyl hydrolase family 35 protein

glycosyl hydrolase family 79 N-terminal domain-containing protein

glycosyl hydrolase family 8 protein

glyzosyl hydrolase family 8 protein

glyeosyl hydralase family protein 17

"glycosyl hydrolase family protein 37 / trehalase, putative"

glycosyl hydrolase family protein 5

glycosyl transferase family 2 protein

glycosyl transferase family 20 protein / trehalose-phosphatase family protein
glyeosyl transferase family 43 protein

glyeosyl transferase family 43 protein

glycosyl transferase family 8 protein

glycosyl transferase family 8 protein

glycosyltransferase family 14 protein / core-2/l-branching enzyme family protein
glyoxal oxidase-related

haloacid dehalogenase-like hydrolase family protein

haloacid dehalogenase-like hydrolase family protein

harpin-induced family protein (YLS9) 7 HINT family protein / harpin-responsive family protein
harpin-induced family proteinharpin-responsive family protein
harpin-induced family protein NDR1/HIN1-like protein 3

harpin-induced protein-related / HIM1-related § harpin-responsive protein-related
heat shock protein-related

heavy-metal-associated domain-containing protein

heavy-metal-associated domain-containing protein

heavy-metal-associated domain-containing protein/ copper chaperone (CCH}related
heavy-metal-associated domain-containing protein / copper chaperone (CCH}related
heme oxygenase 3 (HO3)

"hexose transporter, putative (STP13/MS51)"

homeobox protein knotted-1 like 1 (KNAT1)

homeobox protein SHOOT MERISTEMLESS (STW)

human Rev interacting-like family protein / hRIP family protein

"hydrolase, alpha/beta fold family protein”

"hydrolase, alphaibeta fold family prot
"hydrolase, alpha/beta fold family protein”

hydrophobic protein (RCIZB) f low temperature and salt responsive protein (LTIGE)
hydroxyproline-rich glycoprotein family protein

hydroxyproline-rich glycoprotein family protein

hydraxypraline-rich glycoprotein family protein

hypothetical protein
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At1 51250
At5g14000
At1g52930
Atdg18010
Atdg3aB00
Atdg25830
At3g14380
Atdg 15810
At3g45870
Atdg15750
At2g47050
At1g10770
Atdg02250
At5g50030
At1 923205
AL2g4TETO
AtSg20740
At3g47380
At1g74710
At1g75280
At5 54870
At5g05300
At2g38080
AtSgB0020
AtSg01190
At2g28130
At1gB0180
At5g21100
Atdg30830
Atdg02380
Atdg25110
AtS5g04200
At5g14930
At5g03350
At5g12040
At3g17840
At2g33080
At2g25440
At2g45800
At5gBEB30
At5BEB40
At5g18830
At5g24210
At3g48080
AtSg58320
At5g5a310
At3g08770
At3g51500
Atlg18530
AtdgaTs40
At1g02340
At1g4a430
At247240
At1 78070
Atl g78080
At1gBEEE0
At1g25530
AtSg40780
AtSg0E300
Atdg0o080
A203710
Atl 924280
Atdg23400
Atdg38330
Atdg3EBET0
AtSg17700
A2g04100
At1g24140
Atdg21830
At1g27820
At1g20350
At3g13400
At3g13300
At1 955570
At5 48450
At3gB2150
At2g31800
At3g56480
At1g04500
At2g28760

hypothetical protein

hypothetical protein

hypothetical protein

inosital polyphosphate 5-phosphatase |1 (IPSPII)
inositol-3-phosphate synthase isozyme 1/ 1P5 1

integral membrane family protein

integral membrane family protein

integral membrane family protein

integral membrane family protein / nodulin MiNZ1-related
invertase/pectin methylesterase inhibitor family protein
invertase/pectin methylesterase inhibitor family protein
invertase/pectin methylesterase inhibitor family prot
invertase/pectin methylesterase inhibitar family protein
invertase/pectin methylesterase inhibitor family protein

invertase/pectin methylesterase inhibitor family prot
invertase/pectin methylesterase inhibitor family protein
invertase/pectin methylesterase inhibitor family protein
invertase/pectin methylesterase inhibitor family protein
isochorismate synthase 1 (1C51) / isochorismate mutase
"isoflavone reductase, putative"

kinesin-like protein C (KATC)

"laccase, putative / diphenol oxidase, putative"

"laccase, putative f diphenol oxidase, putative"

"laccase, putative f diphenol oxidase, putative"

"laccase, putative f diphenol oxidase, putative"

"laccase, putative f diphenol oxidase, putative"

lactoylglutathione lyase family protein / glyoxalase | family protein
"L-ascorbate oxidase, putativ

"L-ascorbate oxidase, putative"

late embryogenesis abundant 3 family protein / LEA3 family protein

latex-abundant family protein (AMGC2)/ caspase family protein

"latex-abundant protein, putative (AMCE) / caspase family protein"

leaf senescence-associated protein (SAG101)

legume lectin family protein

leucine-rich repeat family protein

leucine-rich repeat family protein

leucine-rich repeat family protein

leucine-rich repeat family protein

LIM domain-containing protein

LIM domain-containing protein

LIM domain-containing protein-related

lipase class 3 family protein

lipase class 3 family protein

lipase class 3 family protein / dise ase resistance protein-related

lipid transfer protein 3 (LTP3)

lipid transfer protein 4 (LTP4)

lipid transfer protein 8 (LTPE)

"lipid transfer protein, putative"

LOB domain protein 3/ lateral organ boundaries domain protein 3 (LED3)

LOB domain protein 38 / lateral organ boundaries domain protein 32 (LBER3S)

long hypocotyl in far-red 1 (HFR1)

long-chain-fatty-acid--Co& ligase f long-chain acyl-Co& synthetase
lang-chain-fatty-acid--Cok ligase family protein / long-chain acyl-CoA synthetase family protein
"lupeol synthase (LUP1)/ 2,3 -oxidosqualene-triterpenoid cyclase"
"lupeol synthase, putative / 2,3-oxidosqualene-triterpenoid cyclase, putative”
"lupecl synthase, putative / 2,3-oxidosqualene-triterpencid cyclase, putative
"lysine and histidine specific transporter, putative"

"lysine and histidine specific transporter, putative"

lysine decarboxylase family protein

MADS-baox protein (AGL11)

MADS-box protein (AGL3)

MADS-box protein (AGLO)

major intrinsic family protein / MIP family protein

"mannital dehydrogenase, putative"

"mannital transporter, putative"

MATE efflux family protein

MATE efflux family protein

matrixin family protein

methionine sulfoxide reductase domain-containing protein / SelR domain-containing protein
microtubule associated protein (MAPGS/ASET) family protein

"mitochondrial import inner membrane translocase subunit Tim 17, putative"
multi-copper oxidase type | family protein

multi-copper oxidase type | family protein

multi-copper oxidase type | family protein

multi-copper oxidase type | family protein

"multidrug resistant (MDR) ABC transporter, putative”
myosin family protein

myosin heavy chain-related

"myosin, putative"

NAD-dependent epimerase/dehydratase family protein
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At3g50845 "NADP-dependent oxidoreductase, putative”

AtSg3e000 "NADP-dependent oxidoreductase, putative"

Atag51240 naringenin 3-dioxygenase / flavanone 3-hydroxylase (F3H)
Atag11780 Ndr family protein

At1gEess0 nitrate transporter (NTL1)

At3g21670 nitrate transparter (NTP3)

At2g178E0 "nitrate-responsive NOI protein, putative"

At5g22300 nitrilase 4 (NIT4)

At2g30210 nodulin family protein

At2g30510 nodulin MtNZ1 family protein

Atdg28040 nodulin MtNZ1 family protein

Atag50780 nodulin MtN3 family protein

At2g16080 non-symbiotic hemoglobin 1 (HB1) (GLE1)

Atlg44130 "nucellin protein, putative"

At2g34410 Q-acetyltransferase family protein

AtSg4E340 O-acetyltransferase-related

Atag427E0 O-methyltransferase N-terminus domain-containing protein
Atdg11650 osmotin-like protein (D534

At3gE0280 "oxidoreductase, 20G-Fe(ll) axygenase family protein”
At3g19010 "oxidoreductase, 20G-Fe{ll) oxygenase family protein”
AtSg20400 "oxidoreductase, 20G-Fe{ll) oxygenase family protein”
AtSg24530 "oxidoreductase, 20G-Fe(ll) oxygenase family protein”
Atdg10500 "oxidoreductase, 20 G-Fe(ll) oxygenase family protein”
At3g01440 oxygen evolving enhancer 3 (PsbQ) family protein
At1g14150 oxygen evolving enhancer 3 (PsbQ) family protein
Atdg25880 oxysterol-binding family protein

At1g27380 p21-tho-binding domain-containing protein

AtSgd7350 palmitoyl protein thioesterase family protein

At2g26550 "patatin, putative"

At1g7ETE0 pathogenesis-related family protein

At2g14610 pathogenesis-related protein 1 (PR-1)

At1g75040 pathogenesis-related protzin 5 (PR-5)

Atdg25780 "pathogenesis-related protein, putative"

AtSg40020 pathogenesisrelated thaumatin family protein

Atagli420 "pathogen-responsive alpha-dioxygenase, putative”
At1gEe440 PAZ domain-containing protein / piwi domain-containing protein
At3gD1270 pectate lyase family protein

AthgS5720 pectate lyase family protein

Atag15110 pectate lyase family protein

Atdg13710 pectate lyase family protein

Atlg57500 "pectinacetylesterase, putative"

At2g47040 pectinesterase family protein

Atagd7410 pectinesterase family protein

Atag4e180 pectinestarase family protein

At3ga2170 pectinestarase family protein

Atg07430 pectinestarase family protein

At2g43050 pectinesterase family protein

At3g50010 pectinesterase family protein

At3g17080 pectinesterase family protein

At3g0sE10 pectinestarase family protein

At4g02330 pectinestarase family protein

At1g5E100 pectinestarase inhibitar domain-containing protein
At3g26E30 pentatricopeptide (PPR) repeat-containing protein
At2g37130  peroxidase 21 (PER21) (P21) (PRXRS)

Atag4o120 peroxidase 33 (PER33) (P33) (PRXCA) / neutral peroxidase C (PERC)
Atdg16270 peroxidase 40 (PER4D) (P40}

At5g42180  peroxidase 64 (PERG4) (PG4) (PRXR4)

At1g44a70 "peroxidase, putative"

Atsg47000 "peroxidase, putative"

AtSgE4110 "peroxidase, putative"

AtSga4120 "peroxidase, putative"

At3g10340 "phenylalanine ammuonia-lyase, putative"

At1g7aG00 "phosphoethanalamine MN-methyltransferase 3, putative (NMT3)"
At3g0SE30 "phospholipase D, putative (PLDPZY

At2g3s110 phosphaolipid/glycerol acyltransferase family protein
At3g18850 phosphalipid/glyzeral acyltransferase family protein
At3g52430 phytoalexin-deficient 4 protein (PADS)

AtSg 15830 phytochelatin synthetase family protein / COBRA cell expansion protein COBL4
Atga02a50 phytochelatin synthetase-related

Atag02200 phytochrome A specific signal transduction component-related
At2g22860 phytosulfokines 2 (PSK2)

At1g3z2100 "pinaresinol-lariciresinol reductase, putative"

At1g19810 "plant defensin-fusion protein, putative (PDF1.4)"
AtZg02100 "plant defensin-fusion protein, putative (FDF2.2}"
At2g02140 "plant defensin-fusion protein, putative (FDF2.G)"
Atlg22480 plastocyanin-like domain-containing protein

At1g72230 plastocyanin-like domain-containing protein

Atag20230 plastocyanin-like domain-containing protein

Athg26330 "plastocyanin-like domain-containing protzin / mavieyanin, putative"
AtSg45880 pollen Ole e 1 allergen and extensin family protein
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At1g29140
At3g07E20
At1gBO170
At1 80580
At5g48140
At2g24240
At2g38380
At1g21310
At2g16530
AtSg12880
Atdg18200
At5 43580
Atl gBEES0
AtSg3g17o
AtSg3g160
At1g4e750
At3g53080
At1 955280
At3922800
Atdg12470
AtSg55450
At2g38B60
At1g34750
At3g10840
At5gB2730
At1gBESTO
Atl 922570
AtSg46050
At3g48850
At2g15040
At2g24180
Atdg13000
Atl g57000
At1goe340
At3g51300
At1gB1566
At1g28270
At3g25170
At3g25185
Atl g73B40
AtSgOas530
AtSg23T50
AtSgaTero
At2g36880
At1g22180
A221540
At3gBOS40
At1gOass0
A2g23810
At1g22160
At522080
Atdg12010
At2g22070
At2g12480
At3gBa470
At2g38800
At3g07130
At3g12000
At5 45380
At2g37070
At3g56230
A2g45130
AtSg24150
At1g32000
A2g03760
At223880
At3g57010
At1g74020
At1g74010
At3g51440
At5g50130
Atdg21850
At1g01800
At2g30850
At1g3z240
At3g1a930
At3g52400
At5 44830
At1gB1880
Atl 935200

e e e mimgm e e e [

R —
pollen Qle & 1 allergen and extensin family protei

polygalacturonase 3 (PGA3)/ pectinase

"polygalacturonase, putative / pectinase, putative"

"polygalacturonase, putative / pectinase, putative"

"polygalacturonase, putative / pectinase, putative"

potassium channel tetramerisation domain-containing protein
prenylated rab acceptor (PRAT) family protein

proline-rich extensin-like family protein

proline-rich family protein

proline-rich family protein

praline-rich family pratein

"protease inhibitor, putative"

protease inhibitorseed storageflipid transfer protein (LTF) family protein
protease inhibitorseed storageflipid transfer protein (LTP) family protein
protease inhibitorseed storageflipid transfer protein (LTP) family protein
protease inhibitorseed storageflipid transfer protein (LTP) family protein
protease inhibitorseed storageflipid transfer protein (LTP) family protein
protease inhibitorseed storageflipid transfer protein (LTP) family protein
protease inhibitor'seed storageflipid transfer protein (LTP) family protein
protease inhibitorseed storageflipid transfer protein (LTF) family protein
protease inhibitorseed storageflipid transfer protein (LTP) family protein
proteasel (pfpl}like protein (YLSS)

"protein phosphatase 2C, putative / PP2C, putative"

protein phosphatase-related

protan-dependent oligopeptide transpart (POT) family protein
proton-dependent oligopeptide transport (POT) family protein
proton-dependent oligopeptide transport (POT) family protein
proton-dependent oligopeptide transport (POT) family protein
"pseudogene, At1da-related protein”

"pseudogene, disease resistance protein-related"

"pseudogene, leucine rich repeat protein family"

"pseudogene, similarto NLOD"

purine permease-related

"rac GTPase activating protein, putative"

Rac-like GTP-binding protein (ARAC11)/ Rho-like GTP-binding protein (ROP1)
rapid alkalinization factor (RALF) family protein

rapid alkalinization factor (RALF) family protein

rapid alkalinization factor (RALF) family protein

rapid alkalinization factor (RALF) family protein

Rasrelated GTP-binding family protein

Rasrelated @TP-binding family protein

remnaorin family protein

S-adenosyl-L-methionine:carboxyl methyltransferase family protein
"S-adenosylmethionine synthetase, putative"

SEC14 eytosolic factar family protein / phosphoglyceride transfer family protein
"SEC14 cytosolic factor, putative / phosphoglyceride transfer protein, putative"
sec@ibeta family protein

secretory carier membrane protein (SCAMP) family protein
senescence-associated family protein

senescence-associated protein-related

"sarine carboxypeptidase |1, putative"

serine carboxypeptidase 510 family protein

serine carboxypeptidase 510 family protein

serine carboxypeptidase 510 family protein

"serine carboxypeptidase, putative"

"serine protease inhibitor, potato inhibitor type family protein®
serinefthreonine protein phosphatase family protein

"S-locus related protein SLR1, putative (S1}"

sodium:solute symporter family protein

SOUL heme-binding family protein

speckle-type POZ protein-related

SPX(5Y&1/PhoB1/PR1) domain-containing protein

"squalene monooxygenase 1,1/ squalene epoxidase 1,1 (SQP1, 1}
"starch synthase, putative"

"steraid sulfotransfarase, putative"

"stress-responsive protein, putative"

strictosidine synthase family protein

strictosidine synthase family protein

strictosidine synthase family protein

strictosidine synthase family protein

subtilase family protein

subtilase family protein

subtilase family protein

subtilase family protein

subtilase family protein

sugar transport protein (STP4)

"syntaxin, putative (S¥P122)

terpene synthase/eyclase family protein

terpene synthase/cyclase family protein

thioesterase family protein
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g
At1g45145
Atdg0 1870
At2g20145
At1g4a450
At1g24530
At5g23040
Atl gBE450
AtSgET 160
AtSg23070
AtSg42830
At1gB5445
At2g45200
At223380
AtSg53550
At1g78410
At2g28350
At1g72200
At1 73280
A2g43510
At523860
AtdgOOTED
Atdg28880
At2g20340
At1g05000
At1gBa523
At5 40830
At3g18710
At1gBE160
Atdg15480
At3g4EB70
At2920730
At3g21780
AtdgD1070
At1g05880
At3g53150
At1g22400
At2g30140
Atdg 10055
Atdg 10080
At5g38320
AtSg15420
AtSg58280
At1g31070
At3g20210
At4g20110
At1g51270
At1g51280
At1 7870
AtSg46TE0
At2g22880
At3g22180
At1g78410
Atdg10270
AtSg5T560
At3g25050
At3g44080
At2g14520
Atdg25810
Atdg14130
At3g28210
At3g45260
A2g28710
AtSg57520
At5g4TE10
At1g72220
At3g10910
At1g72200
Atdg30400
At2g42350
Atdg33040

ey s
thieredaxin H-type 5 (TRX-H-5) (TOUL)

tolB protein-related

Toll-Interleukin-Resistance (TIR) domain-containing protein
transducin family protein / WD-40 repeat family protein

transducin family protein / WD-40 repeat family protein
transferase family protein

transferase family protein

transferase family protein

transferase family protein

transferase family protein

transferase-related

"tranzketal ase, putative"

transport protein-related

"transporter, putative"

transporterrelated

"tropinone reductase, putative J tropine dehydrogenase, putative"
trypsin and protease inhibitor family protein # Kunitz family protein
trypsin and protease inhibitor family protein § Kunitz family protein
"trypsin inhibitor, putative"

tubulin beta-8 chain (TUBS) (TUBBS)

two-compeonent responsive regulator family protein / response regulator family protein

"tyrosine decarboxylase, putative"

"tyrosine decarboxylase, putative"

tyrosine specific protein phosphatase family protein

UbIiE/C OQ5 methyltransferase family protein

ubiquitin family protein

U-box domain-containing protein

U-box domain-containing pretein

UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucaronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyliUDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
"UDP-glucose 4epimerase, putative "

"UDP-glucose 4epimerase, putative "

"UDP-glucose G-dehydrogenase, putative"

"UDP-glucose B-dehydrogenase, putative"

UDP-glucuronic acid decarboxylase (LXS3)
UDP-N-acetylglucosamine pyrophosphorylase-related

"wacuolar processing enzyme, putative f asparaginyl endopeptidase
"wacuolarsorting receptor, putative"

"wesicle-associated membrane protein, putative / VAMP, putative"
"wesicle-associated membrane protein, putative / VAMP, putative"
WHE domain-containing pretein / AT domain-containing protein
WO motifcontaining protein

WO motifcontaining protein

WO motifcontaining protein

Wi motif-containing protein

wound-responsive family protein

endo-xyloglucan transferase (TCHE)
"endo-xyloglucan transferase, putative"
"endo-xyloglucan transferase, putative"
"endo-xyloglucan transferase, putative"
"endo-xyloglucan transferase, putative (XTRE)Y
"endo-xyloglucan transferase, putative (XTR7)"
zinc finger {AN1-like) family protein

zine finger {Z2HZ type) family protein

zing finger (Z2HZ2 type) family protein

zinc finger {G2HZ type) family protein ZFP2)

zine finger (C3HC4type RING finger) family protein
zine finger {C3HC4type RING finger) family protein
zinc finger (C3HCHtype RING finger) family protein
zine finger {C3HC4type RING finger) family protein
zing finger (G3HC4type RING finger) family protein
zinc finger (C3HC4type RING finger) family protein
zine finger (C3HC4type RING finger) family protein

. putative"
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Appendix 5. Growth measurement of homozygote T-DNA insertion

lines listed in Table 2.2 under ionic stresses

Homozygous T-DNA lines of SALK _049022C (bHLH122), SALK 066615 (ANAC047),
SALK_107191C (CML44), SALK_061769C (LRR-RLK) and SALK_090958C (bHLHO064), were
identified using the primer sets shown in Appendix 6. Together with cax1, cax1/cax3 and wild-type
Col-0, these SALK lines were grown hydroponically following the methods described in Section
2.2.2 for 2 weeks, and transferred into BNS plus 1 mM MnCl, / 25 mM MgCl,, or Ca**-depleted BNS
for another week in short-day conditions (9 hr light/15 hr dark, 22 °C).

1 mM MnCl; 25 mM MgCl2

SALK_049022C SALK_090958C
SALK 066615 cax1/cax3
SALK_107191C cax1
SALK_061769C Col-0
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The T-DNA lines of SALK_041710C (CML35), SALK 141414 (bHLH137) and
SALK 001597 (ANACO016) (homozygote identified using primer sets as shown in Appendix 6)
together with wild-type Col-0, were grown hydroponically following method as described in Section
2.2.2 for 3 weeks, and transferred into low (300 uM), normal (2 mM) and high (25 mM) calcium
conditions for 2 weeks in short-day conditions (9 hr light/15 hr dark, 22 °C).

SALK_041710C SALK_141414 SALK_001597

25 mM Ca |
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Appendix 6. Primers used to screen homozygote T-DNA insertion lines listed in Table 2.2

All the T-DNA insertion lines have been identified as homozygous lines before undergoing the hydroponic growth test in Appendix 5

T-DNA lines EEE‘; Gene Left border Primer (LP, 5°-3°) Right border Primer (RP, 5°-3”) Eng; pr?)cFJ’jJZtRsPize IID_rZ)ié?Et
SALK_001597C At1g34180 ANAC016 CTGATGAGAACTGGCTCCTTG TCTCAATGAAATCCCAGATGC 57 492-792 bp 90 bp
SALK 066615 At3g04070 ANAC047 TTGAAACGGAAATTTTGTGTTC GCTCTGTTTGGTCTTGCTCC 57 529-829 bp 1187 bp
SALK _090958C At2918300 bHLH064 TGTTCATAAGGACATGCCCAC TGCTGTTGTTGCTGTTGTACC 57 480-780 bp 931 bp
SALK _049022C At1g51140 bHLH122 TTCCTCCAAAACCTCCCATAC AAAAATGTTAACGTGGTCCCC 58 554-854 bp 1134 bp
SALK_141414C At5g50915 bHLH137 GCCTTCCCTGTTACCTATTCG TCTAACATAAATTACCCGCCG 57 435-735 bp 149 bp
SALK_041710C At2g41410 CML35 AAAAGGCTCATGCAAATGTTG TTCAAGGCTGATACAACCACC 57 574-874 bp 1196 bp
SALK_107191C At1g21550 CML44 TTCACAGGGAAAAATCCACTG TCGAATCATTCTCCCACAATC 57 568-868 bp 1151 bp
SALK_061769C At4g08850 LRR-RLK TCCCCAATCTCACTTTTGTTG GAAGGGATTTTGCCTGATAGC 57 642-942 bp 1282 bp

*Primer Tm as calculated by NetPrimer (http://www.premierbiosoft.com/netprimer/index.html)

'BP = left Border Primer of the T-DNA insertion (5’-ATTTTGCCGATTTCGGAAC-3’) and Tm = 57.7 °C.
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Appendix 7. List of generated PCR cloning products, entry clones and LR-

recombinant destination vectors

PCR LR-recombinant L
products Entry clones destination vectors Description
CMLA41EL PCR8/GW/TOPO-  PDESTS6S Protein expression vector of E. coli with
CMLAIFL pDEST566 6xHis-GST tag fused on Gateway (GW)
ODUEXANG N-terminal site
pGPTVII-Bar.YN-GW
Plant transient expression vector with
PGPTVII-HYg.YC-GW  VEp fused on GW N-terminal site
pMDC32
CML41FL-  pCR8/GW/TOPO-  PBS 35S atR-YFP Binary vector with N-terminal fragment
stop CMLA41FL-stop pDUEXD7 of YFP (YFPN) fused on GW N-terminal
0GPTVII-Bar. GW-YN site and with basta selection in plant
pGPTVII-Hyg.GW-YC Bina_ry vector with GFP fused on GW C-
terminal site and with hygromycin-B
pMDC83 selection in plant
UC-SPYNE/GW
P Plant expression vector with C-terminal
pUC-SPYCE/GW fragment of YFP (YFPC) fused on GW C-
terminal site
pENTR/D/TOPO-  PDESTS65
CML41S CML41S
pDESTS66 Plant transient expression vector with
pBS 35S attR-YFP YFP fused on GW C-terminal site
PDUEXANG Binary vector with YFP® fused on GW N-
pGPTVII-Bar.YN-GW  terminal site and with hygromycin-B
0GPTVII-Hyg.YC-GW selection in plant
pMDC32 Plant expression vector with two C-
DUEXD? terminal fragments of Renilla reniformis
CMLA41S- PENTR/D/TOPO-  PPUEX luciferase (Luc®) fused on GW N-and C-
stop CMLA41S-stop pGPTVII-Bar.GW-YN  terminal site separately

PGPTVII-Hyg.GW-YC
pMDC83
pUC-SPYCE/GW
pUC-SPYNE/GW

Binary vector with YFP® fused on GW C-
terminal site and with hygromycin-B
selection in plant
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CMLA41FLAI- pENTR/D/TOPO-  PDESTI14
46 CML4IFLAL-46  ppESTI7
pDEST565
PDEST566
CML41SAl- pENTR/D/TOPO-  PDEST14
46 CMLA41SA1-46 ODEST17
pDEST565
PDEST566
— pENTR/D/TOPO-
%YI SI;SHFLAI CMLAFLA1-46- pBS 35S attR-YFP
P stop
~ pENTR/D/TOPO-
%Y' S';glsAl CML41SA1-46- pBS 35S attR-YFP
P stop
- pDUEXANG
TCP14 PENTR/D/TOPO
TCP14 OGPTVII-Bar.YN-GW
PGPTVII-Hyg.YC-GW
PENTR/D/TOPO-  PDUEXD?
TCP14-sto
P TcP14-stop pGPTVII-Bar.GW-YN
PGPTVII-Hyg.GW-YC
pUC-SPYCE/GW
pUC-SPYNE/GW
CMLA41- pCR8/GW/TOPO-
amiRNA#L  CML4L-amiRNA#L PMDC%
CMLA41- PCR8/GW/TOPO-
amiRNA#2  CML4l-amiRNAg2 PMDC32
pCR8/GW/TOPO-
proCML41 proCMLA1 pMDC162

Protein expression vector of E. coli with
tag-free and GW site

Protein expression vector of E. coli with
6xHis-MBP tag fused on GW N-
terminal site

Protein expression vector of E. coli with
6xHis tag fused on GW N-terminal site

Plant expression vector with N-terminal
fragment of Renilla reniformis
luciferase (Luc") fused on GW N-
terminal site

Binary vector with YFPN fused on GW
N-terminal site and with basta selection
in plant

Plant expression vector with YFP® fused
on GW C-terminal site

Binary vector with GW site, 2x35S
promoter driven gene expression and
hygromycin-B selection in plants

Binary vector with GW site, GUS gene
driven by the promoter from entry clone
and with hygromycin-B selection in
plants
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Appendix 8. Map of entry and LR-recombinant expression vectors

listed in Appendix 7

GW1 primer 3-T overhang GW?2 primer
TOPOQ Cloning site_ OPO Cloning site .
att -l ~attl2 L I
N e ., —M13 reverse primer .

v Spn promoter
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3-T overhang 3
M13 (-20) forward primer *‘:\
rmB T1 transcription terminator N

rrnB_T2_terminator

5

B T2 transcription terminator

rrB_T1_terminator~

M13 pUC fwd primer %!
M13_forward20_primer

pCR8/GW-TOPO = pENTR/D-TOPO
§—PBR322_origin attL1—
2,580 bp o |

2,817 bp g
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- T7_promoter ’
M13_reverse_primer—z#
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Amp promoter
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6,500 bp attR1 ’

CaMV35s
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6,565 bp F
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5,000

pBR322_origin
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Chlor
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attR2 /
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wr o e
lac_promoter

pBRrevBam_primer attR2
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\ o ~ e )
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o T7. promoter Y o 7 o ;
pBRrevBam_primer ) T7_transl_en_RBS
; - X altR1

CAT/CamR

o

pDEST17 Gateway

pDEST14 Gateway i
6,354 bp

]
6,422 bp l
il

+PGEX_3_primer
T7 terminator

o pGEX_3_primer
attR2
T7_Terminal_primer

e

T7_Terminal_primer
T7_terminator-,

xet(gomtey
o e i
(% Ampicillin O i e I &
pBR322_origin % \_//o‘ AmpR_f pBR322_origin 3 o - e
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P
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’
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Continued

T7_promoter
pBRrevBam_primer il T7_transl_en_RBS
0 2 20

ORF frame 3
lac_promoter

, CAT/CamR
73

7.00

pDESTS565 Gateway
8,932 bp

09

!- ROP
"\ pBR322_origin

\'pGEX_Cs_primer

% A
PBR322_origin attRZ L
attR1 |

HIS s

rmB_T1_terminato
rmB_ TZ' fminato

origin

|

N,

AmpR_promoter

s

rrB_terminator
e T7_Terminal_primer
T7_terminator

lac_promoter

)

pBR322_origin
35S promoter

* 100

“w

5. [ ~Ampicillin

pUC-SPYNE/GW cassette B
6,466 bp

ot

agge

1-AmpR_promoter CamR resistance— §

o

s

1_origin ccdb gene &
nos-Terminator attR2 -

o | ke W ° c-myc tag
N-terminal split eYFP fragment

1315 20
o ——— ¥

ko

NLuc ‘1 d
Linker '\
attR1

\ 6His
CaMV35S

pDUEXANn6 ChlorR
7,315 bp

ccdB

k-
attR2
Terminator_1 3

ColE1 origin

pBR322_origin

AmpR_promoter :

L'

T7_promoter

pBRrevBam_primer T7 _transl_en_RBS
ORF frame 3~ i ,, ORFTrame 3
lacO S ‘g,
e\;«a | "
A ' lac_promoter
MBP_F_primer N iy
PGk Y N
attR1
5
CAT/CamR
Py )pGEX_3_primer s
aF-ROP pDESTS66 Gateway t]
pBR322_origi

9,367 bp

3 anm
T7 Termmaummer &"
T7_terminator <
Ampicillin =~ & - - rnB_terminator
5 mey " __rmB_T1_terminator
1_origin rrnB _T2_terminator

lac_promoter

Ampicillin

' pUC-SPYCE/GW cassette B
¥ 6,252 bp

)

CamR resistance

5

s-\-AmpR_promoter

ccdb gene
attR2

\ -.
nos-Terminator - A-tag
C-terminal spln eYFP fragment

attJRZ 5
ced s ta
T

o
Cluc
e / CDS_6  Terminator_1

0002

pDuExD7 —
8,643 bp ¥

w5y

ColE1 ongm 7 " o,
e AmpR
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Continued

nos terminator nos\teT\inator

s g om0 128 o
o N S e
/-‘T . ; N
N attR2 \ -

3 attR1 %
\/ attR1-7%% ‘/LB
LB / »_ /
PMDC32  2X35S promoter— 1 pMDC162
| 3 12,886 bp

11,752 bp re

a\ pBR322\origin

pBR322 origin a

pMDC83
12,513 bp

- PBR322\origin

Vector map of pGPTVII-Bar.GW-YC, pGPTVII-Hyg.GW-YC, pGPTVII-Bar.YN-GW and
pGPTVII-Hyg.YC-GW are not available on public database, thereby not listed here.
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Appendix 9. Nucleotide sequence of CML41FL and S and amino-acid
sequence of CML41FL and S in FASTA format

CML41FL CDS nucleotide sequence (618 bp)
ATGGCAACTCAAAAAGAGAAACCTTCCTCCAATTCTTTCAAATGGTTTTCCACCAAAACC
TTAAAGTTAAACCTTAGTTTCCAAAACCGACGAAGATCACCAAAATCAAACTCTTCGTCA
ACCTTAAACTCTCCAAGAAGCAACAGTGATGACAACAACAACATAAAGAGTCACCAGGC
CTCCAAAGAAGAGCTCCGTCAAGTCTTCAGCCATTTCGACAGCGACGGCGACGGTAAGA
TCTCAGCCTTTGAGCTCAGACATTACTTCGGCTCTGTCGGTGAGTATATATCTCACGAGG
CAGCTCAAGAGGCGATAAACGAAGTTGACACTGACGCAGACGGGTCTCTAGGGTTTGAG
GACTTTGTTGGATTGATGACAAGAAGAGATCTTTACGGTGACGGTGAAGTTGATGGCGA
TGGAGAGTTGAAGACAGCGTTTGAGATGTTCGAGGTGGAAAAAGGATCAGGCTGCATAA
CACCAAAGGGTTTGCAAAAGATGCTTGTGAAGTTAGGGGAATCAAGAACGTACGGAGAG
TGTGAAGCCATGATAAAGTTTTACGATATAGATGGTAATGGAATTCTTGATTTTCATGAG
TTTCGTCAAATGATGACGGTTTAG

CMLA41S CDS nucleotide sequence (501 bp)
ATGGCAACTCAAAAAGAGAAACCTTCCTCCAATTCTTTCAAATGGTTTTCCACCAAAACC
TTAAAGTTAAACCTTAGTTTCCAAAACCGACGAAGATCACCAAAATCAAACTCTTCGTCA
ACCTTAAACTCTCCAAGAAGCAACAGTGATGACAACAACAACATAAAGAGTCACCAGGC
CTCCAAAGAAGAGCTCCGTCAAGTCTTCAGCCATTTCGACAGCGACGGCGACGGGTTTG
AGGACTTTGTTGGATTGATGACAAGAAGAGATCTTTACGGTGACGGTGAAGTTGATGGC
GATGGAGAGTTGAAGACAGCGTTTGAGATGTTCGAGGTGGAAAAAGGATCAGGCTGCAT
AACACCAAAGGGTTTGCAAAAGATGCTTGTGAAGTTAGGGGAATCAAGAACGTACGGAG
AGTGTGAAGCCATGATAAAGTTTTACGATATAGATGGTAATGGAATTCTTGATTTTCATG
AGTTTCGTCAAATGATGACGGTTTAG

CML41FL amino-acid sequence (205 aa)
MATQKEKPSSNSFKWFSTKTLKLNLSFONRRRSPKSNSSSTLNSPRSNSDDNNNIKSHQASKE
ELRQVFSHFDSDGDGKISAFELRHYFGSVGEYISHEAAQEAINEVDTDADGSLGFEDFVGLM
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TRRDLYGDGEVDGDGELKTAFEMFEVEKGSGCITPKGLQKMLVKLGESRTYGECEAMIKFY
DIDGNGILDFHEFRQMMTV

CMLA41S amino-acid sequence (166 aa)
MATQKEKPSSNSFKWFSTKTLKLNLSFQNRRRSPKSNSSSTLNSPRSNSDDNNNIKSHQASKE
ELRQVFSHFDSDGDGFEDFVGLMTRRDLYGDGEVDGDGELKTAFEMFEVEKGSGCITPKGL
QKMLVKLGESRTYGECEAMIKFYDIDGNGILDFHEFRQMMTV
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Appendix 10. Full list of CML41 expression in 261 perturbations

created by Genevestigator

Dataset: 290 perturbations (sample selection: AT-SAMPLES-1)
1 gene (gene selection: AT-GEMES-1)

@ AT3E507T0

<< down-regulated

Arabidopsis thaliana (261)
g kS

¥ Biotic

B. cinerea f non-infected rosette leaf samples

B. graminis {ataf1-1)/ non-infected rosette leaf samples

B. graminis {Col-0) / non-infected rosette leaf samples

B.tabaci type B/ non-infected rosette tissue samples

CaLCuV/ non-infected rosette leaf samples
. cichoracearum (pmré-1) / non-infected pmr4-1 samples
cichoracearum study 2 (18h) / non-infected whole rosette samples (Col-0)
cichoracearum study 2 (38h) / non-infected whole rosette samples (Col-0)
cichoracearum study 2 (98h) / non-infected whole rosette samples (Col-0)
cichoracearum study 3 (18h) / non-infected whole rosette samples (2dr1)
cichoracearum study 3 (38h) / non-infected whole rosette samples (2dr1)
cichoracearum study 3 (98h) / non-infected whole rosette samples (2dr1)
orontii study & (Col-0) / untreated rosette leaf samples (Cal-0)
orontii study 6 (Gol-0) / untreated rosette leaf samples (Col-0)
orontii study 6 (eds16-1) / untreated rosette leaf samples (eds16-1)
orontii study 6 (eds16-1) / untreated rosette leaf samples (eds16-1)
arabidopsidis (4dpi + 6dpi) f mock treated cotyledon samples
arabidopsidis study 4 (rpp4) / untreated seedling samples (rpp4)
arabidopsidis study 5 (rpp4) / untreated seedling samples (rpp4)
infestans (12h) f mock treated leaf samples (12h)
infestans (Bh) i mock treated leaf samples (Gh)
syringae pv. maculicola (Col-0)/ mock treated leaf samples (Col-0)
syringae pv. phaseolicola (24h) /i mock inoculated leaf samples (24h)
syringae pv. phaseolicola (Gh) / mock inoculated leaf samples (6h)
syringae pv. syringae (OE7a-1) / non-infected leaf samples (OETa-1)
syringae pv. syringae study 2 (Col-0)/ P. syringas pv. syringae (Col-0)
syringae pv. syringae study 2 (OE7a-1) / non-infected leaf samples (QE7a-1)
syringae pv. tomato study 11 (penta) / untreated leaf disc samples (penta)
syringae pv. tomato study 12 (atgsnor1-1) / untreated leaftissue samples (at..
syringae pv. tomato study 12 (Col-0) / untreated leaftissue samples (Col-0)
syringae pv. tomato study 12 (sid2) / untreated leaftissus samples (sid2)
syringae pv. tomato study 15 (DC3000) / P. syringae pv. tomato study 13 (DC
syringae pv. tomato study 2 (DC3000 avrRpm1)J P. syringae pv. tomato study.
syringae pv. tomato study 3 (DC3000 awRpm1)J mock inoculated leaf sampl
syringae pv. tomato study 3 (DC3000 hreC-) / mock inoculated leaf samples (...
syringae pv. tomato study 3 (DC3000) / mock inoculated leaf samples (24h)
syringae pv. tomato study 5 (Col-0) / non-infected leaf samples (Col-0)
syringae pv. tomato study 5 (gh3.5-10) / non-infected leaf samples (gh3.5-10)
syringae pv. tomato study 8 (DC3000) / mock inoculated [zaf samples

R. solani (AG8) / mock inoculated whale plant samples

TuMV (zone 0)/ leaf sap treated leaf samples
v Chemical

antimycin A (A0X1a:LLIC) J mock treated shoot samples (A0X1a:LUC)

benzothiadiazole (Col-0) / mock treated rosette tissue samples (Col-0)

benzothiadiazole {mil4) / mock treated rosette tissue samples (mild)

benzothiadiazole study 2 f mock treated rosette tissue samples (mildoe)

cloransulam-methyl (24h) / mock treated leaf samples (24h)

clothianidin (4d) / mock treated Col-0 rosette leaf samples (4d)

CMP (24h) / solvent treated root culture samples (24h)

CMP (4h) ! salvent treated root culture samples (4h)

cycloheximide § mock treated seedlings

cycloheximide study 4 (pBeaconRFP_GR-ABI3) / mocktreated root protoplast s..

dexamethasone study 5 (ORS1-DEX) / mock treated rosette samples (ORS1-D...

DFPM (Col-0) / solventtreated seedling samples (Col-0)

fenclorim (24h) / solvent treated root culture samples (24h)

fenclorim (4h) f solvent treated root culture samples (4h)

imazapyr (24h)  mock treated leaf samples (24h)

imidacloprid {4d) § mock treated Col-0 rosette leaf samples (4d)

Ma28 (Col0) /untreated Col-0 rosette leaf samples

Ma28 (des1-1)/untreated des1-1 rosette leaf samples [ ]

ozone/ airtreated seedlings

ozone study 3 (agh1-2 gpal-4) / fresh air treated leaf samples (agh1-2 gpal-4)

ozone study 3 (Col-0) / fresh air treated leaf samples (Col-0)

paclobutrazol study 4 (p355:HF-RPL18) / untreated p355:HF-RPL18 rosette sa..

phenanthrene j untreated Col plant samples

primisulfuron-methyl (24h) f mock treated leaf samples (24h)

sulfometuron methyl (24h) / mock treated leaf samples (24h)

TUTIDPIDITIDITNIIIIIIINDIIIOOOOOOOOOGM

syringolin study 2/ solventtreated leaf samples (syl_404_he2) ®

uniconazole study 2 (pkl) / solvent treated seed samples (pkl)

¥ Elicitor
EF-Tu (eIf18) study 3 (Col-0)/ mock treated seedling samples (Col-0)
EF-Tu (elf18) study 3 (gin2-1) f mock treated seedling samples (gin2-1)
EF-Tu (eIf18) study 4 (Cal-0)/ mock treated seedling samples (Col-0)
EF-Tu (elf1B) study 4 (ein2-1) / mock treated seedling samples (gin2-1)
FLG22 study 11 (2h) | FLG22 study 11 (Oh)
FLG22 study 5 (355:miR393) / untreated leaf disc samples (355:miR393)
Pep?2 (bakl1-3)/ mock treated seedling samples (bak1-3)
Pep2 (Col-0)/ mock treated seedling samples (Col-0)
Pep2 (gin2-1)/ mocktreated seedling samples (gin2-1)
Pep2 study 2 (bakl-3)/ mock treated seedling samples (bak1-3)
Pep2 study 2 (Col-0)/ mock treated seedling samples (Col-0)

up-regulated >>

304
201
138
3s7
3oz
167
128
177
1.14
170
248
1.30
185
180
147
124
196
280
380
417
488
456
107
088
3.30
142
3.36
116
368
350
480
1.10
102
2.12
171
251
3.13
347
3H
180
2086

158

208
287
3ar
200
435
2588
420
120

2685
316
1.00
236
3ae
152

341

277
234
2.00
180
133
405
411

107

008

203
123

-107

187
203
175
1681
372
3.31

Filter valuesfor @ AT3650770

1401
404
255

11.86
808
ERE]
253
347
226
313
550
258
481
442
284
241
401
581

1354

18.28

2550

2235
2.10
203
083
288

10.22
215

13.80

11.83

2307
2.8
200

335
575
7.1
11.14
10.28
425
478

208
541
751
772
10.30
441
2087
658
19.87
227
27
685
212
200
5.12
10.75
288

1081

701
3ss
325
302
251
18.35
17.32
-5.57
1

2o
280
400
237
206
EE]
371

305
11.84
10.11

005

4* |og(2yratio  Fold-Change p-value

0.008
«0.001
0.005
<0.001
0.001
0.002
0.004
<0.001
0.001
0.004
0.001
0.014
0.008
0.008
«0.001
«0.001
0.039
0018
0.008
<0.001
<0.001
<0001
<0.001
0.025
0.003
0.004
0.002
0.028
o018
0.005
0.003
0.008
0.008
<0.001
0.002
<0001
0018
<0.001
0.008
0.028
0.023

<0.001
«0.001
0.002
<0.001
<0.001
0.035
<0.001
<0001
<0.001
0.007
0.050
0.02g9
<0.001
0.007
<0.001
0014
«0.001
<0.001
<0.001
0031
0.029
0.005
<0.001
<0.001
<0.001
a.on
<0.001

.o
0.023
«0.001
0010
0.008
0.044
0018
0.003
0.003
0.001
<0.001

261 0f 2213 perturbations fulfilled the filter criteria
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Continued

¥ Hormone
2 4-D + trichostatin A (Ler) / 2, 4-D study 2 (Ler)
ABA study 6 (Col-0) f untreated plant samples (Col-0)
ABA study 6 (srk2cf) f untreated plant samples (srk2cf)
|AA study 7 (C24) J untreated seedling samples (C24)
MeJa study 5 (gai) / untreated |eaf disc samples (gai)
Meda study 5 (Ler) / untreated leaf disc samples (Ler)
MeJa study 5 (penta) f untreated leaf disc samples (penta)
OPDA study 2 (Caol-0) / solventtreated (Col-0) seedlings
OPDA study 2 (tga2-5-8) / solventtreated (tga2-5-6) seedlings
salicylic acid study 11 (dsr1)/ mock treated seedling samples (dsr)
salicylic acid study 11 (JCBE) f mock freated seadling samples (JCGE)
salicylic acid study 3/ mock treated seedlings
salicylic acid study 7 (npr1-1 sni1 ssn2-1) / solventtreated whole plant samples.
salicylic acid study 8 (Col-0)/ mock treated leaf samples (Col-0)
zeatin study 3 (ARR220x) [ untreated whole plant samples (ARR220x)
¥ Light intensity
darlk/21°C (140-200min) / moderate light / 21°C (1 40-200min)
darl/ 21°C (220-280min) / moderate light/ 21°C (220-280min)
dark / 21°C (300-360min) / moderate light/ 21°C (300-360min)
dark/ 21°C (640 and 1280min) f moderate light/ 21°C (640 and 1280min)
dark /32°C (220-280min) / dark/ 21°C (220-280min)
dark /32°C (300-360min) / dark/ 21°C (300-360min)
high light study 7 (atwrky40) J untreated leaf samples (atwrky40)
v Light quality
red study 3 (1h)J dark grown seediings (Col-0)
red study 3 (45h) f dark grown seedlings (Col-0)
UV filtered WG205 (1h) / seedlings irradiated with 327nm cut-off (1h)
UV filtered WG285 (6h) / seedlings irradiated with 327nm cut-off (6h)
UV unfiltered max-310nm (1h) / seedlings irradiated with 327nm cut-off (1h)
UV unfiltered max-310nm (6h) / seedlings irradiated with 327nm cut-off (6h)
\N-B (Col-0) / shift LD to CL (Col-0)
INV-B (sngl1-1)/ shift LD to CL (sng1-1)
UNV-B (fH4{C1)) / shift LD fo CL (H4(C1))
¥ Mutrient
iron deficiency study 13 (bhlh100 bhlh101)/ untreated bhih100 bhih1 01 shoot s...
low nitrogen / high nitrogen treated rosette samples
N depletion (Col-0)/ Seedlings grown under N-replete condition (Caol-0)
nitrate starvation / untreated seedlings
P deficiency study 4 (shoot)/ mock treated Col-0 shoot samples
P deficiency study 5 (6h) / mock treated root samples (6h)
v Other
callus formation study 3 (7d + 1d) / untreated hypocotyl samples (7d)
¥ Photoperiod
circadian f ethanol f MG132 study 2 (Col-0)/ circadian / ethanol f MG132 (Col-0)
circadian f MG132 study 2 (Alc:TOC1) / circadian f MG132 (Alc:TOC1)
long day (Col-0) / short day study 2 (Col-0)
long day (cs26) f short day study 2 (cs26)
night extension (late) / untreated rosette samples
v Stress
cold study 15 (p355:HF-RPL18) / total RNA (untreated p355 HF-RPL18)
cold study 16 (p355:HF-RPL18)/ polysomal RNA (untreated p35S:HF-RPL18)
cold study 6 (Can)/ 20°C/18°C freated rosette samples (Can)
cold study & (Ler)/ 20°C/18°C treated rosette samples (Ler)
cold study 6 (Te) / 20°CH18°C treated rosette samples (Te)
drought study 13 (Tamm-2) / mock treated Tamm-2 rosette lzaf samples
drought study 7 {Col-0) / untreated plant samples (Col-0)
drought study 7 {srk2cf) /untreated plant samples (srik2cf)
heat study 5 / untreated plant samples
light/drought {aox1a(sail)) / untreated leaf samples (aox1a(sail))
osmotic (late) / untreated green tissue samples (late)
salt study 4 (Ws) /Hoagland solution watered Ws leaf samples
submergence study 2 (24h) / rosette samples of Col-0 shifted to darkness (24h)
submergence study 2 (Th) / rosette samples of Col-0 shifted to darkness (7h)
wiounding (late) / untreated green tissue samples (late)
v Genetic Background
Ag-0/BI-5 @
Ag-0/0mo2-3 6
v Bay-0
Bay-0 parent/ C24 €
Bay-0 paranti Col-0 €k
Bay-0 parant/ Fei-0 €
Bl-1/C24 &
¥ Bla
Bla-1/ Bla-1/Hh-0
Bur-0/Ws-2 €
v C24
C24/Bur-0 @
C24/Col-0 &
C24/Col-0 &
C24/Col-0 &
C24/Fei-0 €&
C24/Fei-0 €
C24_CAB2:LUC_CaMV353:AEQ /toct-1 €%
CIBC-17 IWs-2 @8
¥ Col
¥ Col(gh)
¥ Col{gl) pRD29A:LUC
stal-1/ Coligl) pRD29A:LUC
¥ pCBF3:LUC
icel [ pCBF3:LUC €
icel 1 pCBF3:LUC @
v Col-0
I55-AMYB44/ Col-0 &
355:amiR-mads-2(MIR319a)_strong/ Col-0
ahid-102/Col-0 €
ahid-102/Cok0 €
ahid-102vte2-1/Cok0

198
187
107

128
-4.42

-154

200
3682
187
232
410
250
104
205

127
147
160
185
118
160

-137

-1.01
-133

103
223
154
5.18
276
237
3.13

122
2.32

404

-1.08

182

-180
-1.16
383

2.80
180

137
117
162

-188

-1
-1.70
157

125
334
1.16
110
223
3.50
142

172
158

132
136
1.08

-1.44

355

138

124
136
158
156
138

-1.20

156

183
1.14

-2.33

152
1.14
101
168

agz
3ez
208

2881

-5.63
-3.02
687
11.21
383
488
17.28
603
207
4.15

247
277
3.10
309
229
289
-2.58

-2.00
281
201
454
288
asge
571
5.18
697

248
501
10.58
14.83
-2.10
418

-370
224

-15.44

753
331

280

10.08

11.32
271

352
326

244
254
208
274

1184

254

239
289
308
288
27
285
-2.31
320

320
222

521
288
220
452
382

0017
<0.001
0.003
0.038
0.008
0013
0010
0.008
0.002
0.003
0.002
0.001
«0.001
«0.001
<0.001

0.001
<0001
0.009
0.027
0.001
<0.001
<0.001

0.025
0.002
0.008
0017
0.001
0.003
0015
0.001
0014

0.023
<0.001
<0.001

0.002

0.032

0.042

«0.001

<0.001
0.003
<0.001
<0.001
0.007

0.035
0.004
0.004
<0.001
0.010
0.018
0.007
0.005
0.038
0.003
0017
0.029
0014
0.004
<0.001

0.040
0.042

0.008
0.003
0.002
0.007

<0.001
0012

0010
0019
0.003
<0.001
0.018
o.01g
0.028
0.047

0024

0.048
0.037

0.032
0.003
<0.001
0.045
0015
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Continued

ahk3fahkd I Col-0 ® 122 233 0.001
Alc:TOCT / Col-0 €9 L) -1.40 283 0.001
Alc:TOC / Col-0 €8 L 3 -102 -203 0.002
arf6-2 arf8-3/ Col @ -155 281 0.038
ARR21Cox/ Col-0 23 300 799 <0001
ARR220x/ Col-0 € ) 107 208 0.008
ARR220x/ Col-0 € =3 225 477 <0001
atcesAB / atcesAd i) 170 2320 0018
atgsnor1-3/ Col-0 & [ ] 107 210 <0001
atwrkyd 0/ Col-0 & & 123 2.38 <0001
AtWRKYE3 OE1 / Col-0 &% [ ] 171 334 0.001
cax1-1 caxd-1 / Col-0 L 370 1373 <0.001
cs26/ Col-0 @ 488 2508 <0001
cs264 Col-0 € [ ] 218 -4.43 <0001
dcl3-1/ Col-0 [ ] 124 232 0.004
des1-1/CokD & ® ao7 18.82 <0001
des1-1/Col-0 € & 101 203 0.003
eft-11Col-0 € 2] -132 233 0038
flu i Col-0 [ ] 142 288 <0.001
flufover-tAPX f Col-0 [ 155 294 0010
gh3.5-1D/ Cal-0 € [ ] 128 2.40 0011
gund-1/Col-0 & & 197 291 0.002
HSPA0{RMAi-A1) [ Col-0 s -1.04 2.2 0.021
K16331/BIG [ ] 103 399 0015
¥ lecrk-v1.2-1
355LecRK-VI.2/ Col0 ® 386 1281 <0.001
mkktimkk2 | Col-0 ® 400 16.00 <0.001
myh21-5 myb24-5/ Col €9 [ ] 2.18 487 0.001
myb3ri-1 myh3rd-1/ Col-0 @ 118 2.18 0037
npri-1 snit brea2a/ npri-1 snil € & 101 201 <0001
npr1-1 snil ssn2-1/npri-1 snil € [ ] 253 570 <0001
nudt?-1/ Col-0 o 268 792 0013
nudt7-1 eds1-2 f nudt7-1 [ ] -308 -10.40 0.008
nudt?-1 sid2-1 / nudt7-1 eds1-2 [ ] 402 3085 <0001
nudt?-1 sid2-1/ Cal-0 ® 453 2357 <0.001
nudt?-1 sid2-1 eds1-2/ nudi7-1 [ ] 30 .78 0.010
nudt?-1 sid2-1 eds1-2/ nudt7-1 sid2-1 L) -4.85 -20.10 <0.001
OE7a-11Col-0 € & 167 219 <0001
padd /npri-1 [ ] 248 -4.44 0022
pad4 /pad2 [ ] 225 -378 0028
pad4 /ein2 [ ] 208 -3.30 0038
pad4 / Col-0 [ ] 288 -5.00 0017
pepri-1 pepr2-3/ Col-0 € [ ] 186 300 0015
pepr1-1 pepr2-3/ Col-0 € [ ] 234 504 0.002
pifg / Col-0 € [ ] 132 250 <0001
pmrd-14Col-0 € o 125 238 0.007
pmra:prmré § Col-0 (] 116 228 0017
psadi1-1/Col-0 [ ] -288 702 00189
psad1-1/stn7-1/ Col-0 [ ) -2.57 -6.39 0.008
rppd/ Col-0 € ® 212 421 0.021
sid2/ padd i) 273 531 0017
spht ! Col-0 € [ 184 386 0.003
sphi ! Col-0 € ) 140 2.14 0.027
thf1 J Col-0 € [ ] 108 241 <0.001
vie2-14 Col-0 € & 200 487 0014
¥ Cal-1
immutans / Col-1 [ ] 343 10,80 <0.001
Col-2/ MNFA-10 € [ ] 170 328 0.041
8in2-1/Col-0 € [ ] 116 218 0.007
Eden-11Bil-5 € L) 2.00 484 0034
Eden-1 1 Bil-5 € [ ] 175 EEL] 0002
Got-22 fEden-1 € [ ] 118 228 0018
Hh-0/ Bla-1/Hh-0 & 324 037 <0001
¥ Ler
ckh2-1 /Ler €8 [ ] 121 232 0.005
gail penta [ ] 107 208 0.018
¥ Ler-0
ctrl /Ler [ ] 252 -5.58 0.008
elod/Ler-0 [ ] 157 288 <0.001
mpk4: etrt / Ler [ ] 128 2.40 0.003
Ler-1/CIBC-17 €9 [ ] 126 230 0.045
Ler-1 i NFA-10 € [ ] 228 544 0032
Ler-1 i NFA-10 € [ ] 158 3.18 0018
phyABCDE / Ler € [ 145 286 0011
phyABCDE / Ler €% It 148 282 0028
phyABDE / Ler € L ) 214 4490 0.001
phyABDE/ Ler € [ ] 107 394 <0001
rga-deltal 7 f emply cassette & & 251 589 <0001
Mir-0/ Mir-0/Se-0 L) -4.1@ 1795 <0.001
MFA-10/Ws-2 € [ ] 187 407 0011
MFA-10/Ts-1 €8 & 123 251 0.027
v not specified strain
v C24xCal-0
C24x Col-0 F1 hybrid/ C24 [ ] 188 315 <0.001
edrl I Cal-0 € [ ] 102 247 0018
edrl I Col-0 € [ ] 145 288 0.005
edrl / Caol-0 € @ 171 344 0.002
edrl / Col-0 € [ ] 127 245 0.007
QKIWs & [ ] 128 2.44 0021
vip3ins ) 118 229 0031
Omo2-3/Eden-1 & & 183 a2 0.002
Se-0/Mir-0/Se-0 i) -4.24 -12.94 <0.001
ShaiC24 & ® 138 2,88 0.004
Shai Col-0 % ® 163 338 0027
ShalCol-0 & ® 0.8g 202 0033
ShalCol-0 @ [ ] 108 208 0.008
ShalFei-0 € @& 183 330 0.024
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ShalFei-0 € [ ] 123 238 0.001
Tamm-2 1 Bil-5 € [ ] 133 254 0015
Tamm-2 / Eden-1 €8 @ 145 288 0010
Tsu-1/Kas-1 € L) 283 703 <0001
Tsu-1/Kas-1 € i) -180 352 0.001
Tsu-1/Kas-1 & [ ] 280 -8.48 <0001
¥ Uk
¥ Uk-3
Umkirch-1/Umkirch-3 / miRMNA-=Umkirch-3 ® 213 481 0012
N2-5/ Eden-1 &% [ ] 138 25T 0.010
T Ws
¥ Ws-2
pho3 /1 Ws-2 | | | | [ ] | 304 L] 0.007
g 3 -2 -1 o 1 z 3 ax

created with GENEVESTIGATOR
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