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Abstract

O-Acetylserine (thiol) lyases (OASTLs) are evolutionary conserved proteins among many
prokaryotes and eukaryotes that carry out sulphur acquisition and synthesis of cysteine. OASTL
catalyses cysteine biosynthesis using O-acetylserine (OAS) and sulfide as substrates. OASTL also
interact with another enzyme Serine acetyltransferase (SERAT) to facilitate the production of OAS.
Cysteine-derived thiols and metabolites play an important function in regulating cellular redox
conditions and modulate abiotic and biotic stress responses. The Arabidopsis thaliana genome
encodes multiple OASTL isoforms that are targeted to different sub-cellular compartments. The
cytosolic OASTL-A1 or known as ONSET OF LEAF DEATH3 (OLD3) is the major OASTL
isoform due to its high OASTL activity. The old3-1 mutation causes a dysfunctional oastl-al/old3-1
protein in vitro and was previously shown to cause autonecrosis in specific Arabidopsis accessions.
To investigate why a mutation in a major OASTL isoform causes cell death and necrosis in some
but not other accessions different mutations in OASTL-ALl were characterised in Arabidopsis
accessions. Here it is shown that the old3-1 mutation causes an autoimmune syndrome and
metabolic disorder, in the Ler-0 accession (parent) genetic background, but not in the reference
accession Col-0. This is not the result of lack of functional OASTL-A1 or impaired cysteine
biosynthesis. A Recognition of Peronospora Parasitica 1 (RPP1)-like disease resistance R gene,
from an evolutionary divergent R gene cluster in Ler-0, shows a negative epistatic interaction to
old3-1 and activates autonecrosis. The severity of autonecrosis was found to be dependent upon
variations in temperature and day length. Next, the role of OASTL-Al was also identified in
resistance against infection with virulent and non-virulent Pseudomonas syringae pv. tomato
DC3000 strains. Since OASTL also interacts with SERAT, old3-1 was found to negatively affect
the interaction with SERAT in vivo, highlighting that the release of R-mediated immunity is
associated with the loss of key functions associated with OASTL. Finally various mutations were
generated in OASTL-A1 isoforms to identify the relevance between the loss of OASTL functions
and R-mediated immunity. These results indicated that motifs in close proximity of old3-1 mutation
play an important role in cysteine biosynthesis and therefore likely an important interface to affect
R-mediated immunity. The study indicates a novel cross-talk between cysteine procuring a major
OASTL isoform and components of plant immunity and further support emerging evidence that

cysteine-derived metabolites function in immune signalling across kingdoms.



Blank Page



Acknowledgements

| am thankful to my supervisor Paul Dijkwel and co-supervisor Donald Hunter who have put
immense effort in guiding and helping me out through all times of my PhD. Here | would especially
like to thank Paul for his help in the process of thinking, performing and analysis of my
experiments and preparation of my manuscript and thesis. 1 am also very grateful on Paul’s help for
obtaining funding from HEC and IMBS during the thesis writing and paper submissions. Special
thanks to Don for the moral and intellectual support during solving some hard problems of PhD. |
am also grateful for his help in providing access to tools such as “RNAi” that led my experiments
successful. Thanks to Michael McManus for his support and putting massive pressure of lab

meeting that shaped our scholarly attitudes to some extent.

| am thankful to Mutsumi Watanabe, from Max Plank Institute of Germany who helped me by
performing metabolic profiling and analysis of enzymatic activities. 1 am also thankful to Rainer
Hoefgen, Alisdair Fernie and Yariv Brotman from Max Plank Institute of Germany, on their
guidance in experimental work and helping in disease resistance experiments. For criticism and
ideas related to my work, thanks to many anonymous reviewers who have critically reviewed our
work during submissions in peer-reviewed journals. I am highly thankful to my friend Jay
Jarayaman for insightful discussions and ideas. Special thanks to Dr. Xiao Song in our lab and
Marion Verdanaud from INRA for help in yeast hybrid experiments and accessing bioinformatics
tools. 1 am thankful to my colleagues (Muhammad, Alvina, Mathew, Susana, Afsana, Srishti, Jun,
Trish, Diantha, Phong, Aluh, Sam, lhsan, and Daniel) for their support and help and good times in
New Zealand. Rubina, who has always stood by my side in life as well as in academics deserves
more than acknowledging. Special thanks to my two loving daughters who have given me the
endless happiness of life and peace to work on my thesis. Deeply, | acknowledge my parents who
have passed tough times during my PhD studies but provided me with the moral and financial
support in hard times. Thanks to HEC for being a financial supporter of my PhD and IMBS-Massey
and Plant and Food Research for providing a scientific enclave to thrive. Thanks God & may God

bless the role of academia in the friendship of Pakistan and New Zealand.



Blank Page



Table of Contents

N ] 1 >0 [
ACKNOWIEAQEMENTS. ttueiietieeieetiteneeeetaaresesasensoeassnsansonsssnsonsssssansosnsnnnnes ii
P o] o] 1Y/ = A (o] 4 RPN X
LISt Of FIgUIES e eeitiieeiineiineteneeeeeeenseneasesnscsnsesnscanscsnscssasesnsonnsannasionan, Xiv
TS 0 = 0] [ Xviil

Chapter 1. General INtrodUCtiON..cccveiieiiiiiiiniiniintieriesniiereassessscnssnses 1

Chapter 2. Role of Arabidopsis p-Substituting Alanine Synthase (BSAS)
gene family in cysteine metabolism and stress defence-A Literature

REVIBW .t tiieiiieiieiieieieiintiietiatensssseassnsosatsntonsosassnsonsossssnsarasssasiones 5
2.1 Sulfur acquisition, transport and enzymatic reduction inplants............................ 6
2.2 Cysteine biosynthesis in ArabidopsiS. .......c.ovviiiiiiii e 14

2.3 Coordination between sub-cellular compartments involved in OAS and

CYSEEINE DIOSYNTNESIS. ...ttt e 26
2.4 Role of of true OASTLs and functionally divergent BSAS isoforms in cysteine

biosynthesis and homeostasis and StreSS reSPONSES. .. .. ouvevivireeriiieereieeenanrenens 29
2.5 Requirement of cysteine in glutathione biosynthesis and other metabolites

involved in growth and defence metabolism. ... 40
2.6 Conclusions and OULIOOK. ......... ..o 44
2.7 Aimsoftheresearch.............ooi i 44
Chapter 3. Materials and Methods.....cceeeeieiiiiiieiiiiiireiereieeineeennnn. 47
3.1 PIaNt HNES. .ottt 47
3.2 General plant growth conditions..............oouiiiiiiiiiii i, 48
3.3 Metabolic profiling and enzymatic aCtivities.........c.ovvrieiniieirieiiieiiieeieeaienanns 48
3.4  Histochemical Staining. .........couiiuiiiitei i e, 52



35 DNA and RNA eXIraCtions. . .....oooee e 52

3.6  Polymerase Chain Reactions (PCRs)- Genomic, Real-time and Site-directed

UL NS . . .ttt ettt et et ettt et et e e e e et et e e et 53
3.7 Vectors and ClONING. .......ooii i e 55
3.8 Preparation of competent Escherichia coli (E. coli) and Agrobacterium cells for
TraNSTOIMALIONS. ...\ 56
3.9 Plasmid Preparations. .........c.oouineiniiiit e e 56

3.10 Synthesis of constructs for RNAi, over-expression and complementation

(40151111015 11 SO SUUPRUSTRPRRRRIEe ¥

3.11 Transformation of Arabidopsis plants and E. coli-NK3 strain........................... 59
3.12  Genome walking for the odd-ler region................ccooiiiiiiiiiiiiiiiiiii e, 60
3.13  Analysis of the innate immune response and R gene expression........................ 60
3.14 Insilico RPPI and OASTL-AI gene analysiS.......c..oevuiiuiiiiininiiniiiiiniienenn 61
3.15  Pathogen INfeCiONS. ... ..o 61
3.16  Protein-Protein interaction...............cooiiiiiiiiii 62
3.17 Microarray data analysis from the Genevestigator................cccooeviiiiiiiiininn.n. 63

Chapter 4. Genetic incompatibility involving R-dependent innate immune
responses and a dysfunctional O-acetyl serine(thiol) lyase (OASTL-A1)..65

00T [0 Tox o] P 65
RESUIES . .ottt 72
4.1  Autonecrosis in the old3-1 mutant is modulated by temperature and day-length.....72
4.2  RPP1 gene(s) show negative epistasis to the old3-1 mutation........................... 75

4.3 Aninnate immune response drives oxidative burst and cell death in the old3-1
mutant but not in the 0ld3-1"C line.............coooiiiiii e 79
4.4  Phylogenetic analysis of RPP1-like R genes involved in autonecrosis in the old3-1
mutant and race-specific resistance against the downy mildew pathogen.............. 84
45  Genetic recombination analysis of RPP1-like R genes at the odd region............... 87
4.6  Identification of the potential candidate R gene(s) involved in autonecrosis- a
complementation apProach.............oouiiiiiiii i 89

DISCUSSION. . . e e ettt e e 95

Vi



Chapter 5. OASTL-mediated cysteine metabolism and stress defence in

Fa =L o] [0 [o] o ] F PR STRSRRI 103
1] oo 13 Tox 1 o] TR 103
RESUIES . .ottt e 105
5.1  Lack of functional OASTL-AL does not cause autonecrosis in Ler-0

geNetic DACKGroUNd. ... ..o 105
5.2  The mutation in OASTL-A1 activates RPP1-like R mediated autonecrosis.......... 108

5.3  Mutations in the OASTL-AL gene cause a major reduction in total OASTL

activity in planta but not a reduction in total SERAT activity and

cysteine and glutathione levels. ... ..., 110
5.4  Metabolic profiling of old3 mutants.................oooii i 115
5,5  Mutations in OASTL-AL affects disease resistance against the

pathogen Pseudomonas syringae pv. tomatoDC3000.............cccooevviiiiniininnnnn 136
5.6  Transcript accumulation of BSAS genes in different treatments and stress

(o010 1o 14 0] 3 L S PPN 139
Dol U1 (o] o PP 153

Chapter 6. Functional characterization of structural variations in

L N N I 161
It OAUCTION. .o 161
RESUITES. . .o 163
6.1  Selection of the target residues for mutagenesis in OASTL-ALl....................... 163
6.2  Mutations in the PLP co-factor, substrate and SERAT binding region of OASTL-A1

and their role in complementing cysteine auxotrophy....................coeeeviennn.n. 167
6.3 Evolutionary conserved residues in the a5 and a6 helices of OASTL-AL........... 174

6.4 Residues involved in homodimerization of OASTL-AL and cysteine
DIoSYNthesis FUNCLION. ... ..o e 177

6.5  Stable and transient expression of oastl-al/old3 variants in the odd-ler

DACKOIOUNG. ... ..o 182
6.6 Loss of interaction of old3-1 with the SERAT INVIVO.......ooiieiiiiinn . 184
IS CUSSION . . . e e ettt et e 186

Vii



Chapter 7. Final discussion, conclusions, questions and outlook.......... 189

APPENAICES. teuteeiieieneeeaterenesansensensesnsansesnsansonsssassnsansssnssnssnsses 195

Appendix 1. Protein sequence alignment of all eight functional BSAS isoforms............ 196
Appendix 2. Analysis of protein-coding gene models of all eight functional BSAS........ 199
Appendix 3. Variation in OASTL-AL protein coding sequence in the Arabidopsis

BCCESSTONS. ..ottt et ettt ettt e e e 202
Appendix 4. Supplemental methods. ..., 203
Appendix 5. Map of the 0dd-Col region. ..o 213
Appendix 6. Nucleotide variation of the At3g44610, At3g44620 and R gene

polymorphism inthe odd-ler...............oooiii i 214
Appendix 7. Transcriptional changes in the defence markers in old3-1 and Ler-0

within 8 h of change in temperature.................cooiiiiiiii i, 216
Appendix 8. Genetic rearrangements in RPP1-like Rgenes..............ccoiviiiiiiinnnnn 217

Appendix 9. Details of RPP1-like R gene models using the Augusts gene prediction

Appendix 10. Various combinations of R genes for RNAI, through selecting a

homologous region in the putative 5" and 3’ un-translated

FegIONS (UTRS) ...ttt e 219
Appendix 11. Expression of R4, R7 and R8 in o0ld3-1 mutant and old3-1 mutant

transgenic lines carrying RNAi-cassette targeting a putative 3' UTR region

OF R4, R7, R . e 220
Appendix 12. Expression of non-targeted full-length R genes in old3-1 mutant and

old3-1 mutant transgenic lines carrying RNAI-cassette targeting

putative 3' UTR region of R4, R7, R8.......coco i 221
Appendix 13. Experimental layout for the temperature shift experiment for five

[0 [=T 0011/ o[- T RPN 222
Appendix 14. Activity of the mitochondrial enzyme S-cyanoalanine synthase in five

genotypes in the temperature shift experiment......................ocooeinn, 223
Appendix 15. Hierarchical Clustering Analysis (HCA) of metabolite data for the

temperature shift experiments............oooiiiiiiiiii e 224

viii



Appendix 16. OASTL-AL contributes in resistance to infection by Pst strains................ 225
Appendix 17. Growth of NK3 strain transformed with the vector pET32 on M9 minimal
medium supplemented with or without cysteine......................oooeel. 226

Appendix 18. Effects of Agrobacterium infection in leaves of Ler-0, Col-0 and

0ld3-2 0dd-1er lINES.......oeii e 227
Appendix 19. Analysis of protein-protein interaction of cytosolic SERAT1;1 with

OASTL-Aland old3-1inyeast........covriiriii i, 231
11e][[o]0] =10l 1) A PPN 232
Publication.....cccciiiiiiiiiiiiiniiiiiiiiieeteiiesiciascoseascscsscosesscosesscsnns 248



Abbreviations

ABA
ACD6
AOX
APK
APS
APR
ATPS
Avr
BSAS
Cys
Col-0
COX
CAS
CLT
cad-2
CgS
CFU
CamV
CAPS
DES
DM
DAB
EF-Tu
EMS
EDS1
ETI
ETS
v-EC
GC-MS
GSH
v-ECS
GSH2

Abscisic Acid

Accelerated Cell Death 6
Alternative Oxidase

APS Kinase

Adenosine 5'-PhosphoSulfate
Adenosine 5'-Phosphosulfate Reductase
ATP Sulfurylase

Avirulence

B-Substituting Alanine Synthase
Cysteine

Columbia-0

Cytochrome Oxidase
B-Cyanoalanine Synthase
Chloroquine-resistance Transporter
cadmium sensitive -2
Cystathionine y-Synthase

Colony Forming Units

Cauliflower Mosaic Virus

Cleaved Amplified Polymorphic Sequences
DESulfhydrase

Dobzhansky and Muller

Di-amino benzidine

Elongation Factor-Tu
Ethylmethane sulphonate
Enhanced Disease Susceptibility 1
Effector-Triggered Immunity
Effector-Triggered Susceptibility
Gamma-glutamylcysteine.

Gas Chromatography- Mass spectrometery
Glutathione

v-glutamyl-cysteine ligase
Glutathione Synthetase


http://en.wikipedia.org/wiki/Gamma-glutamylcysteine

GR Glutathione Reductase

GSNO S-Nitrosoglutathione

GMO Genetically Modified Organisms

GSBs Genetic Sequence Blocks

GABA y-AminoButyric Acid

HCA Hierarchical Clustering Analysis

HPLC High-Performance Liquid Chromatography
HEPES 4-2-Hydroxyethyl-1-piperazineethane sulfonic acid
Hom Homozygous

Het Heterozygous

HR Hypersensitive response

hrpA- hypersensitive reaction and pathogenicity A gene
IDT Integrated DNA Technologies

ICSI Isochorismate synthase 1

I3M Indole-3-yl-methyl glucosinolate

JA Jasmonic Acid

LC-MS Liquid Chromatography- Mass Spectrometery
L.D. Long Days

Ler-0 Landsberg erecta-0

LRR Leucine-Rich Repeat

mETC mitochondrial Electron Transport Chain
MAMPs Microbe-Associated Molecular Patterns

MHC Major Histocompatibility Locus

AMI3M 4-Methoxy-Indol-3-yIMethyl-glucosinolate
PTI/MTI PAMPS / MAMPs-Triggered Immunity
NADP Nicotinamide Adenine Dinucleotide Phosphate
NIL Near-Isogenic Line

NBS Nucleotide Binding Site

NPR1 Non-expresser of Pathogenesis Related 1

PPi inorganic Pyrophosphate

PAD4 Phytoalexin deficient 4

PR-1 Pathogenesis Related-1

3PGA Glyceraldehyde 3-Phosphate

PEP Phosphoenoylpyruvate

Xi


http://www.google.co.nz/url?sa=t&rct=j&q=hplc%20wiki&source=web&cd=1&cad=rja&sqi=2&ved=0CB8QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FHigh-performance_liquid_chromatography&ei=6wltUO2PLdKeiQetvoHAAg&usg=AFQjCNFtV5nkDJT4ltiNeZJ1DPHj8ZDrhg

OAS O-acetylserine

ORF Open Reading Frame

Os Oryza sativa/ Rice

OPT Oligopeptide Transporters

OASTL O-acetylserine (thiol) lyase

OLD3/old3 Onset of Leaf Death3

PRR Pattern Recognition Receptors

PCD Programmed Cell Death

PAPS 3’-phosphoadenosine ate 5'-phosphosulfate

PLP Pyridoxal-Phosphate

PPDB Plant Proteome Database

CS26 S-sulfocysteine synthase 26

Pst Pseudomonas syringe

PCRs Polymerase Chain Reactions

gRT-PCR Quantitative real-time PCR

QTL3 Quantitative Trait Locus 3

R Resistance

RCR3 Required for full Cladosporium. fulvum resistance3
Cf-R Cladosporium. fulvum Resistance

R.H Relative Humidity

RD-19 RESPONSIVE TO DEHYDRATION19

RPM1 RESISTANCE TO PSEUDOMONAS SYRINGAE 1
RNS Reactive Nitrogen Species

ROS Reactive Oxygen Species

RPP1 RESISTANCE TO PERENOSPORA PARASITICA 1
riml 1 root meristemmless 1

RNAI RNA interference

SULTRs Sulfate Transporters

SLIM1 Sulfur LIMitationl

SiR Sulphite Reductase

SA Salicylic Acid

SERAT Serine acetyltransferase

STAS Sulfate Transporters and AntiSigma-factor Antagonists

SAR Systemic Acquired Resistance

Xii



S.D. Short Days

SAM S-adenosylmethionine

SLIM Site-Directed Ligase Independent mutagenesis
SSLP Simple Sequence Length Polymorphism

SID2 Salicylic acid (SA) induction—deficient mutant
TIR Toll-Interleukin-1-Resistance

TAIR The Arabidopsis Information Research

TTSS Type-I11 Secretion System

TCA Tricarboxylic acid

UTRs Un-Translated Regions

WRKY WRKYGQK (amino acid sequence in the transcription factors)
WT Wild-type

Ws Wassilewskija

ZM Zea Mays /Maize

Xiii



List of Figures

Figure 2.1. Sulfate transport systems, cellular compartmentation of sulfur metabolism and signals

and components regulating SULTR gene expression and sulfate transport in Arabidopsis........... 13
Figure 2.2. Sulfur assimilation and cysteine biosynthesis in a two-step bi-enzymatic process....... 16
Figure 2.3. Structure of the OASTL-AL protein of Arabidopsis thaliana............................... 25

Figure 2.4. Biochemical routes and biological routers (enzymes and proteins) involved in cysteine
metabolism and homeostasis inplantcell........... ... 38

Figure 2.5. Phylogenetic analysis of BSAS/OASTL isoforms in Maize, Rice and Arabidopsis......39
Figure 4.1. old3-1 mutation and mutant PRENOLYPE. .........oiviiriiti e, 68

Figure 4.2. A two-locus model of negative epistasis between the old3-1 and the odd-ler allele.....71

Figure 4.3. Characterisation of the old3-1 mutant phenotype at different temperatures............... 73
Figure 4.4. Autonecrosis in the old3-1 mutant is modulated by day length............................. 74
Figure 4.5. RPP1 gene(s) show negative epistasis to the old3-1 mutation.............................. 77

Figure 4.6. Transcript abundance of RPP1-like R genes present in the odd-ler region is affected

upon activation of autonecrosis in the old3-I mutant...............ccoooiiiiiiiiiiiiii e, 78
Figure 4.7. Activation of innate immune response signal in the old3-1 mutant......................... 81
Figure 4.8. Cell death and oxidative burst in the old3-1 mutants.................cccoceeeiiiiiiinnn. 82
Figure 4.9. old3-1"° does not exhibit immune response, cell death and oxidative burst............... 83

Figure 4.10. Phylogenetic analysis of the RPP1-like alleles in three Arabidopsis accessions........ 86
Figure 4.11. Complex evolution of TNL domains in RPP1-like R genes............ccccovviiiiiiinnns. 88
Figure 4.12. Complementation of various RPP1-like R genes from the odd-ler region in

the 01d3-1"C TN........ooiii i, 90

Figure 4.13. RNAi-mediated suppression of specific R genes targeting the putative 5’ and 3' UTR

=10 [T ]0 L T SO 93

Xiv



Figure 4.14. RNAi-mediated suppression of RPP1-like R7 rescues autonecrosis....................... 94

Figure 5.1. Characterization of old3-2 odd-ler linesat 21 °C............ccoiiiiiiiiiiiiia, 106
Figure 5.2. Lack of functional OASTL-A1 does not cause autONeCroSiS...........coevveereneeninnnnnn. 107
Figure 5.3. A mutation in OASTL-AL1 activates R-mediated autonecrosis..................c.ceoeune 109
Figure 5.4. Characterisation of old3 lines in the temperature shift experiment........................ 112
Figure 5.5. Enzymatic activities of (i) OASTL and (ii) SERAT in five genotypes................... 113
Figure 5.6. Levels of (i) SO, (ii) OAS, (iii) Cys and (iv) GSH in all five genotypes............... 114
Figure 5.7. Changes in chlorophyll contents in old3 mutants................cooooiiiii i 117
Figure 5.8. Changes in the level of anions in the old3 mutants..................coooiiiiiiinnn 118

Figure 5.9. Glycolysis and incorporation of its intermediate and end metabolites in synthesis of

amino acids, secondary metabolites, sugars and lipids...............oooiiiiiiiiiii 120
Figure 5.10. Changes in pyruvate-driven amino acid concentrations in the old3 mutants........... 121
Figure 5.11. TCA cycle and pathways of synthesis of amino acids.................................... 123

Figure 5.12. Changes in the level of TCA intermediates and amino acid concentrations in the old3
MIUTAINTS . ..ottt e 124

Figure 5.13. Changes in the level of other amino acids in the old3 mutants........................... 125

Figure 5.14. Changes in the level of amino acids in shikimate pathway, Ser/Gly metabolism and

total soluble protein inthe old3 MUEANES. ........ ..o e 127
Figure 5.15. Changes in the level of sugars and starch levels of the old3 mutants..................... 129
Figure 5.16. Changes in the level of metabolites of abiotic stress defence in the old3 mutants.....131
Figure 5.17. Analysis of compounds associated with innate and basal immunity in old3 mutants.133

Figure 5.18. Disease susceptibility of old3 mutants and wild-type Arabidopsis during infection with
VIFUIENt PSEt DC3000. . ... .e ettt e e e 137

Figure 5.19. OASTL-A1 contributes in basal resistance..............ccoooiiiiiiiiiiiiiiieee 138

Xv



Figure 5.20. Transcript abundance of BSAS genes in various aerial parts of Arabidopsis during

different stages of development....... ... 141

Figure 5.21. Transcript abundance of BSAS genes in various tissues in the major organs of

Arabidopsis during different stages of development....................cooiiiiinin. 142

Figure 5.22. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis post-
infection with different pathogens. ..o 145

Figure 5.23. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis post-
treatment with the microbial peptides EF-Tu and flg22.....................ocooiini. 146

Figure 5.24. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis upon

treatment with different NOrMONES. .......oooiri e e, 148

Figure 5.25. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis upon

treatment with different NOrMONES. .......oooirir e, 149

Figure 5.26. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis under

different growth conditions. ..o, 151

Figure 5.27. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis under

different growth CONditionS. ..ot e 152

Figure 6.1. Map of the functional residues in the 3D structure of OASTL-A1 and location of the

site-directed mutations in the protein seqUeNCe..............ccoveiiiiiiiiiiiiiiiieen, 166
Figure 6.2. old3-1 mutation and its effect on cysteine auxotrophy in NK3............................ 168
Figure 6.3. Effects of 0ld3-3 and old3-4 mutation on cysteine auxotrophy in NK3.................. 169
Figure 6.4. Effects of old3-7 mutation on cysteine auxotrophy in NK3.................ccoooiinn 170
Figure 6.5. Effects of 0ld3-5 mutation on cysteine auxotrophy in NK3..................coooiinn 172
Figure 6.6. Effects of 0ld3-6 mutation on cysteine auxotrophy in NK3....................coeae, 173

Figure 6.7. The 3D structure of OASTL-A1, old3-8 and old3-9 highlighting the position of the

mutation and itS effeCt ON the STTUCTUIE. ....... .ot e e e e e e e e 175

XVi



Figure 6.9. Effects of the old3-10 mutation on cysteine auxotrophy in NK3.......................... 178

Figure 6.10. Effects of old3-11 mutation on cysteine auxotrophy in NK3............................. 179
Figure 6.11. Effects of old3-12 mutation on cysteine auxotrophy in NK3............................. 180
Figure 6.12. Effects of old3-11 mutation on cysteine auxotrophy in NK3............................. 181

Figure 6.13. Analysis of protein-protein interaction of cytosolic OASTL-A1 and old3-1 with
CytoSOliC SERAT L, L/SATS IN YEAST. ....vntiei i e e e 185

XVii



List of Tables

Table 2.1. Genetic, biochemical and molecular characterisation of BSAS/OASTL gene family
[l = o] [0 o] o] PP 23

Table 4.1. Genetic and phenotypic analysis of old3-1 mutation in different genetic backgrounds

OF ArabidOPSIS ACCESSIONS. ... .\ ettt ettt ettt et e et et et et et et e e e e e e 69
Table 4.2. Genotyping for an odd specific marker in Arabidopsis accessions.......................... 70
Table 6.1. Characteristics of site-directed mutations in OASTL-AL.............oooiiiiiiiiiiininnn, 165

XViii



Blank Page

XiX



Blank Page

XX



Chapter

General Introduction

For millions of years plants have co-existed with many organisms that gained the ability to infect
and access the energy and nutrient resources generated in plant cells. Pathogens such as
biotrophs have adapted to “slowly steal” plant-synthesized nutrients without rapid host killing
whereas necrotrophs are relatively “notorious” as they force brutal host-cellular damage and
cause nutrient loss. Unlike immune systems in mammals, plants do not have specialized cells to
detect foreign molecules. Plants are also of sessile nature and so cannot avoid pathogenic
environments. Even under such natural limitations, plants are evolved with an effective immune
system to resist pathogen attacks. Various forms of defence in plants can be seen in the form of
cell walls, thorny leaves and waxy cuticles over leaf surface that can withstand many foreign
invasions. However a number of pathogenic organisms such as fungi and bacteria are able to
deploy cell wall degrading enzymes and intrude through leaf stomatal openings to cause
infection. To counter such an invasion, plants are equipped with an inducible immune system
that is based on detection of foreign molecules by specific receptor proteins which then activate
innate immune responses. Interestingly, the functional domains of the plant immune receptors
display striking similarities to those of the mammalian immune receptors suggesting a
remarkable conservation of an ancestral immune system (Ausubel, 2005; Dardick and Ronald,
2006).

Various receptor proteins have been identified in plants, which develops a layer of immune
system, as they detect divergent activities of pathogenic/foreign molecular patterns (Dangl and
Jones, 2001; McDowell and Woffenden, 2003; Jones and Dangl, 2006; Takken et al., 2006;
Dodds and Rathjen, 2010; Glowacki et al., 2011; Heidrich et al., 2011; Schulze-Lefert and



Panstruga, 2011; Takken and Goverse, 2012). Some of the receptor proteins are conserved
among many plant species, which act as the main components of the basal immune system.
These proteins are extracellular and termed as Pattern Recognition Receptors (PRRS) which can
detect conserved microbe associated molecular patterns (MAMPS). The resistance employed by
PRRs, however, can be challenged when certain pathogens specific virulence molecules are
released inside plant cells which suppress the basal defence. Such an intrusion is dealt with by
plant Resistance (R) proteins that are usually intracellular or localised at the plasma membrane.
R proteins activate cell death upon sensing signatures that are typical of virulence activity. This
mode of immunity is termed as specific/monogenic immunity and provides strong resistance
against specific pathogen pressures in respective habitats. Regardless of these two layers of
immune system, a common stream of metabolic and biochemical reactions are being employed
during pathogen resistance. As our knowledge of the mechanisms of the plant immune system
has widened, it is further intriguing to understand how systems of plant growth and development
are connected with the functioning of innate immune system, as they do in mammals (Becker et
al., 2010). Furthermore, the role of R-mediated “autoimmunity” has raised new questions about
the evolution and mechanisms of detection of self and non-self (modified-self) in plants (Kruger
et al., 2002; Yang and Hua, 2004; Bomblies et al., 2007).

In this study, an enzyme O-acetyl serine (thiol) lyase (OASTL-AL), which is involved in cysteine
biosynthesis and sulfur assimilation, was identified to have a novel role in basal defence and
disease resistance. Cysteine biosynthesis and sulfur assimilation is already implicated in abiotic
stress tolerance. As cysteine and its derived metabolites are also required in the synthesis of
immune-associated metabolites, role of the OASTL-AL enzyme seems to be universal in biotic
as well as abiotic stress. This study has also identified a novel genetic interaction between R
protein encoding gene(s) and a mutation in the OASTL-Al gene. The nature of the genetic
interaction is such that dysfunctional oastl-al protein triggers R-mediated autoimmunity
indicating reception of modified-self by the R-protein(s). These findings provide evidence for
genetic cross-talks between components of cysteine biosynthesis and innate immunity in plants.
Finally this study shed new light on the metabolic basis of autoimmunity in plants, a view
previously unknown. In conclusion, the work present novel and new insights into the roles of an

OASTL isoform in cysteine metabolism, biotic stress and R-mediated innate immunity.
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Chapter

Role of Arabidopsis f-Substituting Alanine Synthase (BSAS)
gene family in cysteine metabolism and stress defence- A

Literature review

Cysteine (Cys) is a sulfur-containing amino acid which functions as the major sulfur-carrier in
the cellular system. Cysteine is required for synthesis of proteins and metabolites and is therefore
indispensable for growth and development in cells of both prokaryotic and eukaryotic origin. In
plants the B-Substituting Alanine Synthase (BSAS) gene family encodes enzymes which are
involved in cysteine biosynthesis and homeostasis. The functions of the BSAS isoforms have
been reported to be crucial in sulfur assimilation as well as in the mechanism of tolerance under
a variety of stress responses. Furthermore recent studies link cysteine-thiol metabolism to plant
immunity (Spoel and Loake, 2011). However a comprehensive and global overview on the role
of BSAS isoforms in sulfur and cysteine metabolism and plant stress defence is lacking. This
review therefore aims to cover the established facts and emerging concepts about sulfur
reduction and assimilation and the functions of BSAS isoforms in cysteine metabolism and

mechanisms of stress-defence in plants.



2.1  Sulfur acquisition, transport and enzymatic reduction in plants

Q) Sulfate transporters/SULTRs

Plants take up sulfur from the soil in form of the sulfate anion. This is achieved by plasma-
membrane localised SULfate TRansporter proteins (SULTRS), which symport SO,2 and H*
ions at a ratio of 1:3, against the proton gradient (Leustek and Saito, 1999; Saito, 2000). Detailed
insights into SULTRSs have been obtained from studies in Saccharomyces cerevisiae and various
plant species including the model plant Arabidopsis thaliana. Fourteen putative SULTR genes
have been identified in both Arabidopsis and rice genomes (Kaul et al., 2000; Takahashi, 2010;
Takahashi et al., 2011a). Most of the SULTRs encode proteins with 12 membrane spanning
domains and a C-terminal domain which is exposed into the cytosol (Aravind and Koonin,
2000). The C-terminal domain is evolutionary conserved (among Sulfate Transporters and
AntiSigma-factor antagonists) and named as STAS (Aravind and Koonin, 2000). Mutations in
the STAS domain has been shown to affect sulfate uptake by interfering with the correct
localization of the SULTRs (Shibagaki and Grossman, 2004; Rouached et al., 2005).
Furthermore the STAS domain is involved in SULTR homodimerization, which may be

important for sulfate transporter activity (Rouached et al., 2005).

SULTRs are spatially expressed in root hairs, root tips, epidermal and cortical root cells, in
xylem and phloem cells of shoot, seeds, leaves and nodules (Figure 2.1) (Smith et al., 1995;
Smith et al., 1997b; Takahashi et al., 2000; Vidmar et al., 2000; Shibagaki et al., 2002;
Yoshimoto et al., 2002; Howarth et al., 2003; Maruyama-Nakashita et al., 2003; Yoshimoto et
al., 2003; Buchner et al., 2004; Krusell et al., 2005; Zuber et al., 2010). Based on their affinity
for sulfate transport, SULTRs are divided into five different groups, SULTR1-SULTR5
(Hawkesford, 2003). High affinity SULTR isoforms belong to the SULTR1 group and are
typically expressed in roots tissues. Lower affinity SULTR isoforms belonging to groups
SULTR2-4 are differentially expressed in roots, phloem and xylem and seed tissues (Figure 2.1)
(Takahashi et al., 1997; Takahashi et al., 2000; Yoshimoto et al., 2003; Zuber et al., 2010).
Group 5 contains a SULTR isoform that lacks a STAS domain (Buchner et al., 2004).



(i)  Transcriptional regulation of SULTRs

Promoter cis-elements have been identified that drive sulfur-related expression of SULTR genes
(Maruyama-Nakashita et al., 2005; Maruyama-Nakashita et al., 2006). The Sulfur-Responsive
Element (SURE) of the SULTR1;1 promoter drives transcription of the Arabidopsis SULTR1;1
and other genes involved in sulfur reduction and/or assimilation (Maruyama-Nakashita et al.,
2005). However the identity of the transcription factor(s) which target the SURE elements in the
promoter of SULTR genes has remained elusive. Sulfur LIMitation1 (SLIM1) is a transcriptional
regulator of SULTRs and modulates sulfate transport and assimilation (Figure 2.1) (Maruyama-
Nakashita et al., 2006). However, SLIM1 does not target the SURE cis-elements (Maruyama-
Nakashita et al., 2006; Kawashima et al., 2011). More recently, a microRNA395-encoding gene
was found to regulate sulfate transport by degrading SULTR2;1 transcripts (Figure 2.1) (Liang et
al., 2010). Interestingly, a transcription factor PHR1, which is involved in phosphate homeostasis
has been also shown to regulate transport of sulfate in plant shoots (Rouached et al., 2011).
Identifying other transcription factors that targets SURE and modulates the expression of
SULTRs therefore seems the next step in understanding the regulation of sulfate transport in

plants.

(iii)  Signals activating SULTRs and sulfate uptake

SULTR transcription is regulated by the concentration of sulfate available in plants and in the
rhizosphere. When sulfate availability declines in the soil, mMRNA and protein abundance of
SULTRs increases, which in turn affects sulfate uptake and total sulfate levels in plants
(Takahashi et al., 1997; Lappartient et al., 1999; Shibagaki et al., 2002; Maruyama-Nakashita et
al., 2006; El Kassis et al., 2007; Rouached et al., 2008). For example, in Arabidopsis, the mRNA
abundance of a high affinity sulfate transporter SULTR1;2 increases rapidly in root tissues under
conditions when sulfur is limited, which suggests SULTR1;2 functions to efficiently scavenge
the scarce amounts of available sulfur (Shibagaki et al., 2002; El Kassis et al., 2007). The role of
SULTR1;2 as a major sulfate transporter is further highlighted by the reduced capacity of the
sultrl;2 mutant roots to uptake sulfate (Shibagaki et al., 2002; Yoshimoto et al., 2002; El Kassis
et al., 2007).



Metabolites in the sulfur assimilation pathway also affect SULTR gene expression. Accumulation
of O-acetylserine (OAS), a substrate required in reductive assimilation of sulfate into cysteine,
triggers SULTRs gene expression (Smith et al., 1997a), suggesting a positive feedback effect of
OAS on sulfate uptake. By contrast, higher concentrations of the end-products in sulfate
assimilation pathway, including cysteine and glutathione, are shown to exert negative feedback
effect on the expression of SULTR genes and consequently result in reduced sulfate uptake
(Figure 2.1) (Lappartient and Touraine, 1996; Vauclare et al., 2002). How OAS and cysteine-
thiols signal the transcriptional activation or suppression of SULTR genes in the nucleus, is
however less explored. It is possible that OAS and thiols influence activity of transcription
factors that regulate expression of the SULTRs. This is consistent with the GSH being targeted to
the nucleus and modulating signalling and redox changes which affects the expression of various
genes (Pellny et al., 2009; Vivancos et al., 2010). Regardless, the response of SULTRs and
acquisition of sulfate under sulfur-limiting or demanding conditions confirm that uptake of

sulfate in plants is a demand-driven mechanism (Lappartient and Touraine, 1996).

SULTRs gene expression and consequently sulfate uptake is affected by nitrogen availability,
heavy metals and plant hormones. The expression of SULTRs is suppressed in soils that are low
in nitrogen leading to reduced sulfate uptake (Clarkson et al., 1989; Maruyama-Nakashita et al.,
2004a). Toxic metals, including selenate and cadmium also trigger up-regulation of SULTR gene
expression in plants presumably because sulfur is required for tolerance to heavy metal stress
(Shibagaki et al., 2002; Nocito et al., 2006). Of particular note is that some SULTRs specifically
from group SULTR1 and 5 have been associated with transport of metals including molybdate
and selenate (Shibagaki et al., 2002; Tomatsu et al., 2007; Fitzpatrick et al., 2008) suggesting
specialised functions of some SULTR isoforms.

Plant hormones associated with growth and development such as auxin and cytokinin also affect
expression of SULTRs and sulfate uptake (Grossman and Takahashi, 2001; Maruyama-Nakashita
et al., 2004b; Sakakibara, 2006; Dan et al., 2007). On the other hand, plant defence hormones
such as salicylic acid (SA) and jasmonic acid (JA) were shown to affect the expression of genes
in the sulfur assimilation pathway (Xiang and Oliver, 1998; Harada et al., 2000; Freeman et al.,

2004; Freeman et al., 2005; Jost et al., 2005). However, it needs to be further explored how these



defence hormones regulate SULTRs gene expression as well as sulfate uptake. Recently abiotic
and biotic stresses were found to modulate expression of various SULTR genes (Barberon et al.,
2008; Rouached et al., 2009). Considering the mounting evidence that sulfur is a component of a
broad range of defence compounds (Rausch and Wachter, 2005; Mugford et al., 2009), SULTRs

may have an important role in providing sulfur for strengthening plant immune responses.

(iv)  Sulfate flux between sub-cellular compartments

Transport of sulfate between various sub-cellular compartments of plant cells decides the fate of
the sulfur taken up by the plants (Figure 2.1). Sulfate is present in the cytosol but is largely
stored in the vacuole which appears to serve as an internal nutritional reservoir of sulfur
(Buchner et al., 2004). The flux of sulfate between sub-cellular compartments was initially
suggested to be passive, i.e., depend on a concentration-gradient (Buchner et al., 2004).
However, the identification of a tonoplast membrane-localised group of SULTRs suggests that at
least a few SULTRs are involved in symport of sulfate from vacuole to cytosol (Kataoka et al.,
2004; Parmar et al., 2007). By contrast, no SULTR isoforms have been shown to transport
sulfate among other sub-cellular compartments. Reductive assimilation of sulfate into sulphide
takes place in the plastids (Figure 2.1). For long, the channel for sulfate import into plastids has
remained unclear. Similarly the efflux of sulfate from plastids is also not well defined and needs
further elucidation. An ABC bacterial type transporter has been found in green-algae to transport
sulfate into chloroplasts, but surprisingly it has no close homologues in plants (Chen et al.,
2003). Very recently, SULTR;3-1 has been identified to be a chloroplast-specific transporter
suggesting symport as one of the mechanism involved in sulfate transport into chloroplast (Cao
etal., 2012).



(V) Reduction of sulfate; a multi- enzymatic process towards assimilation

a. ATP Sulfurylase/ATPS: Sulfate to APS

ATP sulfurylase (ATPS) catalyses the assimilation of sulfur by coupling inorganic phosphate,
from ATP, with sulfate to generate phosphate-sulfate anhydride also known as adenosine 5'-
phosphosulfate (APS) (Figure 2.1). Since biosynthesis of APS is the starting point of sulfate
assimilation, lack of functional ATPS results in enhanced levels of sulfate in plants (Liang et al.,
2010). Two ATPS isoforms have been identified in some plants; one is located in the plastid
whereas the other is targeted to the cytosol (Kopriva et al., 2009). The plastidic isoform
contributes most to the total ATPS activity (Lunn et al., 1990; Renosto et al., 1993; Klonus et al.,
1994; Rotte and Leustek, 2000). In the model plant species including Arabidopsis, rice, and
Populus trichocarpa, four isoforms of ATPS have been identified, all of which contain
localisation signals for plastids (Leustek et al., 1994; Murillo and Leustek, 1995; Hatzfeld et al.,
2000a; Kopriva et al., 2009).

b. APS Kinase/APK: APS to PAPS

In plants, APS has two fates; either to undergo reductive assimilation towards sulphite or to be
metabolised into 3'-phosphate adenosine 5’-phospho-sulfate (PAPS) by an enzyme APS kinase
(APK) (Figure 2.1). APK synthesizes PAPS by phosphorylating APS in an ATP dependent
manner. Multiple isoforms of APK exist in different plant species and are localised to both
plastids and cytosol (Leustek et al., 2000; Rotte and Leustek, 2000; Koprivova et al., 2001;
Koprivova and Kopriva, 2008; Mugford et al., 2009). In bacteria, fungi and lower plants,
conversion of APS to PAPS is part of the reductive assimilation of sulfate as these organisms
encode a PAPS reductase enzyme (Kredich, 1971; Koprivova et al., 2002). By contrast, higher
plants lack PAPS reductase and therefore PAPS cannot be further utilised into reductive
assimilation of sulfate in plants (Kopriva, 2006). PAPS synthesis in plant sulfate metabolism is
related to its utilization in sulfation reactions, performed by sulfotransferases (Klein and
Papenbrock, 2004; Komori et al., 2009). Sulfotransferases utilize PAPS for incorporation of
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sulfate directly into the synthesis of other secondary metabolites such as flavonoids, phenolic
acids, steroids, coumarins, sulfate esters, gibberellic acids, hydroxy- jasmonates and
glucosinolates (Hernandez-Sebastiad et al., 2008). Therefore the APK-dependent PAPS
production pathway in plants contributes to sulfated secondary compounds, proteins and peptides
mostly involved in plant growth and defence (Halkier and Gershenzon, 2006; Bednarek et al.,
2009; Komori et al., 2009).

Arabidopsis and other Brassicaceae family members produce higher amounts of sulfated
compounds i.e., glucosinolates which are involved in plant defence against various pathogens
(Mugford et al., 2009). Analysis of the APK isoforms in Arabidopsis show that there is
functional redundancy between APK isoforms, but that APK activity is essential for plant
viability (Mugford et al., 2009). Moreover PAPS are suggested to be diffusible between plastids
and cytosol (Klein and Papenbrock, 2004; Kopriva et al., 2009). As both ATPS and APK are
localised to cytosol and plastids in various plant species (Koprivova and Kopriva, 2008; Kopriva
et al., 2009), it seems that the synthesis of PAPS is facilitated in major compartments for
sulfation, before APS is irreversibly converted into sulphite.

C. APS reductase/APR: APS to Sulphite

The second to last step in the reductive assimilation of sulfur is the reduction of APS to sulphite,
which occurs in plastids only and is catalysed by APS reductase (APR) (Figure 2.1). It is thought
that APR uses glutathione, a tri-peptide thiol, as a source of electrons for the reduction of APS
(Leustek and Saito, 1999) . Three isoforms for APR are encoded in the Arabidopsis genome all
of which are targeted to chloroplasts (Kopriva et al., 2001). APR is considered the major enzyme
of sulfate assimilation among Arabidopsis population (Vauclare et al., 2002; Loudet et al., 2007).
Lack of either of the APR isoforms, individually, however does not affect the plant growth but
results in the accumulation of sulfate in plants (Loudet et al., 2007). On the other hand over-
expression of APR was shown to result in the accumulation of sulphite and thiosulfate which
caused toxicity and adverse effects on the plant phenotype (Martin et al., 2005). The
transcriptional regulation and enzymatic activity of APR is affected by various environmental

signals including sulfate limitation, heavy metal toxicity and other stresses. Existence of multiple
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APR isoforms in plastids has been further implied in additional but novel functions considering

their differential tissue-specific mMRNA expression profiles (Kopriva et al., 2009).

d. Sulphite reductase/SiR: Sulphite to Sulphide

In the final step of sulfate reduction, sulfite is reduced to sulphide via sulphite reductase (SiR),
which is exclusively targeted to plastids (Figure 2.1). SiR is encoded by only a single gene copy
in Arabidopsis and is a key enzyme in sulfur assimilation (Khan et al., 2010). SiR performs the
reduction of sulphite into sulphide using siroheme and FeS centers as prosthetic group/cofactors
and ferredoxin as an electron donor. Sulphide is directly used in the synthesis of cysteine. As
cysteine biosynthesis takes place in various sub-cellular compartments, diffusion of sulphide
from plastids into other sub-cellular sites appears to facilitate cellular cysteine biosynthesis.

Figure 2.1. Sulfate transport systems, cellular compartmentation of sulfur metabolism and signals and components regulating SULTR
gene expression and sulfate transport in Arabidopsis.

A. Sulfate is absorbed from roots via red circled sulfate transporters (SULTRS) and is transported from root tissues into xylem. Sulfate
can also be stored inside the vacuoles of root tissues. Sulfate is transported in xylem to the shoot and mesophyll cells of leaf tissues as
well as to seed tissues. Within the cell, sulfate is transported into plastids, for its reductive assimilation into sulphide and then its
assimilation into cysteine via multi-enzymatic reactions. Enzymes involved in reduction of sulfate are indicated in bold italics.
Dashed lines indicate putative channelling for transport of sulfate or other metabolites. In parallel to its reductive assimilation, sulfate
is also converted to PAPS to fuel the synthesis of sulfated compounds including glucosinolates. Arrows in red represent pathways for
sulfate transport, reduction and assimilation. Arrows in black represent pathways further downstream including those involved in
cysteine (Cys), methionine (Met) and glutathione (GSH) biosynthesis. Cys, Met and GSH interact with glucosinolate metabolism and
Met is also in involved in the synthesis of ethylene via the Yang cycle. The theme of the figure is adapted from (Takahashi et al.,
2011b).

B. Different signals are reported to affect the expression of SULTRs and consequently sulfate uptake. An arrow indicates induction and a
T refers to suppression of the targeted factors including SULTRs and sulfate uptake. The role of auxin modulating SULTRs and
sulfate uptake is not completely understood and is therefore indicated by a dashed line. The role of ethylene (ET), brassinosteroids
(BR) and defence hormones including salicylic acid (SA) and jasmonic acid (JA), and methionine, glucosinolates and sulfation
metabolism in modulating SULTRs expression is not well explored and is therefore represented by an arrow with an asterisk head.

12



SULTR3.5
SULTR3.3

SULTR3.2
SULTR3.4

Shoots
»t
SO
Xylem|
Vacuole
Roots
Epidermal Endodermal
© o o o
SULTR4.1
SULIRL2 Vacuole Vacuole SULTR2.] Vacuole Vacuole
g2}
so-omfat ofagd — oopagt ol |
SULTRI.1 SULTR3.5 SO,
—_——— — —_— —— -I>

Metals Ethylene, JA, SA, BR

-N
Cys Methionine metabolism

OAS GSH Glucosinolate metabolism
Sulfation metabolism
SLIMI § s Cytokinin
\ — ——— Auxin
\

S R Abiotic and Biotic stress

miR395
T surR2:1

SULTRs and sulfate uptake

13



2.2 Cysteine biosynthesis in Arabidopsis

Q) Serine acetyltransferase (SERAT) and O-acetylserine (thiol) lyase (OASTL)
complex: Serine to OAS

Biosynthesis of cysteine is a convergent point in the assimilation of two macronutrients; nitrogen
and sulfur, as the serine amino acid is metabolised to acquire sulphide, which yields cysteine
(Figure 2.2). In plants, cysteine biosynthesis is known to take place in three sub-cellular
compartments, plastids, cytosol and mitochondria. Serine acetyltransferase (SERAT or SAT; EC
2.3.1.30) interacts with O-acetylserine (thiol) lyase (OASTL) to make a hetero-oligomeric
complex (Figure. 2.2). SERAT complex catalyses the acetylation of the hydroxyl group in serine
using acetyl-CoA to produce O-acetylserine (OAS). Free OASTL dimers then catalyses the
addition of sulphide to OAS to yield cysteine. This two-step OASTL-SERAT catalytic process is

evolutionary conserved among bacteria and plants (Hell and Wirtz, 2008).

At the cellular level, SERAT is much less abundant than OASTL (1:60) and catalyses the rate
limiting step in cysteine biosynthesis (Droux et al., 1998; Heeg et al., 2008). Plant SERAT is
also able to perform a catalytically functional interaction with the bacterial OASTL/CysK of E.
coli. (Droux et al., 1998), suggesting a remarkable conservation of the molecular interaction
between these two proteins from different species. In Arabidopsis five nuclear SERAT genes
have been identified (Kawashima et al., 2005; Watanabe et al., 2008b). These have been divided
into three groups (SERAT1-3), which contain localisation signals to various sub-cellular
compartments. The SERATL;1 (encodes an isoform targeted to cytosol), SERATZ2;1 (encodes an
isoform targeted to plastid) and SERAT2;2 (encodes an isoform targeted to mitochondrial) are
highly expressed genes in various tissues of plants compared with the group 3 genes SERAT3;1
and SERATS3;2, which encode cytosolic-targeted isoforms and are relatively lowly expressed
(Kawashima et al., 2005; Watanabe et al., 2008b). The substrate affinities of the isoforms of
Group 3 are also low compared with the isoforms of the other two groups (Kawashima et al.,
2005). Thus SERAT1;1, SERAT2;1 and SERATZ2;2 appear to be the major isoforms regulating
OAS production in Arabidopsis.
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Two homodimers of OASTL enzymes bind to a dimer of homotrimers of SERAT enzymes in the
OASTL-SERAT complex. The OASTL-SERAT interaction in the complex formation affects the
kinetic properties of SERAT resulting in positive co-operativity of SERAT to its substrates, Ser
and acetyl-CoA (Droux et al., 1998). Thus OASTL acts as an important subunit of SERAT for
the production of OAS (Leustek and Saito, 1999). Formation of the complex enables SERAT to
produce OAS but also inactivates the OASTL enzyme (Saito et al., 1995; Bogdanova and Hell,
1997; Droux et al., 1998; Wirtz et al., 2001; Wirtz and Hell, 2006). This is because the C-
terminal residues of the SERAT competes with the OAS for the a-carboxyl region, which is the
active site of the OASTL (Campanini et al., 2005; Francois et al., 2006; Kumaran and Jez, 2007,
Feldman-Salit et al., 2009; Kumaran et al., 2009). This inhibits the catalytic activity of the
OASTL towards cysteine biosynthesis.

The precursors of cysteine also regulate the formation of OASTL-SERAT complex (Droux et al.,
1998; Berkowitz et al., 2002; Wirtz and Hell, 2006). Under conditions when sulfur is limited,
OAS levels can increase in the plant cell because limited sulphide reduces OAS consumption in
cysteine biosynthesis (Figure 2.2). In this case, OAS has been shown to affect the stability of the
OASTL-SERAT interaction in the complex. Higher OAS concentration has been shown to
negatively affect the binding of the C-terminal domain of SERAT with the active site of OASTL
and results in disassociation of the two enzymes (Figure 2.2). On the other hand higher
concentration of OAS has been already known to stimulate the expression of sulfate transporter
genes which consequently leads to sulfate uptake and availability of sulphide in cells. This can
re-activate OAS sequestration into cysteine biosynthesis (Figure 2.2) (Hell and Wirtz, 2011).
Conversely, sulfide is reported to exert a positive feedback effect on the stabilization of the
OASTL-SERAT complex, which drives the OAS production (Figure 2.2). In conclusion, both
OAS and sulfide antagonistically affect the OASTL-SERAT complex formation which is a key
regulatory step in cysteine biosynthesis (Droux et al., 1998; Berkowitz et al., 2002; Wirtz and
Hell, 2006).
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Figure 2.2. Sulfur assimilation and cysteine biosynthesis in a two-step enzymatic process.

A

B.

The figure is adapted from (Francois et al., 2006) and shows the binding of the C-terminal peptide of SERAT to OASTL. C-terminal
peptide of SERAT is shown in blue. PLP is indicated by rainbow coloured stick and the 3-D OASTL structure is indicated.

SERAT produces O-acetyl serine (OAS) from serine and acetyl-CoA in OASTL-SERAT complex. Free active OASTL catalyses the
substitution of the acetyl group in OAS with sulphide to form cysteine. Under conditions when sulfur is limited (as indicated -S), higher
concentrations of OAS disassociate the OASTL-SERAT complex (as indicated by red suppressing arrown) as well as trigger the
expression of SULTRs (as indicated by black arrow) and consequently sulfate uptake. This then increases the availability of sulphide for
cysteine biosynthesis. Acquisition and reduction of sulfate (as indicated by +S) will feed the cysteine biosynthesis as well as stabilizes the
OASTL-SERAT complex for OAS production. Cysteine can have a repressing effect on SULTR gene expression under these conditions.
The lines in red show a repressing effect whereas lines in black show a positive effect on the activity of the components.
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(i)  OASTL: OAS + sulphide to cysteine

In plant cells, OASTL proteins can make a stable homodimer which catalyses the synthesis of
cysteine by substituting the acetyl group of OAS with sulphide (Saito, 2000; Hell et al., 2002).
OASTLs are encoded by members of the BSAS gene family in Arabidopsis. OASTLSs contain a
pyridoxal-phosphate (PLP) binding site in which the acetyl moiety of OAS is substituted for the
sulphide group. OASTL-like proteins are conserved among many prokaryotes and eukaryotes. In
plants OASTLs are evolutionary related from cyanobacteria (Kopriva et al., 2009). In E. coli
bacteria, two thiolase genes, CysK and CysM have been found (Kredich et al., 1969; Zhao et al.,
2006). In plants, the number of OASTL-like or BSAS genes varies (Kopriva et al., 2007). A total
nine BSAS genes have been identified in Arabidopsis from which only eight have been shown to

encode functional isoforms (Table 2.1;) (Watanabe et al., 2008a).

Transcript abundance of the BSAS/OASTL genes in Arabidopsis is tissue dependent. Transcript
accumulation of the cytosolic BSAS1;1 is high in roots and shoots, the plastidic BSAS2;1 and
mitochondrial BSAS3;1 are higher in leaves than in roots, and the transcript abundance of the
other mitochondrial BSAS2;2 is relatively high in roots, compared to the leaves (Watanabe et al.,
2008a). Other BSAS/OASTL genes are relatively lowly expressed suggesting a lesser role for

their encoded isoforms in cysteine biosynthesis.

OASTL isoforms are targeted to different sub-cellular compartments in plant cells including the
cytosol, mitochondria and plastids. A detailed genetic, biochemical and molecular
characterisation report on BSAS/OASTLs in Arabidopsis is presented in Table 2.1. The OASTL
enzymes that carry out cysteine synthesis are only considered authentic or true if they also
interact with SERAT (Droux et al., 1998; Wirtz and Hell, 2006). Only five of the eight BSAS-
encoded OASTLSs in Arabidopsis have been shown to interact with SERAT and therefore are true
OASTLs. Of these, only three make a significant contribution to the total OASTL activity in
plants (Table 2.1) (Wirtz et al., 2004; Heeg et al., 2008; Watanabe et al., 2008a). These are the
cytosolic BSAS1;1 (OASTL-AL), plastidic BSAS2;1 (OASTL-B) and mitochondrial BSAS2;2
(OASTL-C) (Table 1.1). OASTL-AL contributes ~50% of the total leaf cellular OASTL activity;
OASTL-B up to 25-40% of the leaf cellular OASTL activity and OASTL-C contributes up to 5%
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and 18% of the total OASTL activity in leaves and roots, respectively (Table 2.1). The other two
true OASTLs are cytosolic CysD1 and CysD2 isoforms and contribute very little to total OASTL
activity. Among the true OASTLs, OASTL-A1 and OASTLB contribute most to the total
OASTL protein pool (23-65%) of the cell compared with OASTL-C (11%) and the two other
cytosolic CysD1 and CysD2 isoforms (1-0.25) (Heeg et al., 2008). However, of all five isoforms,
OASTL-AL1 is the dominating protein (Wirtz et al., 2010).

(i)  Protein structure of OASTL

Protein sequence analysis of the major OASTL isoforms indicates that many residues are
conserved between OASTL-A1 and the two other major plastidic (OASTL-B) and mitochondrial
(OASTL-C) isoforms (Bonner et al., 2005; Heeg et al., 2008; Watanabe et al., 2008a). Most of
these residues are also conserved between the OASTL-like CysK from Salmonella typhimurium
and E. coli (Bonner et al., 2005; Heeg et al., 2008). OASTL proteins make homodimers of 68-75
kD, with 303-315 amino acid residues per monomer. The 2.2 A resolution crystal structure of the
OASTL-Al protein revealed a symmetric homodimer, which resembles the Cys thiolase
structure of Salmonella typhimurium (Bonner et al., 2005). In each OASTL monomer, the N-
terminal region consists of six B-sheets (B1A, B2A, B3B-p6B) and four o-helices (al- o4),
comprising from 1-150 residues (Figure 2.3). While the C-terminal region of the monomer
consist of 151-303 amino acid residues containing four p-sheets (B7A-p10A) and four a-helices
(o5- 09) (Figure 2.3). The active PLP site of the OASTL enzyme is buried in a cleft formed
between the folding of the N and C terminal regions of the protein (Figure 2.3) (Bonner et al.,
2005). The a9-helix from the C-terminal domain makes part of the dimer interface between the
two monomers. The dimer interface accounts for approximately 19% of the accessible surface
area of each monomer (Bonner et al., 2005). The active site of each of the monomer faces the

same side and the monomers are oriented in an anti-parallel manner (Bonner et al., 2005).

(iv)  Active sites of OASTL involved in enzymatic activity and protein-protein
interactions

PLP acts as a cofactor in various enzymatic reactions mediated by aminotransferases and

transaminases. In a shallow cleft between the N and C terminal domain of OASTL, PLP is linked
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to Lys* by a covalent bond forming the Schiff base between the alpha-amino group of the Lys*
and the pyridine ring of the PLP (Figure 2.3). It is important to note that the PLP interacting
residue Lys*! is conserved between all the BSAS encoding isoforms in Arabidopsis (a detailed
protein alignment of all eight functional BSAS is provided in Appendix 1) The synthesis of
cysteine from OAS and sulphide involves two steps. In the first step, OAS displaces the
interaction between Lys** and PLP by its alpha-amino group resulting in quinonoid a-
aminoacrylate, as an intermediate linked to PLP. This results in the release of the acetyl moiety
from OAS, which then diffuses away from the active site enabling sulfide to interact with the Cj
of o-aminoacrylate to produce cysteine (Rabeh and Cook, 2004; Bonner et al., 2005;
Chattopadhyay et al., 2007).

OASTL activity is abolished when Lys* is mutated to Arg* (K46A) demonstrating the
importance of Lys in PLP function (Bonner et al., 2005). Further hydrogen bonds between the
oxygen and the nitrogen of the pyridine ring with the Asn’’ and Ser®®® residues of OASTL
stabilize the PLP cofactor (Figure 2.3). The phosphate group of PLP makes hydrogen bonds with
the Gly*®, Thr'®2, Gly'®, Thr'® and His™’ residues. Amino acid substitution in these residues
has been also shown to affect OASTL enzymatic activity. For example mutations in a5 helix, at
residues H157Q and H157N, resulted in an ~2 fold reduction in the catalytic activity of OASTL
as compared to wild-type. However mutations of residues, between B7A sheet and a6 helix at
Thr® and in a6 helix at Thr'® resulted in 50 and 400—-1600-fold decrease in the OASTL activity

suggesting that these residues are crucial in PLP stabilization.

Mutations in different sites, including Thr’®, Ser’®, and the GIn'*’, affected the catalytic activity
of the OASTL indicating that these residues are involved in positive cooperativity of the enzyme
towards its substrates, OAS and sulphide (Bonner et al., 2005). Mutation in these residues also
affected the interaction with the SERAT enzyme. This indicated that these residues are selected
for both the functions associated with OASTL (Figure 2.3). During OASTL-SERAT complex
formation the C-terminal peptide of the SERAT interacts with these residues reducing the ability
of PLP to interact with its substrate OAS and hence OASTL becomes inactive in the OASTL-
SERAT complex (Francois et al., 2006). In this scenario, the active site of only one of the

OASTL subunits is occupied by the C terminus of SERAT. This allosterically affects the active
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site of the other un-occupied subunit in the dimer, rendering the bounded OASTL dimer

completely inactive for cysteine biosynthesis (Feldman-Salit et al., 2012).

The residues between B8A and B9A sheets (217-223) in OASTL, which are on the lower side in
the entrance of the active site cleft, are also conserved among bacterial and some plant OASTL
isoforms (Figure 2.3) (Bonner et al., 2005). Mutation in residues between B8A to B9A sheets
(K217A, H221A, and K222A) have been shown to negatively affect the interaction of OASTL
with SERAT showing that these residues are involved in SERAT interaction. However, these

mutations did not affect the catalytic activity of the mutant oastl-al protein (Bonner et al., 2005).

OASTL also interacts with proteins other than SERAT. For example, OASTL interacts with
ATPS in E. coli and the plant OASTL-A1 has recently been shown to interact with the STAS
domain of the SULTR protein (Wei et al., 2002; Shibagaki and Grossman, 2010). These findings
are consistent with the suggestion that OASTLs are involved in sulfate homeostasis in addition to
their primary role in cysteine biosynthesis. Moreover recently, OASTL-A1 was found to interact
with the phosphoserine binding 14-3-3 proteins and this interaction is shown to exert a positive
effect on the OASTL activity of the protein (Shin et al., 2011). Thus it is possible that OASTLs
may participate in other more diverse protein-protein interactions required for tis functions but
the subtlety in which this occurs in planta will likely require more sophisticated methods for

verification.

(V) Post-translational modification of OASTLSs

Post-translational modification of proteins is an important regulatory step that has evolved in
nature to enable diversification of protein function and control protein abundance and activity.
Proteomic profiling of purified true OASTL proteins in Arabidopsis show that OASTL-A1, B
and C proteins exhibit modifications. Various sub-species of the proteins encoded from the
individual OASTL genes were detected on 2-D gels showing variation in total molecular weight
and overall charge of the protein species (Table 2.1) (Heeg et al., 2008; Wirtz et al., 2010).
OASTL-A1 and OASTL-C showed four and three different sub-species, respectively, while

seven sub-species were identified for the OASTL-B and only one protein spot was observed for
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CysD1 and CysD2 isoforms (Heeg et al., 2008; Wirtz et al., 2010). Different protein spots for

each OASTL protein suggest post-translational modifications.

In contrast, alternative splicing and consequently variation in protein models can also contribute
to variation in the total size and thus variation in total charge of the protein (Wirtz et al., 2010).
Analysis of the protein-coding gene models suggests that although OASTL-Al and OASTL-B
encode alternative 5’ and 3’ splice variants, all contribute to one protein sequence and hence a
standard molecular weight (Appendix 2). In contrast, OASTL-C shows alternative splice variants
in its Open Reading Frame (ORF), which encode for three different protein models (Appendix
2). Thus in the case of OASTL-C, alternative splicing was suggested to be responsible for the
different protein species. On the other hand, OASTL-A1 and OASTL-B protein sub-species are
likely the result of post-translational modification as they encode a standard molecular weight of
protein (Wirtz et al., 2010).

Analysis of the OASTL-AL protein sub-species (Al-A4) suggested that the dominant sub-
species of the OASTL-A1L, the A2, experiences N-terminal acetylation. This was suggested on
the basis of ~ 42 Da of difference in the molecular weight which corresponds to N-terminal
acetylation modification (Wirtz et al., 2010). Other species also showed differences in their
molecular weight ranging from 42-179 Da, suggesting further modification in the protein other
than N-terminal acetylation. Similarly, the OASTL-B species showed significant variation in
their molecular weights and seven sub-species were identified, some of which were suggested to
undergo N-terminal acetylation modification. This is consistent with results from a chloroplast
proteomic study which revealed the presence of acetylated sub-species of OASTL-B (Zybailov et
al., 2008). N-terminal acetylation of the nuclear-encoded chloroplast proteins in cytosol is
required for proper chloroplast functioning (Pesaresi et al., 2003). As N-terminal acetylation is
mainly involved in the degradation and the over-all turn-over of the proteins (Hwang et al.,
2010), it seems that acetylation is also required for the homeostasis of abundant OASTL proteins
in different sub-cellular compartment of plant cell.
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Table 2.1. Genetic, biochemical and molecular characterisation of BSAS/OASTL gene family in Arabidopsis.

Gene/ | Evolutionary Subcellular Protein coding Enzymatic Interaction with Post-translational
Name AGI No. | relationship® Localization gene models Reaction SERAT Contribution in total cellular activities modifications
(Shoot/Root) in planta
Sub-species Nature of
OASTL CAS DES SCS modification
OAS-TL Al Bsasl;1 Cytosol 1 O-acetylserine (thiol) lyase Yes ~50-60% ~20% N.D. N.D. 4 Nitration
AT4G14880 (OAS +87 = Cys +acetyl) ~15% ~35% N.D. N.D. N-terminal Acetyl.
OAS-TL A2"  Bsasl;2 Cytosol 1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
AT3G22460
OAS-TL B Bsas2;1 Plastids 1 O-acetylserine (thiol) lyase ¥Yes ~25-40% U.D. N.D. N.D. 7 N-terminal Acetyl.
AT2G43750 (OAS +87 = Cys + acetyl) ~20% U.D. N.D. N.D.
OAS-TL C Bsas2;2 Mitochondria 3 O-acetylserine (thiol) lyase Yes ~5% U.D. N.D. N.D. 3 N-terminal Acetyl.
AT3G59760 (OAS +8 =Cys+usetyl) ~20% U.D. N.D. N.D.
CysCl Bsas3;1 Mitochondria 3 B-cyanoalanine synthase (CAS) No N.S. ~65% U.D. N.D. N.D. N.D.
AT3G61440, Cytosol* (Cys+CN= CA+ S'Z ) U.D. ~55% N.D.. N.D.
CysD1 Bsas4;2 Cytosol 1 O-acetylserine (thiol) lyase Yes <1% U.D. U.D. N.D. 1 U.D.
AT3G04940 (OAS +8 ™ = Cys + acetyl) U.D. U.D. N.D. N.D.
CysD2 Bsas4;1 Cytosol 2 O-acetylserine (thiol) lyase Yes <1% U.D. U.D. N.D. 1 U.D.
AT5G28020 (OAS4 5= Cysitanetyl) U.D. U.D. ND. N.D.
DES1 Bsas4:3 Cytosol 1 Cysteine desulfhydrase (DES) No U.D. U.D. ~20-25% N.D. N.D. N.D.
AT5G28030 (Cys =S "+ Pyruvate + NH;) UD. U.D. ND. ND.
CS26 Bsas35;1 Plastids 1 S-sulfocysteine synthase (SCS) No N.S. U.D. U.D. 100% N.D. N.D.
AT3G03630 (OAS +S,05" = S-Cys) U.D. U.D. N.D. N.D.

The information is obtained from various reports (Jost et al., 2000; Hell et al., 2002; Heeg et al., 2008; Watanabe et al., 2008a; Alvarez et al., 2010; BermUdez et al., 2010b; Wirtz et al., 2010; Alvarez et al., 2011); a BSAS1;2 encodes a
truncated or non functional protein; b BSAS1;2 protein is a hypothetical model, derived from the available protein sequence in TAIR, as the mutation in mMRNA cause a truncated protein; ¢ BSAS3;1 is an alternatively spliced protein-
coding gene model as available from TAIR and suggest that the encoded protein version may not contain the mitochondrial target peptide signal and therefore probably resides in the cytosol; d The nature of modification is identified and
predicted in the reports. e Neighbouring joining tree based on alignments of conserved sequences. The values represents consensus support% based on 10,000 bootstrap values. N.D. is not determined; U.D. is un-detectable in the
analysis performed; N.S. is non-significant for the value obtained. OAS is O-acetyl serine; Cys is Cysteine, CN is cyanide; CA is p-Cyanoalanine; S-Cys is  Sulfo-cysteine.
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Post-translational modifications affecting OASTL function has been shown for OASTL-AL only,
which involves nitration of the protein (Alvarez et al., 2011). Nitric oxide mediates nitration of
Cys and Tyr residues of the OASTL-AL protein. Further the OASTL-A1 was shown to be
catalytically inactivated by nitration with peroxynitrite, which targets the Tyr residue for
nitration. Nitrated OASTL-AL is incapable of binding to its substrate OAS and has impaired
OASTL activity. As nitric oxide production is associated with stress, OASTL-Al activity
therefore can be inhibited in response to activated reactive nitrogen species (RNS) in plant cell.
This may have implications in RNS induced stress signalling (Alvarez et al., 2011). Other
OASTLs were also found to be affected by nitration, but to a relatively less extent than OASTL-
Al(Alvarez et al., 2011).

In conclusion, these studies indicate the extent of post-translational modifications among
OASTL isoforms. It further raises questions about the nature and requirement of these post-
translational modifications for function of the OASTLs. Furthermore, although phosphorylation
of OASTLs has not been shown yet, putative sites for phosphorylation have been suggested in
OASTL-A1(Alvarez et al., 2011). Therefore, future investigation on the nature of various novel
modifications of OASTLs and their impact on cysteine biosynthesis and homeostasis are areas of

research that would greatly extend our knowledge on OASTL function.

Figure 2.3. Structure of the OASTL-A1 protein of Arabidopsis thaliana.

Ribbon diagram of the 3D crystal structure of OASTL-A1. Coloured regions indicate the interaction of SERAT with OASTL. The PLP co-factor
buried in the cleft between the N and C terminal domains is indicated by the rainbow coloured stick structure in the middle of the protein. The
function of the residues indicated in colour is highlighted in the sequence annotation. The OASTL-AL amino acid sequence is presented below
the figure. Various annotations are indicated in the sequence. Grey cylinders represent a-helices whereas grey arrows are p-sheets. The regions
coloured in the crystal structure are highlighted in the same colour in the sequence. A small surface diagram of the OASTL protein is also
presented to the left of the ribbon diagram. The residues involved in interaction (as shown by colour) and PLP stick in the cleft highlights the
topology of the active protein interaction sites of OASTL-AL. Information regarding the function of residues and the structure and natural
variation (provided in Appendix 3) in Arabidopsis OASTL-AL is obtained from (Bonner et al., 2005; Francois et al., 2006; Weigel and Mott,
2009). The 3-D crystal structure was made using Pymol Software using the crystal structure file of OASTL-A1 obtained from the Plant Databank
(http://www.rcsb.org/pdb/home/home.do).

24


http://www.rcsb.org/pdb/home/home.do

N-terminal sheets
and helices

C-terminal sheets
and helices

1 WIO 2|O 8l SIO 82 4|0 xl 50 60 7]0 83 x2 80 QIO MWQO 3
S F— P ——————
MA AKDVTEL LVYI A AAKLEMM KDRIGFSMISDAEKKGLIK I LAFTAAAKG YKI MFASM

T 4

Substrate and SERAT binding residues

110 B5120 x4 130 190 86 1505 160 170 B7180 6 190 200 88 210
v —_— ¥ —_— ¥ —_— v | s—

LLAFGVELVLTDPAKGMKGAI AKA AK YMLQQFEN AN FKIHY K KIDGF GG AGKY LKEQN ANVKLY AII
:—PLP interacting residue >—PLP interacting residues

220 230 240 89 47250 260 ¥8270 280 29 810 390 9 310 319

= | ] [———2 ki
K G “HK AGE DLIDEVVQVSSDES IDMARQLALKEGLL AAAAAATKLAQR "ENAGK LFVAIF/SFGERY FDATRKEAEAM
= SERAT interacting region PLP interacting residue—a

25




2.3 Coordination between sub-cellular compartments involved in OAS and
cysteine biosynthesis

In Arabidopsis, five isoforms of both SERAT and OASTL enzymes are potentially involved in
OAS and cysteine biosynthesis. Three isoforms of SERATs (SERATL;1, 3;1, and 3;2) and
OASTLs (OASTL-A1, CysD1 and CysD?2) are localised to the cytosol and a single isoform of
each is targeted to the plastids (SERATZ2;1, OASTL-B) and mitochondria (SERAT2;2, OASTL-
C). How these sub-cellular compartments coordinate during OAS and cysteine biosynthesis at
specific sub-cellular site is well-understood recently.

()  SERATS

SERAT carries out OAS biosynthesis using serine and acetyl-CoA as substrates. A detailed
genetic dissection for SERATS in Arabidopsis, shows that lack of each isoform in individually
knock-out serat mutants, does not significantly affect the total SERAT activity in leaves, except
in mitochondrial serat2;2 mutant, under non-stressed growth conditions (Watanabe et al.,
2008b). This showed functional redundancy between all SERAT isoforms, except for
mitochondrial SERAT2;2. However the study also showed that lack of individual mitochondrial
SERAT does not impact the total OAS, cysteine and thiol levels, in leaf, root, stem and silliques,
under non-stressed growth conditions (Watanabe et al., 2008b). This indicates efficient transport
of OAS across compartments which can contribute to cysteine and thiol biosynthesis at the
cellular level. Nevertheless, the role of mitochondrial SERAT2:2 in OAS and also cysteine
production is further highlighted in another study in which the serat2;2 mutant, showed reduced
accumulation of radioactively labelled cysteine and GSH levels in the mutant as compared to
wild-type, when supplemented with the radiolabelled Ser (Haas et al., 2008). Thus SERAT2;2
mediated OAS production plays an important role in cysteine production as well (Haas et al.,
2008).

The role of each SERAT isoform is further illuminated by analysis of the quardruple mutants, in

which except one of the isoform, other SERAT isoforms were knocked-out (Watanabe et al.,
2008b). These mutants also confirmed that mitochondrial SERAT2;2 predominantly contributes
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to the total cellular SERAT activity. Analysis of serat quardruple mutants also showed that the
enzymatic activity of each SERAT isoform and total OAS production was found to be
differentially regulated in different tissue, suggesting that each isoform may contribute to OAS
production in a tissue-dependent manner in plants. On the other hand, mitochondrion is indicated
to be the major site for the production of serine (\Voll et al., 2006), which acts as the precursor of
OAS. This further adds significance to mitochondrial-specific OAS production and mitochondria
were suggested to be relatively major organelles contributing to total cellular OAS production
(Haas et al., 2008; Watanabe et al., 2008Db).

The cytosolic SERAT1;1 was identified as another important isoform in contributing cellular
OAS biosynthesis, more so than the plastidic and two other cytosolic SERAT isoforms
(SERATS3;1 and SERATS3;2) (Watanabe et al., 2008b). The cytosolic SERAT1;1 activity is
inhibited by cysteine (Noji et al., 1998; Saito, 2000), which suggests that cytosolic SERAT1;1
may be important for OAS production under conditions when sulfur is limited and cytosolic
cysteine levels are reduced. This is consistent with the suggestion that the cytosol is the
secondary major site for OAS production after mitochondria (Watanabe et al., 2008b). A
quintuple mutant, in which all five SERAT isoforms were knocked-out showed embryo lethality
suggesting that no other pathway exists for OAS production and that these five isoforms are the
only functional SERATSs (Watanabe et al., 2008b).

(i)  OASTLs

Three independent studies have shown that loss of cytosolic OASTL-A1, which contributes
~50% of the total OASTL activity, does not substantially reduce the total cysteine and GSH
levels in the cell although a slight and significant reduction, of 15 to 28% in total cysteine
concentration was observed in various studies (Heeg et al., 2008; Watanabe et al., 2008a;
Shirzadian-Khorramabad et al., 2010). Lack of plastidic OASTL-B however did not affect total
cysteine and GSH levels. These changes coincided with the absence of a noticeable phenotype.
in, both oastl-al and oastl-b mutants (Heeg et al., 2008; Watanabe et al., 2008a; Shirzadian-
Khorramabad et al., 2010). In contrast, a strong decrease of ~34% in total cysteine levels coupled

with development of an oxidative burst and cell death in oastl-al mutants was reported (Lopez-
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Martin et al., 2008), a phenotype not noticed in earlier studies. The question remains why
independent groups found different results? It is possible that discrepancies in the observations
are linked with the particular growth conditions used for the experiment, perhaps in combination
with plant age. This would be consistent with a role of OASTL in stress.

Simultaneous lack of both OASTLs (A and B) in the oastl-ab mutant affected plant growth under
non-stressed growth conditions indicating that under these conditions both isoforms are
important for cysteine biosynthesis and are functionally redundant (Heeg et al., 2008). Studies
using radioactively labelled sulfate media supplementation have further indicated that cytosolic
OASTL-A1 is the major enzyme driving de novo cysteine biosynthesis because significantly
lower amount of radioactively labelled sulfate was incorporated into cysteine in the oastl-al
mutant only compared with the oastl-b and oastl-c mutants (Heeg et al., 2008). By contrast, GSH
biosynthesis appears equally dependent on OASTL-Al and OASTL-B, but not OASTL-C
activity (Heeg et al., 2008).

Interestingly, Heeg et al (2008) also found that loss of OASTL-C severely affected plant growth
despite it not being a major contributor to total OASTL activity. However, this OASTL-C loss of
function phenotype was not observed by others (Watanabe et al., 2008a). Nevertheless, results
from previous studies (Haas et al., 2008; Heeg et al., 2008) indicated that SERAT2;2 and
OASTL-C mediated mitochondrial OAS and cysteine biosynthesis, respectively, is equally
crucial for plant growth as well. Although the SERAT and OASTL proteins are present in all
sub-cellular compartments, the studies suggested that relative to other compartments cytosol is
preferred as a major site for cysteine biosynthesis while plastids as major suppliers of reduced
sulphide. In contrast, OAS production seems to be favoured in mitochondrion. Based on these
findings a model was proposed which predicts facilitated diffusion of sulphide, OAS and
cysteine among sub-cellular compartments that regulates cysteine biosynthesis at the cellular
level (Figure 2.4) (Haas et al., 2008; Heeg et al., 2008; Watanabe et al., 2008a; Watanabe et al.,
2008b).
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2.4 Role of true OASTLs and functionally divergent BSAS isoforms in
cysteine biosynthesis and homeostasis and stress responses

Q) Cytosolic cysteine biosynthesis and the role of a major BSAS1;1/OASTL-Al

isoform in stress response

The cytosol, as mentioned above, is the major site for cysteine biosynthesis in Arabidopsis. Five
genes are predicted to encode cytosolic-specific BSAS isoforms. Two of these, the
BSAS1;1/OASTL-Al and BSAS1;2/OASTL-A2, are closely related at the coding level suggesting
an early duplication event in the ancestral cytosolic OASTL-A isoform in plants (Table 2.1)
(Watanabe et al., 2008a). However BSAS1;2/OASTL-A2 mRNA contains a stop codon within the
ORF causing a truncated protein; thus BSAS1:2/OASTL-A2 is considered a pseudogene (Jost et
al., 2000). Other cytosolic targeted BSAS isoforms includes BSAS4;3/DES, which is involved in
the degradation of cysteine (Alvarez et al., 2010), and two other isoforms BSAS4;1/ CysD1 and
BSAS4;2/ CysD2 (Hatzfeld et al., 2000b; Yamaguchi et al., 2000; Heeg et al., 2008; Watanabe et
al.,, 2008a). Based on its contribution to total OASTL activity, BSAS1;1/OASTL-AL is
considered the major OASTL isoform in the cell (Heeg et al., 2008; Lopez-Martin et al., 2008;
Watanabe et al., 2008a). It is also the most abundant OASTL isoform in Arabidopsis (Heeg et
al., 2008; Wirtz et al., 2010). It is still unclear however, what genetic and molecular factors
contribute to the high activity of OASTL-AL. Similarly, the evolutionary significance of high

OASTL-A1 expression in Arabidopsis plant remains an open guestion.

Making use of the Arabidopsis accessions genome sequences database (Weigel and Mott, 2009)
(1001genomes.org/datacenter/), it was found that among widely dispersed natural populations,
cytosolic OASTL-Al /AT4G14880 is highly conserved at the coding level (Appendix 3).
Orthologs of OASTL-A1 in rice and maize can also be found in the Plant Proteome Database
(PPDB) (Figure 2.5). Although the cellular function of the evolutionary conserved OASTL-AL in
Arabidopsis is not fully understood, its role in resistance to abiotic stresses has been suggested
over a decade ago. Exposure of the Arabidopsis and other plant species to high salt concentration
increased OASTL activity and levels of cysteine-thiols in plants (Barroso et al., 1999; Fediuc et

al., 2005). Similarly when plants were exposed to heavy metal and other toxic factors, a rapid
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increase in transcript abundance of OASTL-A1 along with the accumulation of cysteine and
GSH was detected in plants (Noji et al., 1998; Dominguez-Solis et al., 2001; Fediuc et al., 2005).
These studies suggested that rapid induction of cysteine/thiols biosynthesis is associated with
adaptation to a variety of adverse conditions, presumably because cysteine is incorporated into

GSH and other sulfur-containing metabolites involved in resistance to abiotic stress.

The direct role of OASTL-A1 in stress defence was demonstrated by finding that yeast cells,
Arabidopsis and tobacco plants over-expressing OASTL were better able to tolerate oxidative
stress and higher concentrations of salt and cadmium (Noji et al., 2001; Youssefian et al., 2001;
Dominguez-Solis et al., 2004; Lopez-Martin et al., 2008; Shirzadian-Khorramabad et al., 2010).
By contrast, the susceptibility of the Arabidopsis oasal.l mutant (knock-out of OASTL-Al) to
cadmium toxicity was found to be correlated with lower cysteine and reduced thiols levels which
likely compromised the antioxidant response and phyto-chelation capacity for heavy metals
(Lopez-Martin et al., 2008). Since an increased flux of cysteine in thiols and other metabolites
could be required in various mechanisms of protection, the role of the OASTL-A1 isoform in the
cytosol seems to be tightly linked with adaptation to adverse environments.

(i) Role of Mitochondrial specific BSAS3;1/ Cys-Cl/ g-cyanoalanine synthase in
cyanide detoxification

The BSAS gene family in Arabidopsis is functionally diverged and a few of the OASTLs do not
interact with SERAT or show negative cooperativity towards sulphide for cysteine biosynthesis.
One of these divergent OASTLs is BSAS3;1/CYS-C1 which encodes S-cyanoalanine synthase
(CAS). BSAS3;1/CYS-C1/p-CAS does not interact with SERAT and shows poor OASTL
activity (Hatzfeld et al., 2000b; Warrilow and Hawkesford, 2000; Yamaguchi et al., 2000).
Instead S-CAS is involved in detoxification of endogenous cyanide which is produced as a by-
product during biosynthesis of the stress hormone ethylene and the defence compound camalexin
(Peiser et al., 1984; Bottcher et al., 2009). Cyanide is toxic as it inhibits the activity of various
enzymes including catalase, nitrate and nitrite reductase, nitrogenase, peroxidase, and
cytochrome c oxidase which is part of the mitochondrial respiratory chain (Siegien and Bogatek,

2006; Cooper and Brown, 2008). Detoxification of cyanide is hence required in mitochondria
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and other sub-cellular compartments for normal plant growth and development. Moreover the
detoxification of cyanide can be a major requirement particularly under abiotic/biotics stress
conditions which induce higher amounts of ethylene and camalexin in plants and consequently
increase cyanide release in the cellular system. -CAS sequesters cysteine for the conversion of
cyanide into S-cyanoalanine and this reaction generates hydrogen sulphide as a by-product. -
cyanoalanine is then funnelled downstream into nitrogen metabolism and incorporated into Asn
or Asp by nitrilase, which releases ammonia as a by-product (Piotrowski, 2008). The sulphide
meanwhile gets incorporated back into cysteine. Therefore A-CAS regulates cysteine
homeostasis and biosynthesis by sequestering cysteine and providing its precursor sulphide
(Figure 2.4).

S-CAS is the most abundant CAS enzyme in Arabidopsis and significantly contributes to total
CAS activity in Arabidopsis root and leaf tissues (Hatzfeld et al., 2000b; Yamaguchi et al., 2000;
Watanabe et al., 2008a). Two other cytosolic BSAS isoforms, Cys-D1 and Cys-D2 were also
suggested to be member of f-cyanoalanine synthase family. However, they do not possess CAS
activity and contribute a minor fraction of the total OASTL activity in the cell (Table 2.1)
(Hatzfeld et al., 2000b; Yamaguchi et al., 2000; Jost et al., 2005; Watanabe et al., 2008a). Even
though p-CAS significantly contributes to cyanide detoxification, plant lacking functional f-CAS
i.e., bsas3;1, have been previously shown to exhibit leaf and shoot development, comparable to
wild-type plants (Watanabe et al., 2008b). Interestingly, lack of -CAS in Arabidopsis was
shown to impair the growth and development of root structures which correlates with the
accumulation of cyanide in roots only but not in the shoots (Garcia et al., 2010). Lack of
functional S-CAS was shown to cause reduced total CAS activity and high respiration rates in
the roots along with transcriptional suppression of genes involved in root development and
ethylene signalling (Garcia et al., 2010). Therefore the activity of -CAS interacts directly and
indirectly with 1) cyanide detoxification, 2) root hair growth and development 3) ethylene

signalling and 4) cysteine homeostasis and biosynthesis.
Protein sequence comparison of the Arabidopsis p-CAS with rice and maize suggests that these

species have orthologs of p-CAS (Figure 2.5). However, S-CAS appears to be the only

mitochondrial OASTL isoform in species such as potato and spinach in contrast to the presence
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of a pair of BSAS isoforms (i.e., OASTL-C along with B-CAS) in Arabidopsis mitochondria
(Hatzfeld et al., 2000b; Warrilow and Hawkesford, 2000). Thus requirement of cysteine in
cyanide detoxification in these species may be compensated by facilitated diffusion of cysteine
from the cytosol into the mitochondria. Nevertheless, the authentic OASTLs still share high
similarity in the protein structure with S-CAS. It was also proposed that the true OASTLs may
perform, to some extent, both the cysteine and f-cyanoalanine synthesis in vivo (Hell and Wirtz,
2008). Evidence for such an argument also comes from the observation that, the total CAS
activity was reduced in the mutant lacking the cytosolic OASTL-A1 (Watanabe et al., 2008a).

In Arabidopsis, the S-CAS activity is predominantly localised in mitochondria. However -CAS
gene shows three different protein-coding gene models that arise from alternative splicing
(Appendix 2). Analysis of the N-terminal region of these gene models suggests that in contrast to
gene model 1, model 2 and 3 do not contain mitochondrial localization signals and indicate that
these isoforms may localise to cytosol and peroxisomes (Appendix 2). This raises the possibility
that f-CAS may also function to detoxify cyanide in the cytosol and peroxisomes as well as

mitochondria (Figure 2.4), however this needs further investigation.

(i)  Requirement of OASTL-C and OASTL B in detoxification of sulphide

Mitochondrial OASTL-C may have an important role in providing cysteine for cyanide
detoxification and for quenching build-up of toxic sulphide levels in the mitochondria (Figure
1.4). Alvarez and co-workers (2012a) have shown that the oastl-c mutant is impaired in overall
root growth and root hair development. The oastl-c mutant also accumulates a substantial
amount of cyanide and sulphide. Elevated amounts of these compounds seem to inhibit root and
shoot development, cause higher respiration rates, oxidative burst, cell death, and activate
Alternative Oxidase (AOX) expression (Alvarez et al., 2012a). AOX is part of the mitochondrial
electron transport chain (mETC), which is activated to alleviate the stress caused by ROS
production (Maxwell et al., 1999). This is because AOX allows passage of electrons for the
reduction of ROS, as an alternative pathway to the primary cytochrome oxidase (COX) mediated
electron flux in the mETC. The need of OASTL-C to rectify the growth defects of oastl-c mutant

suggest its function in sequestrating toxic sulphide levels in mitochondria via cysteine
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biosynthesis which can further aid in detoxification of cyanide. Interestingly impaired root hair
development in oastl-c mutant mimics the root phenotype of mutant plants lacking p-CAS,
which is directly involved in cyanide detoxification (Garcia et al., 2010). In another study, Birke
and co-workers (2012) have shown the lethal effects of elevated levels of sulphide and cyanide
on mitochondrial COX activity. The lower COX activity in the oastl-c mutant further suggested
that sulphide and cyanide toxicity impairs the function of the mETC in the oastl-c mutant (Birke
et al., 2012). Since the work of Birke et al. (2012) suggests that the oastl-c mutant does not
contain significantly higher amounts of cyanide, it seems that sulphide toxicity can be a major

factor causing impaired mETC function and repressed growth in the oastl-c mutant.

Furthermore, Birke and co-workers (2012) also suggested the presence of a novel cyanide
detoxification mechanism in the mitochondrion of the oastl-c mutant without the localised
cysteine production. These findings were consistent with their observation that the enzymatic
activity of Fe-S cluster proteins were comparable between the oastl-c mutant and wild-type
indicating the cysteine concentration in the oastl-c mitochondria was not limiting. These result
impress on the notion that OASTL-C-mediated cysteine biosynthesis in mitochondria is a

necessity in the process of sequestration of toxic sulphide levels.

Sulfide toxicity in the mitochondrion suggests that sulphide diffusion out of the mitochondrial
membrane into the cytosol is not efficient. Sulphide is shown to diffuse through the lipid bilayer
membrane easily in form of hydrogen sulphide gas suggesting no requirement of facilitator
channelling via transporter proteins in bacteria (Mathai et al., 2009). In mitochondrion, however,
proton pumping from the inner mitochondrial matrix via mETC is suggestive of an increase in
the pH of the mitochondrial matrix as compared to cytosol which may not facilitate H,S
production and therefore results in poor diffusion of sulphide from mitochondria into the cytosol
(Lowicka and Beltowski, 2007; Alvarez et al., 2012a).

Surprisingly, inclusion of sucrose in the plant growth medium was shown to rescue the growth

defects in both shoots and roots in the oastl-c mutant (Alvarez et al., 2012a). Moreover a

defective growth of the oastl-c mutant was observed in short-days (Heeg et al., 2008) in
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comparison to long-days (Watanabe et al., 2008a). These results points to potential connections

between photosynthesis, sucrose catabolism and resistance to sulphide toxicity.

In contrast to mitochondria, plastids contain higher concentrations of sulphide, in part due to
them having sulphite reductase, which carries out the reduction of sulphite into sulphide. Despite
the plastids hosting sulfate reduction, lack of the plastidic OASTL-B has no demonstrated effect
on the plant phenotype suggesting efficient sulphide transport across plastidic membrane into the
cytosol (Heeg et al., 2008; Watanabe et al., 2008a). Release of hydrogen ions from the inner
thylakoid into the chloroplast stroma can allow excess sulfide to escape as H,S (Mathai et al.,
2009; Birke et al., 2012) which may protect the plastids from sulfide toxicity (Figure 1.4).
Regardless, a recent finding suggests positive feedback effects of sulphide on plant
photosynthesis (Chen et al., 2011) supporting the co-evolution of the sulfate reduction and

carbon fixation during the evolution of photosynthetic organisms.

Phylogenetic analysis suggests that the plastidic OASTL-B and mitochondrial OASTL-C have
originated from an early duplication event in Brassicaceae instead of being transferred from an
early endosymbiotic event or later during the evolution of higher land plants (Table 2.1; Figure
2.5) (Watanabe et al., 2008b). However the OASTL activity of the OASTL-B isoform is
relatively very high as compared to OASTL-C. Recently, cysteine was shown to cause inhibitory
effects on the mitochondrial SERAT enzyme activity and OAS production i.e., independent of
OASTL-C (Wirtz et al., 2012). In this regard, it may be of evolutionary significance to maintain

lower OASTL activity and consequently reduced cysteine production in mitochondria.

(iv)  Cytosolic specific BSAS4;3/ L-Cys Desulfhydrase (DES) is involved in cysteine

degradation

Cytosolic Bsas4:3 or known as DES1 of Arabidopsis encodes L-Cys Desulfhydrase (DES)
activity which results in in the degradation of Cys into sulphide, pyruvate and ammonium
(Alvarez et al., 2010). DES does not interact with SERAT and is therefore not a true OASTL
(Heeg et al., 2008; Alvarez et al., 2010; Wirtz et al., 2010). This is consistent with the difference

in the amino acid sequence, between DES and a true OASTL, in the residues between B8A and
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B9A sheets, which is the acknowledged site for interaction with SERAT (Bonner et al., 2005;
Alvarez et al., 2010). Furthermore, there is a Gly to Ser substitution at residue 75 in DES, which
is part of a highly conserved motif involved in interaction with the OASTL substrates as well
SERAT enzyme.

DES contribute up to 20-25% of the total DES activity in Arabidopsis (Table 2.1; Figure 2.4)
(Alvarez et al., 2010). This is because DES is not the only enzyme involved in the degradation of
cysteine as cysteine lyases have been identified in Arabidopsis that may contribute to cysteine
degradation as they do in mammals (Cooper, 1983; Jones et al., 2003). The desl null mutant
shows premature senescence and constitutive activation of systemic acquired resistance (SAR), a
disease resistance response under non-stressed/pathogenic conditions (Alvarez et al., 2010;
Alvarez et al., 2012b). This is associated with the accumulation of Cys in plants. DES is
therefore proposed to function in Cys homeostasis at the cytosolic and probably at the cellular
level during plant development. However, why the desl mutant shows constitutive biotic stress
response has remained unclear although higher amounts of Cys in the mutant is suggested to be
toxic in plants (Park and Imlay, 2003). Interestingly no BSAS isoform closely related to DES

was identified in rice or maize (Figure 2.4).

(v) Plastidic BSAS5;1 /S-sulfocysteine synthase /CS26 plays an important role in
chloroplastic functions

The plastidic BSAS5;1 or known as CS26 lacks the loop of residues in between B8A and B9A
sheets that is required for interaction with SERAT and therefore is not an authentic OASTL
(Figure 2.4) (Bermudez et al., 2010b). CS26 synthesizes sulfocysteine (S-Cys) using thiosulfate
and OAS in chloroplasts and is the only enzyme that contributes to SSCS activity in Arabidopsis
(Bermudez et al., 2010b). A CS26-like BSAS isoform was also identified in both rice and maize
(Figure 2.5). Lack of CS26 results in higher glutathione levels in plants without significant
variation in total cysteine levels and these changes are associated with oxidative burst and

premature leaf senescence in the ¢s26 null mutant.
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Interestingly, the c¢s26 null mutant phenotype is dependent on day length. Transcriptional
analysis of ¢s26 null lines showed that the mutants express activation of abiotic and biotic stress
responses under long days (L.D.) which is consistent with the development of the growth defects
in plants (Bermudez et al., 2010b). In contrast, this spectrum of transcriptional responses was
found to be suppressed in a short-days (S.D.) condition which rescues the mutant phenotype.
However the basis of the major flux in plant transcriptome towards a stress response in the cs26
null mutants remains unknown. Nevertheless, the results suggest that CS26 contributes towards
SSCS activity in plastids and mutation in CS26 have pleiotropic effects on various metabolic and

stress responses (Bermudez et al., 2010b).

(vi)  Function of CysD1 and CysD2; relatively low abundance and poor OASTL
activity of these isoforms questions their evolutionary significance

CysD1 and CysD2 contribute ~1 and 0.5% of the total OASTL activity and abundance of the
OASTL proteins, respectively (Heeg et al., 2008; Watanabe et al., 2008a). Lack of these
isoforms individually does not affect the abundance of other OASTLs. A relatively low
expression of CysD1 and CysD2 as compared to other true OASTLs in wild-type or other oastl
mutants concomitant with relatively low OASTL activity and abundance of these isoforms
suggest that these isoforms may not play an active role in cysteine biosynthesis in plants (Heeg et
al., 2008; Watanabe et al., 2008a).

The protein accumulation patterns of these isoforms across plant organs, obtained from the AT
proteome TAIR7, suggests that CysD2 is relatively more abundant in flower buds and open
flowers compared with CysD1, which generally showed very low abundance. Phylogenetic
analysis of all the BSAS-encoded isoforms revealed that both cytosolic CysD1 and CysD2 are
closely related to cytosolic DES (Table 2.1). This is in contrast to the previous suggestion that
CysD1 and CysD2 are closely related to f-CAS in the BSAS gene family (Hatzfeld et al., 2000b;
Yamaguchi et al., 2000). Regardless, previous studies indicate that CysD1 and CysD2 do not
show B-CAS (Watanabe et al., 2008a) or significant DES activity (Alvarez et al., 2010). It is
possible that CysD1 is functionally redundant to CysD2 and therefore lack of both isoforms is
required to reveal their function. In comparison to CysD1, CysD2 exhibits multiple splicing

patterns in the protein coding gene models and may contribute different sizes of proteins possibly
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for altered functions (Appendix 2). Enzymatic analysis of these isoforms for other substrates and
the role of these isoforms, possibly under different environmental conditions, may reveal their

function in plant metabolism.
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Figure 2.4. Biochemical routes and biological routers (enzymes and proteins) involved in cysteine metabolism

and homeostasis in plant cell. The figure shows the pathways and enzymes in sulfur assimilation, cysteine biosynthesis and homeostasis
and metabolism of thiol biosynthesis and homeostasis. The solid arrows indicate reactions and paths of metabolites passages identified
previously. The shaded arrows indicate putative pathways and reactions suggested in various studies. The purple spots at membrane of the
organelles suggest putative transporters of the metabolites of sulfur reduction, assimilation and thiol pathways. The green spot is the identified
true transporter of the metabolite. The red spot suggest absence of a transporter for a specific metabolite. The reaction in yellow is suggested to be
a putative phenomenon based on the findings in this review. The grey shaded area is a hypothetical metabolite pool sharing the transport of the
metabolites and ions. Abbreviations; Glutathione (GSH), Cysteine (Cys), 3’-phosphate adenosine 5’-phospho-sulfate (PAPS), S-sulfocysteine (S-
cys), Serine (Ser), y-glutamylcysteine (y-EC), chloroquine-resistance transporter (CLTs), oligopeptide transporters (OLTs), Di-hydro camalexic
acid (DHCA), 1-aminocyclopropane-1-carboxylic acid (ACC). The information is compiled from; (Peiser et al., 1984; Bleecker and Kende, 2000;
Hatzfeld et al.,

2000b; Yamaguchi

et al.,

2000; Koprivova et al.,
Bottcher et al., 2009; Krueger et al., 2009; Mugford et al., 2009; Alvarez et al., 2010; Bermudez et al., 2010b; Garcia et al., 2010; Maughan et al.,

2002; Heeg et al., 2008; Watanabe et al., 2008a; Watanabe et al.,

2010; Wirtz et al., 2010; Hell and Wirtz, 2011; Takahashi et al., 2011b; Alvarez et al., 2012a; Birke et al., 2012; Noctor et al., 2012).
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Figure 2.5. Phylogenetic analysis of BSAS/OASTL isoforms in Maize, Rice and Arabidopsis. Figure shows
neighbouring-joining tree of the alignment of the conserved protein sequences of BSAS isoforms in three plant species. Sequence obtained from
TAIR and Plant Protein Database. AT is Arabidopsis thaliana; Os is Oryza sativa /Rice and ZM is Zea Mays /Maize. Values represent consensus

support (%) between lineages based on 10,000 bootstrap values.
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2.5 Requirement of cysteine in glutathione biosynthesis and other

metabolites involved in growth and defence metabolism

Cysteine is an indispensable molecule in the synthesis of various proteins. Biosynthesis of
cysteine in the major sub-cellular compartments ensures sufficient availability of cysteine to fuel
various functions of the cellular machinery. The reduced form of sulfur in cysteine, known as the
thiol group (Cys-SH) is an important mediator of redox reaction. This is because sulfur is highly
nucleophilic and an efficient donor of free electrons. The thiol group also enables di-sulphide
bridge formation between Cys residues which aids in modification of the protein structure as
well as protein-protein interactions. Further cysteine is also required in the synthesis of
metabolites essential for plant growth as well as stress defence. For example, the thiol group of
the Cys provides the reducing power of glutathione (GSH) which mitigates oxidative stress and

metal toxicity in the cells.

Q) Glutathione

The tripeptide glutathione or GSH (L-y-glutamyl-L-cysteinylglycine) is the most abundant
sulfur-containing peptide in plants. GSH is involved in various stress migitation reactions in
plants such as detoxification of ROS, reactive nitrogen species (RNS), xenobiotics and heavy

metals.

The first step in GSH synthesis is carried out by the enzyme y-glutamyl-cysteine ligase (GSH1 or
v-ECS). GSH1 is encoded by a single copy gene and catalyses the rate-limiting step in GSH
biosynthesis. GSHL1 is localised to plastids in many plants (Richman and Meister, 1975; May and
Leaver, 1994) but in some species including pea and spinach, is present in both cytosol and
plastids (Hell and Bergmann, 1990). GSH1 catalyses the synthesis of y-glutamylcysteine (y-EC)
from two substrates, L-glutamate and L-cysteine. GSH1 acts as a monomeric protein and has not

been found to interact with any other enzyme.

The final step in GSH biosynthesis involves the addition of glycine to y-EC. This is catalysed by
glutathione synthetase (GSH2 or GSH-S) (Rawlins et al., 1995). GSH2 is localised to both
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cytosol and plastids in Arabidopsis. It is encoded by a single copy gene, which shows multiple
transcriptional splicing patterns (Wachter et al., 2005). In absence of GSH2 localisation to
plastids, the cytosolic GSH2 is sufficient for GSH biosynthesis in plants (Pasternak et al., 2007).
This is because the precursor of GSH, y-EC, can diffuse from plastids into the cytosol via a
specific transporter and contribute to GSH biosynthesis. y-EC transporters are localised to the
plastidic membrane and are orthologs of the Plasmodium falciparum chloroquine-resistance
transporter (CLT) (Maughan et al., 2010). Further the study also suggests that GSH can also be
transported from plastids into cytosol via these transporters. GSH biosynthesis does not take
place in mitochondria and depends upon import of GSH from the cytosol. Although plasma and
plastidic membrane-specific transporters of GSH are suggested to be oligopeptide transporters
(OPT) and CLTs in plants, respectively, mitochondrial specific transporters of GSH are yet to be
revealed. The null GSH1 mutant lines show an embryo-lethal phenotype whereas GSH2 null
lines are seedling lethal. These findings assert that y-EC and GSH are required in plant

development and viability (Vernoux et al., 2000; Cairns et al., 2006; Pasternak et al., 2008).

(i) GSH functions in redox balance and resistance against ROS and RNS

The cysteine of GSH molecule provides the antioxidant capacity of GSH against ROS. ROS
include various species such as superoxide and the hydroxyl radical. Excess concentration of
ROS can damage the cellular system by oxidising proteins and enzymes as well as altering
redox-sensitive reactions (Van Breusegem and Dat, 2006). ROS oxidise GSH and therefore GSH
acts as a scavenger for these species to prevent them from oxidising important proteins and

enzyme.

The oxidation of the thiol group in GSH results in the formation of a disulphide bridge between
the two oxidised GS™ anions which yields a stable molecule, GSSG (Foyer and Noctor, 2003;
Noctor et al., 2012). GSSG is reduced back into GSH by Glutathione reductase (GR) which uses
reducing equivalents from NADPH. The redox status in the cells is often measured by the ratio
of GSH to GSSG, which is greater than 0.9 under non-stressed conditions. GR is localised to
plastids, cytosol and mitochondria to ensure the reduction of GSSG. This maintains the
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antioxidant capacity of plant cells and is therefore a crucial point in redox balance. Reduced
biosynthesis of cysteine due to lack of OASTL-A1 has been shown to affect the cytosolic redox
status and result in lower GSH:GSSG ratio which suggests that cytosolic cysteine production is

an important player in modulating oxidative stress conditions (Lopez-Martin et al., 2008).

GSH also reacts with nitric oxide which results in the formation of S-nitrosoglutathione (GSNO).
GSNO was unravelled to be a key player in signalling as it performs nitrosylation of cysteine
residues which results in post-translational modification of the proteins (Lindermayr et al., 2005;
Romero-Puertas et al., 2008; Lindermayr and Durner, 2009). Recently GSNO mediated post-
translation modification was found to be a key step in ethylene biosynthesis (Lindermayr et al.,

2006) and activation of defence signalling during disease resistance (Tada et al., 2008).

(i)  Role of GSH in immunity and disease resistance

Reduced GSH biosynthesis can lead to oxidised cytosolic environment which can negatively
affect the metabolic processes. The role of GSH in plant immunity has been highlighted by the
reduced resistance of pad2 and cad2 mutants against the avirulent pathogen strain of
Pseudomonas syringae (Ball et al., 2004; Parisy et al., 2007). Moreover mutants lacking
cytosolic GSH biosynthesis, either due to impaired y-EC transport into the cytosol or lacking GS
enzymes showed reduced expression of PATHOGENESIS RELATED-1 defence genes and
enhanced disease susceptibility in Arabidopsis plants (Maughan et al., 2010). Similarly plants
lacking cytosolic GR, which is involved in reducing GSSG to GSH, also showed reduced PR-1
transcript abundance and SA accumulation (Mhamdi et al., 2010). Redox changes in the
cytosolic environment are shown to be involved in defence signalling in response to the disease
resistance hormone salicylic acid (Tada et al., 2008). Therefore the cytosolic redox status is a key
factor in defence signalling pressing the importance of cytosolic cysteine and thiol production in
plant immunity (Foyer and Noctor, 2005). Moreover cysteine and GSH are also required in
synthesis of plant defence compounds including indol-glucosinolates and camalexin which are
actively involved in resistance against disease caused by bacterial and fungal pathogens as well
as herbivory (Schlaeppi et al., 2008; Bednarek et al., 2009; Bottcher et al., 2009; Clay et al.,
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2009; Su et al., 2011). Therefore the availability of cysteine and GSH seems a crucial factor in

modifying plant-pathogen interactions (Rausch and Wachter, 2005).

(iv)  Role of cysteine derived metabolites in resistance to metal toxicity

The role of cysteine and its derived metabolites y-EC and GSH is already highlighted in
protection against metal toxicity (Zhu et al., 1999a; Zhu et al., 1999b; Gullner et al., 2001,
Dominguez-Solis et al., 2004; Lopez-Martin et al., 2008; Shirzadian-Khorramabad et al., 2010).
Mutations in GSH1 (root meristemless 1/ rml 1 and cadmium sensitive -2/ cad-2) which causes
reduced GSH levels lead to impaired root meristem development and shoot growth and enhanced
susceptibility to cadmium toxicity (Cobbett et al., 1998; Vernoux et al., 2000). The GSH-
mediated-antioxidant shield further prevents the damage in the cellular system caused by heavy-
metal-induced ROS accumulation. GSH also acts as a scavenging molecule of heavy metals in
form of phytochelatins. Phytochelatins are oligomers of GSH and synthesized by the cytosolic
phytochelatins synthases (PCS) enzymes in Arabidopsis (Ha et al., 1999; Cazale and Clemens,
2001). Phytochelatins complex heavy metals which are transported to vacuoles for degradation
(Cobbett and Goldsbrough, 2002).

(V) Cystathionine, Methionine and Fe-S cluster

Cysteine is converted in plastids into cystathionine by cystathionine y-synthase (CgS) enzyme,
which catalyses the substitution of the phosphate group of O-phospho-homoserine by the
sulfhydryl group of cysteine (Ravanel et al., 1998). The synthesis of cystathionine from cysteine
and O-phospho-homoserine is the starting point for the biosynthesis of the other sulfur
containing amino acid, methionine. Cystathionine is converted into homocysteine by another
enzyme Cystathionine B-lyase. Homocysteine is then methylated to form methionine. The three
enzymatic reactions converting cysteine to methionine takes place in plastids (Ravanel et al.,
2004). Methionine is transported from plastids into cytosol; however homocysteine can be
converted into methionine in the cytosol as well. Methionine is further converted into S-

adenosylmethionine (SAM) which is fed into the Yang-cycle that regulates ethylene
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biosynthesis. Availability of reduced sulfur in the form of cysteine therefore plays a major role in
methionine, SAM and ethylene biosynthesis. Cysteine is also required in the synthesis of Fe-S
cluster which makes an important component of electron transport chain of chloroplast and
mitochondria (Balk and Pilon, 2011).

2.6 Conclusions and outlook

Cysteine is an important component of proteins and metabolites which control plant growth and
stress responses. Consistent with this the function of BSAS enzymes involved in cysteine
biosynthesis and homeostasis seems to strongly integrate with plant stress-defence. These
observations suggest a network of BSAS proteins in plant cells acting as biological routers
(active proteins) that modulate stress responses in varying capacities and mechanisms, distinct
environments and specific sub-cellular locations. This review also highlights an important role of
various external signals in the transcriptional activity of BSAS genes. Considering the mounting
evidence about the indirect role of BSAS in plant defence it seems plausible to argue that during
the expansion of BSAS gene family in plants, recruitment of enzymatic functions of various
BSAS must be tightly connected to acclimation in hostile habitats, including drought and saline
lands as well as exploitation of niches with pathogen pressures. It is furthermore interesting to
pinpoint the key genetic changes and predict evolutionary mechanism that today set the basis of

divergence in the functionality of various BSAS isoforms.

2.7 Aims of the research

Roles of the major OASTL isoforms in sulfur assimilation and cysteine biosynthesis have been
widely accepted and clearly demonstrated in recent studies (Haas et al., 2008; Heeg et al., 2008;
Watanabe et al., 2008a; Krueger et al., 2009). Previously, an ethylmethane sulphonate (EMS)
induced single nucleotide substitution was identified in the OASTL-Al gene in the Ler-0
accession of Arabidopsis, which was found to cause an early leaf death phenotype/autonecrosis
under non-stressed growth conditions, was referred to as onset of leaf death3(old3-1)
(Shirzadian-Khorramabad et al., 2010). OASTL-A1 encodes high OASTL activity and provides
resistance to cadmium toxicity. The old3-1 mutation caused a dysfunctional enzyme and this was
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consistent with the development of intolerance to cadmium toxicity in the old3-1 mutants.
Interestingly mutation in another BSAS isoform encoding DES has been also shown to cause
early senescence and premature leaf yellowing (Alvarez et al., 2010). However the mechanistic
basis of premature leaf senescence and cell death in bass mutant remained obscured in the
previous and recent studies (Jing et al., 2002; Alvarez et al., 2010; Shirzadian-Khorramabad et
al., 2010; Alvarez et al., 2012b). The aim of this study was to characterise the basis of the
mechanism of activation of cell death associated with a dysfunctional OASTL-A1 under non-
stressed growth conditions. The study mainly comprised of different genetic, biochemical and
metabolic approaches to identify the link between cysteine metabolism, an OASTL isoform and
pathways of cell death which could help in understanding the molecular basis of the phenomenon

in the bsas mutants.
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Chapter

Materials and Methods

3.1 Plant Lines

Wild-type Arabidopsis accessions used in the study are Col-0 and Ler-0. Col-0 is the reference
accession in Arabidopsis whose whole genome sequence is well-drafted and annotated

(www.arabidopsis.org/ TAIR). Col-0’s origin is from Colombia, North America. Ler-0 is one of

the widely studied Arabidopsis accession after Col-0, whose origin is from Landsberg, Germany,
Europe. Ler-0 is the abbreviation of Landsberg erecta, where errecta is the EMS induced
mutation in the ERRECTA gene of the Landsberg accession. Thus Ler-0 itself is not a wild-type

accession and is derived after mutation of the La-1 or Landsberg accession.

Mutant lines used in this study are, 1) old3-1, 2) old3-2, 3) old3-1", 4) old3-2 odd-ler. 1) The
old3-1 mutant, also known as the old3-1 odd-ler, is an EMS mutant in the Ler-0 genetic
background and is described in detail in Chapter 4. The o/d3-1 mutant is homozygous for the
old3-1 and odd-ler region. The old3-1 mutant has a dysfunctional oastl-al /old3-1 protein (Jing
et al., 2002; Shirzadian-Khorramabad et al., 2010). 2) The old3-2 or oas.al.l mutant line is a T-
DNA knock-out of OASTL-A1/At4g14880/0OLD3 gene in Col-0 genetic background and has been
previously characterised in various studies (Lopez-Martin et al., 2008; Watanabe et al., 2008a;
Shirzadian-Khorramabad et al., 2010). 3) The old3-1" mutant line has a mixed Col-0 /Ler-0
genetic background and is homozygous for the o/d3-1 and odd-col region/locus. This line was
prepared in another study and previously referred to as old3-1 odd-col (Shirzadian-Khorramabad

et al., 2010). 4) The old3-2 odd-ler line is homozygous for the 0ld3-2 and odd-ler region/locus
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and contains a mixed Col-0 / Ler-0 genetic background. The old3-2 odd-ler line was prepared in
this study. This was achieved by crossing Ler-0 with the old3-2 mutant (Lopez-Martin et al.,
2008; Watanabe et al., 2008a). The F1 progeny samples were genotyped for the old3-2 and odd-
ler region/locus and plants were selected. Primers used for genotyping are listed in Appendix
4.6. (sub-section-Genotyping). From the F2 population of the cross, more than four different
seedlings were identified which were homozygous for both the old3-2 and odd-ler alleles. These

lines are referred here as the old3-2 odd-ler lines.

3.2  General plant growth conditions

Seeds were sterilized according to methods described (Weigel and Glazebrook, 2002) and
vernalized at 4 °C in dark for 3-4 days. Mutant and wild-type seedlings were grown, in wet Seed
Raising Mix® from Orderings (autoclaved and dried prior to use), at 28 °C or 21 °C (as
indicated) in 60% Relative Humidity (R.H) in Long Days (L.D.) conditions (16hrs Day light of
280uE and 8hr dark). For short days (S.D.) plants were grown at 21 °C (8 hr day light of 280uE
and 16 hr dark) in 60% Relative Humidity.

3.3  Metabolic profiling and enzymatic activities

The plants lines, Col-0, old3-2, the old3-1 mutant, Ler-0 and old3-1" were prepared and sent to
the Max Plank Institute of Germany for the experiment of metabolic profiling and analysis of
enzymatic activities. The growth experiment, metabolic profiling and enzymatic activities were
performed and analysed by Mutsumi Watanabe in Germany. Plants were cultured on soil (type
'GS-90 Einheitserde', Gebriider Patzer, Germany) in a L.D. growth chamber (16 h day, 140-160
mmol m™ s, 28°C; 8 h night, 28°C) for 16 days and transferred to either 20°C or kept at 28°C
and grown for an additional 2-5 days. The plants were harvested, immediately frozen in liquid
nitrogen, and stored at -80°C until use. Three biological replicates were harvested for each
genotype at each time point. The data obtained from metabolic profiling was analysed at Massey
using various software. For the hierarchal cluster analysis, the data was analysed using MeV
software (www.tm4.org/mev/). Statistical analysis on the data was performed using Student’s-¢

test, two-tailed type-2 error.
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i) OASTL and SERAT enzymatic activity assay

Plant materials were homogenized in 5-10 volumes (fresh weight basis) of extraction buffer
containing 250 mM potassium phosphate, pH 8.0, 0.5 mM ethylenediaminetetraacetic acid and
10 mM 2-mercaptoethanol. The enzymatic activity of OASTL was determined in the reaction
mixture (50 pL) containing 50 mM potassium phosphate (pH 8.0), 5 mM Na,S and 12.5 mM
OAS. The reaction was performed at 30 °C for 10 min and terminated by the addition of 10 uL of
7.5% (w/v) TCA. The Cys produced was quantified by spectrophotometry using the acid-
ninhydrin method at 560 nm (Gaitonde, 1967).

The enzymatic activity of SERAT was determined in reaction mixtures (100 pL) containing 50
mM Tris-HCIL, pH 8.0, I mM acetyl-CoA, and 10 mM Ser. The reaction was performed at 30 °C
for 10 min and terminated by the addition of 10 pL of 7.5% (w/v) trichloroacetic acid. SERAT
activity was determined for the production of OAS, which was derivatized with O-

phthalaldehyde using HPLC (Lindroth and Mopper, 1979; Kim et al., 1997).

i) Protocol for measuring ion concentration

Plant materials were homogenized in 10 volumes (fresh weight basis) of 0.1 mM HCI. Samples
were centrifuged for 5 min at 14,000 g and 4 °C. The supernatant was transferred to Ultrafree
MC 5000 MC NMWL Filter Unit (Millipore, Schwalbach, Germany) and was centrifuged for 90
min at 5,000 g and 4 °C. After filtration, samples were diluted 10 times with de-ionized water
and analyzed by HPLC with conductivity detection facilitating a Dionex ICS-2000 system

(Dionex, Idstein, Germany). lons were eluted using a KOH gradient.

i) Protocol for measuring Cys and GSH levels

Quantitative analyses of reduced forms of Cys and GSH were performed by a combination of
monobromobimane fluorescent labeling and HPLC (Anderson, 1985; Fahey and Newton, 1987).

Plant materials were homogenized in 3 volumes of 0.1 M HCI (fresh weight basis) with mixer
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mill. A mixture of 20 pL of extract and 40 puL of 25 mM N-acetyl-Cys as the internal standard
was reacted with 5 pL of 30 mM monobromobimane in acetonitrile and 10 pL of 8.5 mM N-
ethylmorpholine for 20 min at 37 °C in the dark. The labeling reaction was terminated by the
addition of 10 pL of acetic acid and the resulting solution was then subjected to HPLC analysis.

HPLC was carried out as described previously (Saito et al., 1994).

iv) Protocol for measuring OAS and amino acid concentrations

OAS and amino acids were extracted following a modified protocol from (Kim et al., 1997). 20-
30 mg of freshly ground frozen plant tissue was extracted with 200 pL 80% (v/v), 200 uL 50%
(v/v) aqueous ethanol (buffered with 2.5 mM HEPES/KOH, pH 6.2) and 100 pL 80% (v/v)
aqueous ethanol. Ethanol/water extracts were subjected to HPLC analysis using a Hyperclone
C,g base-deactivated silica (BDS) column (Phenomenex, Aschaffenburg, Germany) connected to
an HPLC system (Dionex). OAS and amino acids were measured by pre-column online
derivatization with O-phtalaldehyde in combination with fluorescence detection (Lindroth and

Mopper, 1979; Kim et al., 1997).

V) Protocol for measuring secondary metabolites by GC-TOF-MS

Metabolites were extracted from aliquots of 50 mg tissue fresh weight in 2 ml Eppendorf tubes
as described by (Lisec et al., 2006): by thoroughly shaking for 15 min at 70 °C in a mixture of
1400 pL methanol supplemented with 60 pL 1.3 puM ribitol in water. The supernatant was
transferred to glass vial with 60 pL 1.3 uM ribitol in water. Water-soluble metabolites were
separated by adding 750 pL chloroform and 400 pL water to the extract. Subsequently, the
aqueous phase was transferred into to clean Eppendorf tubes. Samples were dried at room
temperature by vacuum centrifugation for 3 hours. Derivatisation of the metabolites was
performed by a methoxyamination reaction prior to GC-TOF-MS analysis. After baseline
correction (ChromaTOF software version 1.00, Pegasus driver 1.61, LECO, St Joseph, MI,
USA), peak heights of the mass (m/z) fragments were normalized to the internal standard

(ribitol) and fresh weight of the samples. Annotation of the mass fragments was manually
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supervised using TagFinder (Luedemann et al., 2008). These experiments were compliant with

the recommendations given for metabolomics in (Fernie et al., 2011).

vi) Protocol for measuring secondary metabolites by LC-ESI-MS

Secondary metabolite analysis by LC-MS was performed as described previously (Tohge and
Fernie, 2010). All data were processed using Xcalibur 2.1 software (Thermo Fisher Scientific,
Waltham, USA). The obtained data matrix was normalized using the internal standard
(isovitexin, CAS: 29702-25-8). Metabolite identification and annotation were performed using
comparison with the previous publications, metabolite databases, and standard compounds.
These experiments were compliant with the recommendations given for metabolomics in (Fernie

etal., 2011).

vii)  Protocol for measuring sugar concentrations

Plant materials (20-30 mg) were extracted in 1 mL of 80% (v/v) ethanol at 80 °C for 1 hour, and
centrifuged at 20,000 g for 15 min. Sugars were detected as described by (Stitt et al., 1989) with
volumes adapted to a microplate format. 50 pL of extract was incubated with 150 pL of reaction
mixture (15.5 pL buffer containing 80 mM HEPES, pH 7.0, 3 mM magnesium chloride, 480 uL
of 45 mM NADP, 480 uL of 100 mM ATP and 60 units Glc6P dehydrogenase grade II).
Hexokinase (0.9 units), phosphoglucose isomerase (0.2 units), and invertase (1 puL of the enzyme
powder re-dissolved to saturation) were successively added. Sugar levels were quantified by

spectrophotometric measurement at 340 nm.

viii)  Protocol for measuring starch levels

Starch levels were measured as described previously (Hendriks et al., 2003). Plant materials (20-
30 mg) were homogenized twice in 1 mL of 80% (v/v) ethanol at 80 °C for 1 hour. For starch
determination, the pellets of the ethanol extraction were solubilized by heating them to 95 °C in
0.2 M NaOH for 30 min. After acidification to pH 4.9 with an HCl/sodium-acetate, pH 4.9, part

of the suspension was digested overnight with amyloglucosidase and alpha-amylase. The glucose
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concentration of the supernatant was then used to assess the starch concentration of the sample

(see Determination of sugar concentration).

IX) Determination of chlorophyll contents

Plant materials were homogenized in 100 volumes (fresh weight basis) of absolute ethanol. After
centrifugation at 2500 g for 5 min, the chlorophyll in the supernatant was quantified by
spectrophotometric measurement at 652 nm (Bruinsma, 1961). For determination of chlorophyll
a and chlorophyll b contents, plant materials were homogenized in 100 volumes (fresh weight
basis) of 80% (v/v) ethanol. After centrifugation at 2500 g for 5 min, the chlorophyll in the

supernatant was quantified by spectrophotometric measurement at 645/655 nm.

X) Protocol for measuring for measuring soluble protein levels

Plant materials were homogenized in 10 volumes (fresh weight basis) of extraction buffer
containing 250 mM potassium phosphate, pH 8.0, 0.5 mM ethylenediaminetetraacetic acid, and
10 mM 2-mercaptoethanol. Soluble protein amounts were measured with the Bio-Rad Bradford

reagent (Bio-Rad Laboratories) according to the manufacturer's instructions.

34 Histochemical staining

Trypan blue and DAB staining for cell death and reactive oxygen species, respectively, were

performed as described previously (Parker et al., 1993; Thordal-Christensen et al., 1997).
3.5  DNA and RNA extractions

The DNA extraction was performed on frozen leaf tissues using method from (Dellaporta et al.,

1983). Quantitative and qualitative analysis of genomic DNA was preformed using NanoDrop
ND-1000 Spectrophotometer and by running at 1-2% TAE Agarose Gel at 100-110 V for 60-80

mins.
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Total RNA was isolated from frozen powdered leaf tissue using the Trizol Reagent (Life
Technologies-Invitrogen) according to the manufacturer's instructions. Total RNA was also
isolated using Zymo RNA extraction kit and used for real-time transcriptional analysis.
Quantitative and qualitative analysis of RNA was preformed using NanoDrop ND-1000
Spectrophotometer (at 260/280 and a 260/230 nm ratio) and by running at RNA TAE Agarose
Gel at 80 V for 40 mins. RNA gels were prepared in RNAse free apparatus.

3.6 Polymerase Chain Reactions (PCRs)- Genomic, Real-time and Site-
directed mutagenesis

Polymerase Chain Reactions (PCRs) were carried out using high fidelity Taq polymerases
(ExTaq and LaTaq enzymes) provided from TaKaRa Bio Inc., Taq Polymerase-PCR Master Mix
(Promega Co.), KAPA Hi-Fi polymerase (Kapa Biosystems), Expand Reverse Transcriptase and
Expand High Fidelity (Roche Applied Sciences). Primers were ordered from Invitrogen and
Integrated DNA Technologies (IDT) and 10uM primer concentration was used as working
solution. PCR reaction cycles were carried out at variable annealing temperature for the primers
listed in Appendix 4.6. Reactions with various enzymes systems were performed according to the
protocols provided by the companies. Amplified DNA fragments were scored by running at 0.8-
1% agarose gel along with 1 kb Hyperladder and viewed under BIORAD UV Gel-Doc. PCR
product cleaning was carried out using SureClean Plus Kit from BIOLINE and ExoSAP-IT PCR
clean-up kit from GE Healthcare.

Typical PCR reactions were set as; 95 °C/ 3 min: 30cycles (98 °C/ 10 secs ; 50-58 °C/30 sec; 68-
72 °C/ 1 min/kb): 68-72 °C/5-10 mins: 4-10 °C forever. For genetic fragments <2kb following
reaction was employed; Promega MM = 12.5 pL + Primer Sens and Anti-sense = 2 puL + DNA
(~150-300 ng was 10X diluted) = 1 pL + Doubled Distilled H,O = 9.5 pL. For genetic
fragments >3kb up to 5 Kb following reaction was employed; Takara ExTaq buffer = 2.5 pL +
dNTP = 2.0 uL + Primer pair Sense and Anti-sense = 2 uL + DNA (~150-300 ng was 10X
diluted) = 0.5 pL + Doubled Distilled H,O = 17.5 pL + ExTaq enzyme 0.125 pL. For Hot-start

PCR, reactions were placed at higher temperatures i.e., 98 °C from ice. For genetic fragments
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>6Kb following reaction was employed; Takara LaTaq buffer = 2.5 pL + dNTP = 2.0 yL +
Primer pair Sense and Anti-sense = 2 pL + DNA (~150-300 ng was 10X diluted) = 0.5 pL +
Doubled Distilled H,O = 17.5 pL + LaTaqg enzyme 0.25 pL. For Hot-start PCR, reactions were
placed at higher temperatures i.e., 98 °C from ice.

Generally, cDNA synthesis was performed using Expand Reverse Transcriptase (from Roche
Applied Sciences) according to the protocol. A ~ 1000-2000 ng of good quality RNA was used
for the cDNA synthesis.

Colony PCR was performed with gene-specific primers or in combinations with vector primers
using Promega MM Taq polymerase. The colony was pierced by a sterile tooth pick or yellow tip
and mixed in the already prepared PCR reaction, lacking any genomic DNA. Soon afterwards the

tubes were placed in the machine under hot-lid.

For Site-Directed Mutagenesis, the OASTL-A1 cDNA including 5 and 3" UTR regions was
amplified from Ler-0 cDNA using proof-read enzyme Expand Long Reverse Transcriptase
(Roche Applied Sciences) and cloned into pGEMT easy vector (Promega Co.) and was
subsequently sequenced. The primers used are listed in Appendix 4.6. (sub-section-Over-
expression of OASTL-Al in plants) For site-directed mutagenesis, Site-Directed Ligase
Independent (SLIM) protocol was used (Chiu et al., 2004) and modified accordingly (Hay et al.,
2010). The primers used to carry out SLIM are listed in Appendix 4.6. (sub-section-Site-directed
mutagenesis of OASTL-A1) and were used to induce single or two mutations, as required to

obtain targeted mutagenesis.

For quantitiative real-time PCR, RNA (1.5 pg), isolated from the tissues, was treated with
DNAse I (Roche Applied Sciences) and used as a template for cDNA synthesis. cDNA synthesis
was performed using Superscript III Reverse transcriptase (Life Technologies-Invitrogen). The
cDNA was diluted 20-fold and used as a template for quantitative Reverse Transcriptase PCR
(QRT-PCR) employing a LightCycler® 480 SYBR Green 1 Master PCR labelling kit (Roche
Applied Sciences) and RotorGene 3000 Real time PCR machine (Corbett Research, Sydney,
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Australia). qRT-PCR was performed as described (Hunter et al., 2011). The qRT-PCR data was

analysed using the standard comparative quantification equation as described (Pfaftl, 2001).

Auto-sequencing PCR was performed using BigDye™ Terminator Version 3.1 as described

online at AWC website (http://awcmee.massey.ac.nz/Data/BDTv3.1 Protocol 04337035.pdf).

3.7  Vectors and Cloning

The pGEM-T Easy Vector System (Promega Co.) and pBlue-script were used as shuttle vectors
for the cloning of PCR fragments. The pGreen 0229 and pGreen 0029 plasmids are binary
vectors and were used for transformation into plants (Hellens et al., 2000). Maps of these vectors
are provided in Appendices 4.1 and 4.2. For the over-expression of the ORF, cDNA figments
were cloned into the pART7 vector (map is provided in Appendix 4.3) containing the CaMV 35S
promoter cassette (Gleave, 1992). The pDAH2 vector was used for the RNA interference (RNA1)
and was provided by Dr Donald Hunter, NZ Institute for Plant & Food Research, Palmerston
North, NZ (map is provided in Appendix 4.4). The hair-pin construct is driven by the CaMV 35S
promoter in the pDAH2 vector. The pSoup vector was also used to aid the replication of the
binary vectors in the Agrobacterium strain. The over-expression constructs in the bacterial

system were prepared in the pET32 vector (map is provided in Appendix 4.5).

PCR fragments, amplified using Taq polymerase were used for the TA cloning into the pGEM-T
Easy Vector System (Promega Co.). For direct cloning into the binary vectors or RNAi vector,
specific restriction sites were added in 5’ of the Sense and Anti-sense primers. PCR products
obtained were gel-purified and directly subjected to enzyme restriction digestions for directional
cloning in destination vectors. Restriction digestions were performed using enzymes and
standard protocol from New England Biolabs, Roche Applied Sciences and Fermentas. Ligations
of the PCR fragments and the open vector were performed using T4 DNA ligase according to the
protocol (Roche Applied Systems).
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3.8 Preparation of competent Escherichia coli (E. coli) and Agrobacterium

cells for transformations

Ultra-Chemical competent E. coli (DH5a strian) cells were prepared using the method as
described by Inoue et al. (1990). Transformations of the ligations in the Ultra-Chemical
competent E. coli (DH5a strian) cells were performed using a Heat-shock method according to
Inoue et al. (1990). Electrocompetent E. coli (DHS5a strian) cells preparation and transformations
were carried out as described in (BIO-RAD Electroporation Mannual. Electrocompetent
Agrobacterium (GV3101) cells preparation and transformation was carried out by standard
methods as described in BIORAD Manual and others (Weigel and Glazebrook, 2006). Chemical
competent E. coli (NK3 strain) cells were prepared using the method as described (Inoue et al.,

1990).

Transformation reactions were generally plated at LB medium plates (10g peptone+5g yeast
Extract+10g Nacl + 18g Bacto-Agar/ 1000 ml water at pH 7.5: autoclaved) supplemented with
appropriate selection antibiotics required for specific vectors. For blue-white screening of the
colonies, which identifies positive for the insertion in the cloning site/ Lac Z gene of the vector,
ligation reaction were plated over LB plates containing [IPTG/X-Gal concentrations as described
in the pGEM-T Easy Vector System I Manual (Promega Co.). Plates were incubated at 37°C
overnight and positive colonies were selected using overnight blue and white screening at 4 °C.

Colonies were further cultured for plasmid DNA isolation using mini/maxi prep.

3.9  Plasmid preparations

Plasmid DNA isolations were performed from E. coli strain culture using MINIPREP and
MAXIPREP alkaline-lysis method as described (Sambrook, 2001). For transformation of the
plasmids into the Agrobacterium or yeast strains, plasmid DNA isolations from the E. coli were
performed with the Plasmid DNA isolation kit (Roche Applied Systems). Plasmid DNA isolation

from Agrobacterium strain was performed as described (Wise et al., 2006). Cleaning of the
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Plasmid DNA product from E. coli was occasionally carried out using SureClean Plus Kit from
BIOLINE. Quantitative and qualitative analysis (at 260/280 and a 260/230 nm ratio) of plasmid
DNA was preformed using NanoDrop ND-1000 Spectrophotometer. Restriction enzyme
digestions were performed using enzymes and standard protocol from New England Biolabs,

Roche and Fermentas.

For Site-directed mutagenesis, positive clones i.e., mutants were initially detected by sequencing
plasmid preps from randomly selected colonies. To detect positive clones, restriction digestion
was also performed on plasmid preps from various colonies. For this purpose, enzymatic sites
were identified arising due to the mutations induced in the OASTL-AL1 sequence. For mutations,
which generated or abolished the restriction site, associated enzymes were used to cut the clones
and changes in the restriction pattern were observed at 2% TAE Agarose gel to identify the

positive clones.

3.10 Synthesis of constructs for RNAi, over-expression and
complementation experiments

Initially, development of the RNAI and over-expression constructs was performed in silico
cloning using the SeqBuilder Software at Plant and Food Research and Geneious software at

Massey University.

The RNAI constructs were designed by amplifying 150-300 bp fragments from the genomic
DNA and were subsequently cloned in a hair-pin orientation in the RNAi-vector pPDAH2. RNAi
cassettes were subsequently cloned into the binary pGreen 0229 (Hellens et al., 2000) Primers,
used to amplify two different RPPI-specific sequences (A and B) and At3g44620 and At3g44610
sequences, are listed in Appendix 4.6 (sub-section-RNAi of candidate genes). Multiple old3-1
+RNAIi-RPP] transgenic lines were identified that rescued the necrosis phenotype using the two
different RPPI-specific sequences. B40-12 and B41-13 are the T3 lines and suggested to be
homozygous for a single cassette insertion. This is based on the segregation ratio
3(resistant): 1(susceptible) against BASTA selection in the T1 and T2 progenies. Lines from the
T3 progenies which then segregated as 1(resistant):0(susceptible) against BASTA selection were

57



suggested to be homozygous for the T-DNA i.e., also containing the bar gene providing

resistance against BASTA .

For the knock-down of groups of RPPI-like R genes, the putative 5 and 3' un-translated regions
were identified in the R genes (Alcazar et al., 2009) using Augustus (http://augustus.gobics.de).

These regions were aligned to identify which R genes show homology with each other over at
least 21nt. Based on this criterion RNAi fragments were amplified that were designed to target
two or more R genes. The RNAI constructs were transformed to the o/d3-1 mutants and analysis
of RNAI of one group targeting R4, R7 and RS is shown here. Primers for specific RNAi of R
genes are listed in Appendix 4.6 (sub-section-UTR specific RNAi of R genes). Multiple RNA1
lines targeting the putative 3’ end of R4, R7 and RS were identified in the o/d3-1 mutant that
rescued the autonecrosis phenotype, while a few were found that did not completely rescue the
mutant at low temperature. T1 and TO lines were used for analysis.

For the complemetation of R genes in old3-1"

, primers were designed flanking the 2kb region
upstream and 0.5kb downstream of each R gene at the odd-ler region. Primers designed for each
gene is listed in Appendix 4.6 (sub-section-Primers for complementation of R genes in old3-1").
Since most R genes ranged from 7-10 kb, including the extra region required for
complementation, the R gene fragments were amplified using high fidelity ExTaq and LaTaq
(TaKaRa Bio Inc) enzymes and were initially cloned into the pGEM-T-Easy vector. Genes were

sequenced from the ends (~1kb) and were then subsequently cloned into pGreen 0229 vector.

For over-expression studies, the cDNA of OASTL-ALl and various oastl-al/ old3 mutants,
generated from SLIM, were cloned into pART7 vector i.e., downstream of the CaMV 35S
promoter. The 35S;cDNA;OCS-terminator cassette was then cloned into the binay pGreen 0229
vector for the T-DNA mediated transformation in plants. The constructs were transformed in the
old3-2 odd-ler lines. For the over-expression of OASTL-A1 and oastl-al/old3 mutants in the
bacterial system, the ORF from the previously cloned cDNA was amplified using proof-read
Expand High Fidelity enzyme (Roche Applied Sciences) and cloned into pET32 vector for the
expression in E. coli. The primers used for this step excludes the UTR regions (that was
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previously included for the cDNA over-expression study) and are listed in Appendix 4.6. (sub-

section-Over-expression of OASTL-AL in NK3-strains).

3.11 Transformation of Arabidopsis plants and E. coli-NK3 strain

Arabidopsis were transformed with Agrobacterium-tfloral-dip method as described (Weigel and
Glazebrook, 2006; Zhang et al., 2006). The old3-1 mutant is rescued at high temperature and
therefore plants were grown at high temperature for rescue in all experimental studies. However
it was difficult to transform the old3-1 mutant with the Agrobacterium at high temperature. This
is because the bacteria damage the inflorescence at high temperature conditions. Conversely, at
low temperature, the old3-1 mutant exhibited autonecrosis and immune response which was not
suitable for transformation with the Agrobacterium. Therefore, the old3-1 mutants plants were
first grown in high temperature as described above, until bolting and then transferred to GMO
glass where plants were grown under 24 hr continuous light at 22 °C. Under these conditions,
most of the time, the old3-1 mutant grew better than growing in 21 °C (without continuous
light). Nevertheless the mutant plant showed symptoms of early senescence and yellowing in
leaves and therefore multiple sets of plant populations were required for successful floral-dip
transformations. A high transformation efficacy was achieved through this process. Transgenic
plants were selected by spraying BASTA @ 125mg/L concentration on 3-4 days old seedlings. In
total 3-4 sprays were conducted to select the positive transformants. Transformants were also
tested for the presence of the bar gene to confirm positive for the BASTA resistance. Primers for
testing the presence of bar gene are listed in the Appendix 4.6. (sub-section-BASTA-resistance

gene).

To test the ability of the oastl-al mutants to carry out cysteine biosynthesis in vivo, the mutants
were transformed into the E. coli-NK3 strain, which lacks the native OASTL isoform, the CysK.
OASTL-A1 and old3 mutants were cloned into the pET32 and transformed into the NK3 strains.
Transformed strains were selected on the LB medium using Ampicillin as a marker for
resistance provided by pET32. NK3 strains with OASTL-A1 and old3 mutants were then tested
for cysteine auxotrophy by streaking on M9 minimal medium supplemented with or without

cysteine. For growth analysis, plates were grown at 37 °C for 24 hr.
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3.12 Genome walking for the odd-ler region

Sequencing of the odd-ler region was performed from Ler-0 genomic DNA and previously
identified Ler-0 10G16 BAC (Paul Dijkwel’s Lab, University of Groningen, Netherlands). Initial
primers were designed on the basis of Col-0. Primers were designed using Primer3 (version
0.4.0; http://frodo.wi.mit.edu/) and Perl Primer software (http://perlprimer.sourceforge.net/)
(Marshall, 2004) and screened for homology with Col-0 genome using FASTA tool at TAIR.

Primers used for walking are listed in Appendix 4.6. (sub-section-Genome walking of odd-ler,
BAC end-sequencing). Amplified fragments were cloned in pGEM-T Easy Vector System and
454 sequencing was performed using services from Allan Wilson Centre and Massey University.
Sequence data from trace files were analyzed and aligned at SegMan Expert Sequence
Alignment software. Sequence similarity searches were performed using Clustal W
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and NCBI’s BlastN and Megablast Algorithms

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Protein sequence analysis was performed at Predict

protein Online Software (http://www.predictprotein.org/).

3.13  Analysis of the innate immune response and R gene expression

For temperature shift experiments plants were grown on soil (Seed Raising Mix-Oderings, NZ,
autoclaved and dried prior to use) in a growth chamber under L.D. conditions (16 h day, 180uE,
8 h night) with 60% relative humidity at 28 °C for 16 days. Biological replicates were harvested
at 0, 8 and 16 h after transfer to 21°C. Relative transcript abundance was determined relative to
Actin2. Fold change values were calculated relative to 0 h. Primers used in transcriptional
analysis of innate immune response-associated genes and housekeeping genes are presented in
Appendix 4.6. (sub-section-Transcriptional analysis through Real-time PCR) and designed using
Quant-prime (Arvidsson et al., 2008). Data are presented as the mean value with the standard

deviation. Values were analysed using two-tailed type-2 error Student’s-7 test.

Primers for detection of the R genes were designed manually in the putative coding regions. For
this purpose regions conserved in the TIR-NBS-LRR domains of the R genes, showing gene-

specific SNPs in the amplified region were selected and the primers flanking these regions are
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listed in Appendix 4.6. (sub-section-Transcriptional analysis through Real-time PCR). Primer
analysis for these primers was performed in Perl-Primer (Marshall, 2004). Primer products for
each of the R gene i.e., amplified from cDNA were sequenced to confirm the identity of the R

genes.

3.14  In silico RPPI and OASTL-AI gene analysis

Analysis of the rearrangements of genetic sequence blocks in the RPPI-like R gene family in
Col-0 (TAIR) and between RPPI-like R genes from the odd-ler region in Ler-0 as described by
(Alcazar et al., 2009) was done using progressiveMAUVE software with the auto-detect settings
(Darling et al., 2010). Using low-seed weight for collinear blocks, the sensitivity of the program
was increased to detect genetic rearrangements in small regions. Homologous Genetic Sequence
Blocks (GSBs) are presented in similar colours. The information regarding the domains of the R
proteins i.e, TIR-NBS-LRR (TNL) was obtained by alignment of the sequences with the
annotated RPPI genes in Col-0 (TAIR) and independent protein prediction tools online. Graphics
for the alignments and Mauve output files were made with Geneious software (Drummond et al.,

2011).

Coding sequences for OASTL-A1/AT4G14880 in Arabidopsis accessions were extracted from
the  Arabidopsis  accession  data-centre = of  the 1001 Genomes  Project
(1001genomes.org/datacenter/) (Weigel and Mott, 2009) and aligned using ClustalW in

Geneious.

3.15 Pathogen infections

Pathogen infections were carried out with Pseudomonas syringae pv. tomato DC3000 strain as
described previously (Katagiri et al., 2002). Bacteria were grown on LB plates, supplemented
with rifampicin, for 24 hr at 30 °C and subsequently collected in sterile 10 mM MgCI2. The
bacterial culture was adjusted to OD600 = 0.01 (5x106 bacteria ml™) for infections and sterile
10 mM MgCl;, was used as the mock solution. Bacterial infection was performed via needle-less
syringe in the abaxial side of the leaves of wild-type and mutant plants. Plants were grown for 4
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weeks in 12 h light; 12 h dark conditions. Four-five leaves/plant and a set of 20-25 plants were

infected with bacterial culture for each line. The experiment was repeated twice.

The quantification for bacterial infections was performed at 0, 2 and 4 days post-infection as
described (Tornero and Dangl, 2001). Approximately 100-150 mg of tissue, pooled from each
biological replicates, was crushed in 500 pl of sterile 10 mM MgCI2. A volume of 20 ul from
each solution was diluted in 180 pl of sterile 10 mM MgCI2 and serial dilutions were made. This
was performed for three biological replicates for each line at each time point. 3 pl from each
dilution was plated on LB supplemented with rifampicin and incubated at 30 °C for 48 hrs.

Bacterial counts were measured as Colony Forming Units/ CFU mg™ F.W.

Pathogen infections carried out using Pseudomonas syringae (Pst) hrpA- strain (Roine et al.,
1997; Wei et al., 2000) were performed at various concentrations as indicated and 10mM MgCl,
(as mock inoculation) via syringe infiltration and spray. For this experiment, lines were sent to
the Max Plank Institute of Germany, due to the unavailability of permit to modify Pst at Massey
University facility. Yariv Brotman from Max Plank Institute, Germany helped by doing the Pst
hrpA-experiments. Plants were grown for 6-7 weeks at short days (8 h light; 16 h dark) as
indicated in the figures and the assay for disease index was performed at the 3rd day after
syringae infection. Disease levels were rated from 1 (no visible symptoms) to 5 (complete water-

soaking chlorosis of the infiltrated regions).

3.16 Protein-Protein interaction

The Yeast-2-hybrid system from Clontech Laboratories, Inc. was employed to test the protein-
protein interaction between the old3-1 and the cytosolic SERATL1;1/SAT5 protein. cDNAs for
OASTL-A1, old3-1 and SERAT1;1 were amplified from Arabidopsis cDNA using gene-specific
primers listed in Appendix 4.6. (sub-section-Expression of plant genes in yeast). PCR products
were amplified, cut with EcoR1 and BamH1 and cloned into frame using the EcoR1 and BamH1
sites in the appropriate bait and prey yeast-2-hybrid vectors and sequenced. The OASTL-A1 and
old3-1 cDNAs were cloned into the bait vector pGBKT7 (by Dr. Xiao Song in Paul Dijkwel’s
lab IMBS, Massey University) and the SERAT1;1 cDNA was cloned into the prey vector
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pPGADTY7. Expression of the OASTL-AL and old3-1 proteins in yeast was previously confirmed
by western blot analysis using the His-tag and found to be similar to wild-type (by Dr. Xiao Song
in Paul Dijkwel’s lab IMBS, Massey University). AH109 yeast strains carrying the OASTL-A1
or old3-1 bait plasmids were transformed with the SERAT prey plasmid. Empty prey pGADT7
was also transformed in the OASTL-A1 or old3-1 bait carrying AH109 strains and used as a
control. After transformation, colonies were re-streaked on the Specific Drop-out (SD) media, -
Trp —Leu, to confirm the presence of both vectors. To test the protein-protein interactions, clones
were streaked on -Trp,-Leu,-His and -Leu,-Trp,X a-gal. Plates were grown for two days at 30 °C
and then subsequently for 11 days at room temperature and then photographed. Yeast
transformations and media preparations were performed as described in the Clontech User

manual.

3.17 Microarray data analysis from the Genevestigator

The microarray data was obtained from the public database collected in the Genevestiagtor tool
online (Hruz et al.,, 2008). Each BSAS gene was specifically selected for analysis of its
expression under various treatments and growth conditions. The data for each gene was further
filtered by manually choosing the criteria of selection. In this criterion, only those treatments
were selected that resulted in > 2-fold change in the expression of the gene. To set the statistical
significance of the data, the criterion for the P values was set to 0.05. Results were obtained in
the form of the heat map with the quantitative changes in table format. The quantitative results

were then subjected to display in the graphical format.
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Chapter

Genetic incompatibility involving R-dependent innate
Immune responses and a dysfunctional O-acetylserine (thiol)
lyase (OASTL-AL)

Introduction

Cytosolic OASTL-AL is the most abundant protein among the major OASTL isoforms in
Arabidopsis and is highly conserved at the coding level (Wirtz et al., 2010) (Appendix 3).
Furthermore it physically interacts with the sulfur-transporter protein in vitro and in vivo
suggesting an intricate involvement of OASTL-AL in affecting sulfur homeostasis in plants
(Shibagaki and Grossman, 2010). These findings are consistent with the suggestion that OASTL-
Al is evolutionary selected for maintaining sulfur-homeostasis in plants. Although the cellular
function of OASTL-A1 in Arabidopsis is not fully understood, its role in resistance to abiotic
stresses has been suggested over a decade ago (Barroso et al., 1999; Dominguez-Solis et al.,
2001; Noji et al., 2001; Dominguez-Solis et al., 2004; Lopez-Martin et al., 2008; Shirzadian-
Khorramabad et al., 2010).

The old3-1 mutation identified previously results in the glycine, at position 162 of OASTL-AL,
to be substituted with glutamic acid which disrupted the OASTL activity of the enzyme in vitro
(Shirzadian-Khorramabad et al., 2010) (Figure 4.1). A seedling lethal phenotype was observed in
plants homozygous (Hom) for the old3-1 mutation (old3-10ld3-1), whereas heterozygous (Het)
mutant plants (old3-10LD3) produced viable seeds but showed premature leaf yellowing and

senescence (Figure 4.1). The phenotype arising due to the old3-1 mutation is however dependent
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upon environment and the genotype of the plant. The old3-1 phenotype was shown to be rescued
when grown at the permissive temperature of 28 °C but developed autonecrosis and dwarfism
when grown at 21 °C (non-permissive temperature (Shirzadian-Khorramabad et al., 2010).
Similarly the old3-1 allele was identified to cause early onset of autonecrosis in its parent
accession Ler-0 but not in the reference accession Col-0. Backcross of the Het mutant (old3-
10LD3) to its wild-type (Wt) Ler-0 parent yielded a 1(Wt):1(Het) ratio in the F1 progeny while
F2 progeny segregated as 1(Wt):2(Het):1(Hom) (Table 4.1). This showed that old3-1 is a semi-
dominant mutation. In contrast when the old3-1 Het mutant was crossed to Col-0, the F1 progeny
segregated as 1(Wt):0(Het), while F2 segregated as 11(Wt): 4(Het): 1(Hom) (Table 4.1). These
findings suggested that the old3-1 phenotype is affected by the genetic background, as Col-0 and
Ler-0 differed in their control of the phenotype.

Initial mapping of the old3-1mutation revealed that the phenotype of the mutant is linked to two
markers: an SSLP marker at chromosome 11l and a CAPS marker at chromosome IV (Jing et al.,
2002; Shirzadian-Khorramabad et al., 2010). The old3-1 mutation was mapped to the CAPS
marker at chromosome IV. Thus, in addition to old3-1, another natural locus in the parent
background on chromosome Ill was identified to be required for the mutant phenotype. The
natural variant allele in the Arabidopsis populations that was involved in autonecrosis in
combination with the old3-1 allele was designated as odd-ler (old3determinant identified in
parent ler /Ler-0). Further, the results from the genetic analysis showed that the odd-col allele, in
the Col-0 genetic background, does not result in autonecrosis when combined with the old3-1
allele (Shirzadian-Khorramabad et al., 2010).

The odd-ler region was mapped using ~5,000 F2 seedlings with an autonecrosis phenotype in a
cross between the old3-1 mutant and Col-0 (Jing et al., 2002). The odd-ler allele was fine-
mapped using SNP-based markers (Jing et al.,, 2002), to a ~52 kb genomic region on
chromosome 3, flanking the At3g44600 and At3g44630 genes in the Col-0 genome. In Col-0,
this region is referred to as odd-col and contains 5 annotated open reading frames (Appendix 5).
The map of the region and the identity of the odd-ler allele however remained unknown
(Shirzadian-Khorramabad et al., 2010).
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The nature of genetic interaction between the old3-1 and the odd-ler allele was found to be
dosage dependent i.e., strictly dependent upon the number and ratio of interacting alleles and is
described in Table 4.1. A lethal phenotype was observed in plants when the alleles at both loci
were homozygous i.e., old3-10ld3-1 and odd-lerodd-ler. However, when either of the locus was
heterozygous in comparison to the other locus i.e., 0ld3-10ld3-1 odd-lerodd-col OR 0ld3-10LD3

odd-lerodd-ler, the plants showed an intermediate phenotype i.e., they survived but showed late-

onset of necrosis (Table 4.1). No obvious phenotype was observed if both loci were
heterozygous i.e., 0ld3-10LD3 odd-lerodd-col. It is to be noted that the autonecrosis was linked

to only two loci.

Moreover, autonecrosis was also observed among the the F1 hybrids obtained by crossing the
old3-1 mutant with other Arabidopsis accessions (Shirzadian-Khorramabad et al., 2010). While
the old3-1 mutation did not result in onset of autonecrosis in the genetic background of various
other Arabidopsis accessions, a few of the tested crosses showed the mutant phenotype (Table
4.2). This implicated that a few other Arabidopsis accessions may also contain odd-ler like
alleles that resulted in negative epistatic interaction with old3-1. This was supported by showing
that old3-1 resulted in autonecrosis in Arabidopsis accessions that are positive for an odd-ler-
specific marker but not in accessions that are positive for an odd-col-specific marker (Table
4.2).

Based on the quantitative nature of the old3-1 odd-ler genetic interaction observed for the gene-
dosage effect, a two-locus model of genetic incompatibility and effect on plant growth is
therefore proposed (Figure 4.2). The interaction resembles the genetic incompatibility model that
proposed by Dobzhansky and Muller (DM) (Coyne and Orr, 2004). The DM model first
proposed that the genetic antagonism arises due to negative epistatic interactions between at-least
2 genes, one from each of the 2 parents (Coyne and Orr, 2004). The mechanisms underlying the
DM type incompatibility are diverse and links to the functions of the genes involved in this
interaction. In this study, the genetic map of the odd-ler region was determined and the candidate
odd-ler genes were identified and characterised. Further, the causal mechanism of autonecrosis
was explored by doing transcriptional analysis of the genes associated with the function of the

odd-ler locus which activates hypersensitive response (HR) and cell death in the old3-1 mutants.
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Figure 4.1. old3-1 mutation and mutant phenotype. A. The location of Gly162 (gold) which is changed to Glu162, in a5 helix of
old3-1 protein is shown. PLP is the co-factor that binds to the active catalytic site of OASTL. Lys46, the residue which forms a covalent bond
(the Schiff base) with cofactor PLP and His157 which is involved in interacting with PLP are shown by stick drawings (highlighted black on
orange). B. Representative wild type (Ler-0), old3-1 (Hom) and old3-1 (Het) plants, grown for 21-days in standard conditions at 21 °C. Figure
adapted from (Shirzadian-Khorramabad et al., 2010).
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Table 4.1. Genetic and phenotypic analysis of old3-1 mutation in different genetic backgrounds of Arabidopsis

accessions. A. Phenotypes and segregation of F1 and F2 progeny of crosses between heterozygous old3-1 plants and various wild-type
Arabidopsis accessions. B. Genotypes and corresponding phenotypes of OASTL-A1/OLD3 and old3-1 in combination with different odd alleles.
Table adapted from (Shirzadian-Khorramabad et al., 2010).

A F, phenotype F , phenotype and segregation

Wild old3-1 Wild old3-1 old3-1 5
L Segregation

Male  Female type Het type Het Hom
old3-1 Ler-0 13 12 115 241 123 0.197 1:2:1
Het Di-2 29 24 183 382 166 0.74 15231
old3-1  Col-0 49 0 237 88 19 0337 1141
Het Ws-0 53 0 341 119 32 0.18 11:4:1
B Genotype Phenotype
OLD3OLD3odd-colodd-col Wild type
OLD3old3-10dd-colodd-col Wild type
old3-10ld3-1odd-colodd-col Wild type
OLD30OLD3odd-lerodd-col Wild type
OLD3old3-1odd-lerodd-col Wild type
old3-1old3-1odd-lerodd-col Het-old3-1
OLD3OLD3odd-lerodd-ler Wild type
OLD3old3-1o0dd-lerodd-ler Het-0ld3-1
old3-1 old3-1odd-lerodd-ler Hom-old3-1
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Table 4.2. Genotyping for an odd specific marker in Arabidopsis accessions. Data obtained from the thesis (Jing, 2005).

Arabidopsis Origin F1 phenotype Amplified fragment
) of cross to specific to odd-region

accessions old3-1 Het (Marker flanks the region
between AT3G44610 and
AT3G44620)

Bu-18 Germany ~10 kb

Di-2 France old3-1

Ler-0 Germany Het

Wa-1 Poland

Rsch-0 Russia

Ak-1 Germany 2.5kb

Bd-0 Germany

Bla-2 Spain Wild

Bs-2 Switzerland type

Col-0 USA

Litva Lithuania

Mt-0 Libya

Nok-0 Netherlands

Rubezh Belarus

Tsu-1 Japan

Wil-2 Russia

Ws-0 Russia
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OASTL-A1.OASTL-Al Plant growth

old3-1.0ASTL-Al

old3-1.0ld3-1 ‘

odd-ler odd-ler odd-ler.odd-col odd-col.odd-col

Ler0 Ler0/Col-0 Col0

Figure 4.2. A two-locus model of negative epistasis between the old3-1 and the odd-ler allele. The height of the bars
represents plant growth, whereas the colour is represented as green is similar to wild-type, yellow is old3-1 (Het) and red is old3-1 (Hom). The
OASTL-AL alleles are on y-axis whereas the odd alleles are on x-axis.
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Results

4.1  Autonecrosis in the old3-1 mutant is modulated by temperature and
day-length

Previously, the old3-1 mutation was found to cause temperature-dependent autonecrosis and
dwarfism. The old3-1 autonecrosis phenotype was found to be abolished at 28 °C as compared to
21 °C (Shirzadian-Khorramabad et al., 2010). To identify how the variation in temperature
affects the old3-1 phenotype, the old3-1 mutant and wild type Ler-0 plants were first grown at 28
°C for 16 days and was shifted to 21 °C. Results showed that the old3-1 mutant developed
chlorosis within 4-5 days of temperature shift (Figure 4.3). These changes coincided with the

reduction in further growth of the mutant (Figure 4.3).

The effect of lower temperature on the growth of the mutant was examined. When grown at 14
°C, the old3-1 mutant displayed a more severe phenotype, then seen at 21 °C, as the cotyledons
didn’t develop and the seedling turned necrotic (Figure 4.3). Thus the effect of the negative
interaction between the old3-1 and the odd-ler allele results in a more severe phenotype at

relatively lower temperatures.

Next it was identified that autonecrosis and dwarfism was highly reduced when the old3-1
mutant was grown at low temperature under short-day conditions (8 h light; 16 h night) (Figure
4.4). Thus day-length also modulates the onset of leaf death phenotype in the old3-1 mutant. As
both light and day-length regulated the autonecrosis, further characterisation of the mechanism
associated with the autonecrosis was performed in different temperatures at long-days (16 h
light; 8 h night) only.
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28 °C

21°C

Figure 4.3. Characterisation of the old3-1 mutant phenotype at different temperatures. (A) shows the old3-1 mutant
and wild-type Ler-0 plants.. Plants were grown for 16 days at 28°C and then shifted to 21°C, where further allowed to grow for 5 days to observe
onset of leaf senescence. (B) shows phenotype of the old3-1 mutant (1) as indicated by an arrow and wild type Ler-0 (2) at 14 °C. Bar indicates

scale of 0.5 cm. The red arrow indicates the onset of reproductive phase in the old3-1 mutant earlier than wild-types.
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Ler-0 old3-1 mutant

Figure 4.4. Autonecrosis in the old3-1 mutant is modulated by day length. Phenotypes of 30 day-old Ler-0 and the old3-1
mutant plants grown in L.D. (16 h light/ 8 h dark) and S.D. (8 h light / 16 h dark) conditions at 21 °C. Scale bar is 2 cm.
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4.2 RPP1 gene(s) show negative epistasis to the old3-1 mutation

The odd-ler genomic region required for the autonecrosis was mapped to a ~52 kb region on
Chromosome 3 in the reference genome sequence of Col-0 (Shirzadian-Khorramabad et al.,
2010) (Appendix 5). In Col-0, this region contains a cyclophillin protein coding gene
At3g44600, a serine/threonine protein kinase coding gene AT3G44610, a protein tyrosine
phosphatase coding gene-At3g44620 , 2 RESISTANCE TO PERENOSPORA PARASITICA 1
(RPP1) like disease resistance R genes-At3g44630 and At3g44670, a histone deacetylase coding
gene-At3g44660 and three transposable elements (At3g44- 605, -640 and -650) (Appendix 5).

To identify potential candidates for the odd-ler gene, the protein coding genes in the previously
mapped odd-ler region were sequenced. Sequencing of the At3g44610 and At3g44620 in the
odd-ler region showed significant nucleotide variation leading towards various amino acid
substitutions in the putative protein-coding gene models (Appendix 6). The primers that were
designed to amplify the disease resistance R gene At3g44630, on the basis of genome sequence
map in Col-0, did not amplify any gene fragment from Ler-0 but were successful in amplifying
the target gene from Col-0. This indicated polymorphism(s) in the Ler-0 At3g44630 gene and
therefore multiple primer sets were designed to amplify the gene in overlapping fragments.
Using these primer sets, various genetic fragments were amplified. Unfortunately, these
fragments showed extensive polymorphism in the R gene sequence and failed to overlap with
each other (Appendix 6). This suggested multiple or highly diverged RPP1-like R gene(s) at the
odd-ler region in comparison to the odd-col region. As R genes evolve rapidly in comparison to
other genes (Meyers et al., 2005), the genetic variation observed in the odd-ler region was likely
caused by the duplication, deletion or insertion of the R genes. Regardless, the At3G44610
(serine-threonine protein kinase), At3G44620 (encoding a protein tyrosine phosphatase) and the
highly variant RPP1-like R gene(s) were identified as candidate odd-ler genes.

An attempt was made to silence these genes in the old3-1 mutant using an RNAI approach.
Transformation of the RNAI construct aimed for targeting the At3g44610 or At3g44620 gene in
the old3-1 mutant did not rescue the phenotype at 21 °C (Figure 4.5). For RNAi-mediated
suppression of RPP1-like R genes expression, two specific constructs were designed, named A
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and B. These constructs targeted RPP1-specific sequences in the N and C terminal part of the
RPP1 protein-coding genes on chromosome 3 (See methods). Targeting of the RPP1-like R
genes only, employing two independent constructs, rescued the lethal phenotype of the old3-1
mutants (Figure 4.5). The rescue of the phenotype was consistent with the decrease in expression
of the RPP1-like R gene(s), tested using a conserved RPP1 specific marker (Figure 4.5).

Further the mapped odd-ler region was also found to overlap with Quantitative Trait Locus 3
(QTL3) which contains a cluster of 8 RPP1-like disease resistance (R) genes (Alcazar et al.,
2009) in contrast to the two R genes present in Col-0 (Appendix 6). This confirmed the nature of
R gene polymorphisms in the odd-ler region. Transcript accumulation of the RPP1-like R genes
in the odd-ler region was therefore determined in the old3-1 mutants and rescued lines in a
temperature shift experiment. Gene-specific primers were designed to the putative coding
regions and tested for their ability to detect the expression of each R gene specifically.
Measurements of the relative gene expression of RPP1-like R alleles using qRT-PCR showed
that the transcript abundance of RPP1-like R1, R2, R3, R4, R5, R7 and R8 genes was up-
regulated in the old3-1 mutant, 24 hr post-temperature shift from 28 to 21°C (Figure 4.6). The
transcript accumulation of the truncated R6t allele was however not determined. In comparison,
the rescued old3-1 mutant line B40-12 transformed with RNAI-RPP1 construct, showed

decreased transcript accumulation of all R genes at either growth temperature (Figure 4.6).
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old3-1 mutant old3-1 mutant + old3-1 mutant + old3-1 mutant +
RNAi- RPPI-like R genes RNAi- At3g44610 RNAI- At3g44620
/B40-12
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RNAIi- RPPI-like R genes
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Figure 4.5. RPP1 gene(s) show negative epistasis to the old3-1 mutation. (A) shows phenotypes of the old3-1 mutant,
transgenic old3-1 mutant and wild-type Ler-0. Plants were grown for 21 days at 21 °C. Representative plants are shown. Bar indicates 5 mm. (B)
shows the expression of RPP1-like R genes in the old3-1 mutant and three T3 homozygous independent transgenic lines from construct B. Plants
were grown for 24 days at 21 °C and harvested for analysis. Data shows mRNA abundance of RPP1-like R genes, using an RPP1 cDNA specific

marker, relative to Actin2. Data are the mean of two biological replicates and each biological replicate is the mean of 3 technical replicates. Error

bars represent standard deviation of the mean.
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Figure 4.6. Transcript abundance of RPP1-like R genes present in the odd-ler region is affected upon

activation of autonecrosis in the old3-1 mutant. Figure shows the quantification of the expression of full-length RPP1-like R
gene(s) in the old3-1 mutant and the rescued line B40-12. Relative expression was measured by gRT-PCR using gene-specific primers at 0 and 24
hr after temperature shift from 28 to 21°C. Data represents relative expression levels of each R gene to the expression values of Actin2. The data

represents mean of 3 biological replicates at each time point. Error bars represents standard deviation. Statistically significant differences in the
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4.3  Aninnate immune response drives oxidative burst and cell death in the
o0ld3-1 mutant but not in the old3-1"° line

A temperature-dependent immune response was shown to be associated with the autoactivation
of innate immunity (Bomblies et al., 2007). Therefore the transcript abundance of hallmarks of
the R-mediated innate immune response in the old3-1 mutants and the wild type Ler-0 was
measured during a temperature shift experiment. For this purpose the ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1), PHYTOALEXIN DEFICIENT 4 (PAD4) and WRKY 18 markers
were selected as they are recruited in R-mediated signalling towards the activation of immune
response (Feys et al., 2001; Wiermer, 2005). In addition to these, the expression of the markers
of basal disease resistance, the ISOCHORISMATE SYNTHASE 1 (ICS1) /SID2 which is involved
in the production of SA and the defence related PATHOGENESIS RELATED GENE 1(PR-1),
were also tested. Results showed that the transcript levels of these markers increased greatly in
old3-1 only, within 8-16 h of change in temperature (Figure 4.7; Appendix 7). These results
indicated specific activation of an innate immune response signal in the old3-1 mutant. These
changes mimic an R-mediated immune response known as Effector-Triggered Immunity (ETI)
in plant cells. R-mediated ETI can be activated upon direct or indirect recognition of pathogen
effector-induced activity on various host proteins which results in host cell death at the site of
infection and inhibition of pathogen growth (Dangl and Jones, 2001).

As ETI is coupled with hypersensitive response and cell death, microscopic observations of
Trypan blue and Di-amino benzidine (DAB) stained leaf tissues furthermore showed oxidative
burst and cell death in the old3-1 mutants only (Figure 4.8). The results indicate that growth of
the old3-1 mutant at the non-permissive temperature leads to an innate immune response,

ultimately leading to a hypersensitive response (HR)-like cell death.

To analyse the effect of the old3-1 in the absence of the haplotype odd-ler RPP1-like R genes,
old3-1 odd-col was examined. This line has a mixed Col-O/Ler-0 genetic background but is
homozygous for old3-1 and odd-col and therefore does not show an autonecrosis phenotype
(Shirzadian-Khorramabad et al., 2010). This line is referred to here as old3-1". Results showed

that no increase in PR-1 expression was found in old3-1"° tissues, even after 24 hrs of
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temperature-change, consistent with no indication of cell-death or oxidative burst in this mutant
line (Figure 4.9). The rescued phenotype of the transgenic old3-1 mutant + RNAi RPP1 also had
reduced transcript abundance of defence related PR-1 in comparison to the old3-1 mutant
consistent with reduced R-mediated immune response (Figure 4.9). In conclusion, the results
suggest that a mutation in OASTL-A1 results in R-mediated innate immunity and an ETI-like

response that leads to onset of leaf death.
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Figure 4.7. Activation of innate immune response signal in the old3-1 mutant. Figure shows real-time quantification of

the expression of markers associated with innate immune response in Ler-0 and the old3-1 mutant after 16 h of temperature shift from 28 to 21
°C. Expression values relative to Actin2 were calculated and fold-change in expression values at 16 h to 0 h is presented; white and black bars
represent Ler-0 and the old3-1 mutant, respectively. Expression of g-tubulin is presented as an independent control. Data represents mean of three
biological replicates. Error bar represents S.D. * indicates statistically significant differences in the fold change value of the gene expression in

between both genotypes using Student’s t test (P< 0.01).
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Figure 4.8. Cell death and oxidative burst in the old3-1 mutants. Trypan blue stained leaf tissues for cell death analysis of (1)
old3-1 mutant and (2) Ler-0 plants. Scale bar is 100 pm. DAB stained cotyledons for the detection of H,O, production in tissues of (3) old3-1
mutant and (4) Ler-0 plants. Scale bar represents 5 mm.
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Figure 4.9. old3-1" does not exhibit immune response, cell death and oxidative burst. (A) shows relative expression
levels of PR-1 in old3-1" plants at 0 and 24 h of temperature shift. Expression values were normalised to the relative levels of Actin2. Expression
values were tested using Student’s t test and were insignificantly different between two time points (P< 0.01). (B) shows quantification of PR-1
expression in the old3-1 mutant and old3-1 mutant +RNAi RPP1/ line B40-12 plants 24 h post-temperature shift from 28 to 21 °C. The
expression values are relative to Actin2. Data represent the mean value of three biological replicates. Error bars represent standard deviation.
Statistically significant differences in the value of the gene expression between transgenic rescued B40-12 and the old3-1 mutant using Student’s t
test are shown by *** at P< 0.005. (C) shows (1) Trypan blue stained leaf tissues for cell death staining in old3-1"° plants grown at 21 °C, Scale
bar represent 1 mm. (2) DAB stained cotyledons for the detection of H,O, production in old3-1"° plants grown at 21 °C. Scale bar represent 5

mm.

83



4.4 Phylogenetic analysis of RPP1-like R genes involved in autonecrosis in
the old3-1 mutant and race-specific resistance against the downy
mildew pathogen

RPP1 genes were initially found to provide ETI resistance against Hyaloperonospora
arabidopsidis, a natural pathogen of Arabidopsis, which causes downy mildew disease in the
plants (Botella et al., 1998). Three genetically linked RPP1 alleles- A, B and C were identified in
the Ws accessions of Arabidopsis in conferring resistance against H.arabidopsidis, suggesting
each R allele is involved in recognition of a different avirulence effector (Botella et al., 1998).
There are 8 RPP1-like R genes in the odd-ler region, however, to date, no RPP1 alleles from
Ler-0 are characterised for resistance against H.arabidopsidis or autonecrosis in DM
incompatibility cases. In order to understand the evolutionary relationship between the resistance
conferring active R alleles from Ws and the clustered RPP1 alleles at the odd-ler region, a
phylogenetic analysis was first performed.

RPP1 phylogeny was constructed using full-length gene sequences from 2 RPP1-like R genes
from the odd-col and 2 RPP1 genes upstream of odd-col on chromosome 3 in Col-0, with 8
RPP1-like alleles from the odd-ler region and three RPP1 alleles from Ws (Figure 4.10). Results
show that the RPP1 genes from the 3 sister accessions, Col-0, Ler-0 and Ws split into six distinct
sub-clades (Figure 4.10). From the odd-ler region, R8 seems to be the closest homologue of
At3g44670 in odd-col. This is consistent with previous observations (Alcazar et al., 2009).
Moreover the results also suggest that at the odd-ler region the R2 and R7 genes represent a
duplication event in the ancestral gene closely related to At3g44630 in odd-col. None of the
active resistance allele from Ws is closely related to R2, R7 and At3g44630 in Ler-0 and Col-0

respectively.

The active Ws-C RPP1 allele is closely related to At3g44480 gene which is upstream of the odd
region in Col-0 (Figure 4.10). The other active resistance allele Ws-B was found to be the closest
homologue of At3g44670 and R8 in the odd-col and odd-ler region, respectively (Figure 4.10).

Finally, the R4 in the odd-ler region was found to be closely related to the active Ws-A allele and
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AT3G44400 in Col-0. These results indicated that some alleles in the odd-ler region are closely

related to the active R alleles from Ws accessions as they are also present in Col-0 as well.

In contrast the Ler-0 R3 and R5 appear to constitute a separate sub-clade in the RPP1 gene
family and may encode relatively new isoforms (Figure 4.10). R6t, however, is a truncated allele
and likely a pseudo R gene (Alcazar et al., 2009). Only R1 was found to be highly distinct from
others, likely because of the absence of some key domains required in the function of R genes in

its putative protein coding gene model (Figure 4.10).
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Figure 4.10. Phylogenetic analysis of the RPP1-like alleles in three Arabidopsis accessions. Figure shows a

neighbouring-joining consensus tree of all RPP1-like alleles, from Ws, Col-0 and Ler-0 accessions. Values at branch points show consensus

support at 10,000 boot-strap values..
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4.5 Genetic recombination analysis of RPP1-like R genes at the odd region

RPP1 genes contain Toll-interleukin-1-resistance Nucleotide Binding Site-Leucine-Rich Repeat
(TIR-NBS-LRR/TNL) domains. The extent of recombination occurring within the RPP1-like R-
gene family (R1-R8) at the odd-ler region and the two RPP1-like R genes present in the odd-col
accession, At3g44630 and At3g44670, was further compared to infer recombination events
within this gene family (Figure 4.11). The results are consistent with the suggestion that RPP1-
like R8 is the Ler-0 homolog of RPP1-like disease resistance gene At3g44670 in Col-0 (Alcazar
et al., 2009). However, the genetic sequences blocks (GSBs) encoding TNL domains in other
RPP1-like R alleles show patterns of rearrangements with respect to two R genes from odd-col
(Figure 4.11; detailed images are in Appendix 8). The GSBs for the LRR domains of the RPP1-
like alleles at the odd-ler region appear to be a result of multiple recombination events, while the
GSBs for the TIR domain in all R alleles, except R8, are mostly similar to that of At3g44630.
The NBS domain of R1, R4 and R5, exhibit patterns of recombination while those of R3 and R7
alleles and R2 are close to that of At3g44670 and At3g44630, respectively (Figure 4.11). Thus,
while extensive recombination in the LRR domains was predicted, fewer recombinations
appeared to have occurred in the NBS domains, while the least recombination patterns were
predicted in the TIR encoding GSBs. Therefore the evolution of new allelic variation in
haplotype R gene clusters (Figure 4.11; detailed insights are in Appendix 8) is linked to multiple

recombination and rearrangement events during evolutionary history.
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Figure 4.11. Complex evolution of TNL domains in RPP1-like R genes. Schematic representation of the 2 RPP1-like genes

present in the odd-col region of Col-0 (BAC.T18B22) and 7 full-length gene models and one truncated (R6t-white colour) RPP1-like R genes in

the odd-ler region (BAC.FJ446580) of Ler-0, at chromosome 3. Lines connect markers flanking the R genes in the odd region. Genetic Sequence
Blocks (GSBs) encoding putative TIR-NBS-LRR domains are shown. GSBs of similar colour were identified as more homologous to each other,
while grey boxes represents in/dels in the alignment comparison between the 2 R genes at the odd-col region with each R gene from the odd-ler
region (Detailed images of full-gene length are shown in the Appendix 8).
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4.6 Identification of the potential candidate R gene(s) involved in
autonecrosis- a complementation approach

To identify which candidate R gene is involved in autonecrosis, individual R genes from the odd-
ler region were cloned in the old3-1" line. For this purpose, the 2 kb region upstream of the
promoter and 500bp downstream of the stop codon of the putative R gene was included. R genes
were amplified using a high-fidelity PCR TaKaRa enzyme. Only R1, R2, R3, R6, and R8 were
successfully transformed into the old3-1" line, individually. After transformation into old3-1",
multiple transgenic lines (i.e., 6-15) for each transformed gene/T-DNA construct were selected.
Since expression of the candidate R gene from the odd-ler region in old3-1" line can activate
autonecrosis phenotype, the positive transformants were screened at high temperature. Once
plants were established they were exposed to low temperature and screened for the temperature-
dependent autonecrosis phenotype (Figure 4.12). All the T1 plants, from each line, obtained
showed phenotypes comparable to old3-1"¢ i.e., without any growth defects at low temperature.
Phenotypic analysis was also performed for the T2 and T3 segregating population of the
transgenic lines but no plants were identified exhibiting the autonecrosis phenotype (Figure
4.12). In conclusion the results indicate that these genes, individually, may not be involved in
autonecrosis in combination with the old3-1 allele. Transformation of the old3-1"° line with

other R genes including R4, R5 and R7 is still awaited.
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Figure 4.12. Complementation of various RPP1-like R genes from the odd-ler region in the old3-1"° line. RPP1-
like R genes were cloned into old3-1"lines. A) At least seven lines were selected for the expression of each R gene and screened for the necrosis
phenotype at 21°C. Figures are representative pictures of the lines. Further the segregating (B) T2 and (C) T3 population from at least seven lines

was also screened for the necrosis phenotype at 21 °C. Figures are representative pictures of the lines.
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In parallel to the complementation approach of R genes, the RNAIi-tool was also employed as an
alternative strategy to identify the candidate R gene(s). The putative coding regions of full-length
R genes in the Ler-0 BAC (FJ446580) are already predicted (Alcézar et al., 2009). Due to high
homology between the coding regions of RPP1 genes, it was however difficult to target specific
R genes for effective RNAI. Therefore, the non-coding mRNA regions were analysed for the
identification of polymorphic sequences. However putative R genes sequences lacked this
information (Alcéazar et al., 2009). Therefore, RPP1-like R genes from the odd-ler region were
first re-annotated with the various gene prediction programs (including Fgenesh, Gene Scan and
Augusts) to identify putative 5" and 3’ un-translated regions (UTRs) of the R genes. Using
Agustus Gene prediction software, putative 5 and 3’ UTRs were identified in all R genes (detail

of gene models in Appendix 9).

To target the putative 5" UTR, four different RNAI constructs were designed, each targeting a
different combination of R genes (Appendix 10). In contrast, different combinations were
available for the 3' UTR and four different RNAi constructs were designed to target the 3> UTR
regions (Appendix 10). In this way a total of 8 different constructs targeting different
combinations of R genes were prepared (Appendix 10) and cloned individually in the old3-1
mutant. It is to be noted that the targeted region may or may not be the part of the transcribed

region.

Targeting the putative 5’ UTR region, only two constructs were able to rescue the phenotype i.e.,
targeting R3, R4, R5, R7 and R8 or R1, R2, R3, R4, R5 and R7 (Figure 4.13A). Whereas the other
two constructs targeting the putative 5" UTR region of R2 and R8 or R5 and R8 did not rescue the
mutant phenotype (Figure 4.13A).

Targeting the region in 3 UTR , RNAIi mediated knock down using a unigue sequence present in
the putative 3’ end of R4, R7 and R8 only rescued the old3-1 phenotype (Figure 4.13B). The
other three RNAI constructs, targeting putative 3' UTR of R1 or R2 and R5 or R3 were not able
to rescue the old3-1 mutant phenotype (Figure 4.13B).
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To test that the rescue of the phenotype is consistent with suppression of the targeted R genes,
the rescued lines achieved by targeting the putative 3' UTR of R4, R7 and R8 were analysed.
Results showed a significant correlation of suppression of R7 to the rescued phenotype as
compared to the two other targeted genes R4 and R8 in multiple lines (Figure 4.14; Appendix
11). Transcript abundance of non-targeted full-length R genes was also not reduced in the
rescued lines in comparison to the old3-1 mutant (Appendix 12). The results suggest that RPP1-
like R7 is a candidate gene involved in autonecrosis and this requires further confirmation.
Nevertheless, the possibility that other R genes may contribute to this genetic interaction cannot
yet be conclusively ruled out.
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Figure 4.13. RNAi-medated suppression of specific R genes targeting the putative 5 and 3° UTR regions. RNAi
constructs targeting the putative (A) 5> UTR and (B) 3’ UTR of the specific R genes were transformed into the old3-1 mutants. At least 5
transgenic lines were selected for each constructs, grown at 28 °C and then transfered to 21 °C to analyse the onset of chlorosis. Representative

figures of the lines are shown. R gene targets of the RNAI constructs are indicated above each panel.
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Figure 4.14. RNAi-mediated suppression of RPP1-like R7 rescues autonecrosis.(A) Phenotypes of the old3-1 mutant and
3 transgenic old3-1 mutant + RNAI R4,7,8 plants (Line 3, 4 and 12) containing an RNAI cassette targeting the putative 3' UTR of R4, R7 and R8.
Plants were grown for one week at 28 °C and then for 16 days at 21 °C. (B) Relative expression of RPP1-like genes R4, R7 and R8. Black (old3-1
mutant), white (Line 3), light-grey filled (Line 4) and dark-grey filled (Line 12) bars are in serial order as shown in (A). The expression values are
relative to Actin2. Data represent the mean value of three biological replicates. Error bars represents standard deviation of the mean. * indicates
statistically significant differences in mean value of each R gene expression within the transgenic line in comparison to the old3-1 mutant using
Student’s t test (P< 0.05).
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Discussion

Plant immune components and autoimmunity

The cytosolic OASTL-AL contributes a major proportion to total OASTL activity and was found
to be essential in providing resistance to oxidative stress, heavy metal and herbicide pollutant
toxicity (Barroso et al., 1999; Dominguez-Solis et al., 2001; Noji et al., 2001; Dominguez-Solis
et al., 2004; Lopez-Martin et al., 2008; Shirzadian-Khorramabad et al., 2010). This suggests a
function of OASTL-AL under stress conditions possibly due to increased sequestration of
cysteine in various pathways involved in abiotic stress and possibly biotic stress responses as
well. RPP1-like R activated autonecrosis in response to old3-1 highlights that OASTL-A1l

possibly interacts with innate immune signalling and likely R-driven immunity.

Immunity provides various levels of resistance against diseases by detecting agents/molecules
from pathogens. The ability to detect foreign molecules is gained by continuous evolution of the
immune system to detect non-self (Dubery et al., 2012). In plants, the immune system is broadly
defined into two modes (Dangl and Jones, 2001; Jones and Dangl, 2006); in the first mode, the
immunity can be activated upon detection of PAMPs or MAMPs via plant-based PRR proteins.
This response is generally termed as PAMPS/MAMPs-Triggered Immunity (P/MTI) and
provides resistance against a number of host-specific and non-host specific pathogens which acts
as a basal level of defence in plants. To counter the PTI, pathogens have evolved with the
strategy of deploying a number of effector molecules/proteins through the Type-Ill secretion
system (TTSS) inside the plant cell. Effectors can intercept and suppress P/MTI signalling or
functions of other plant proteins which are involved in basal immunity and therefore manipulate
host metabolism to cause susceptibility. This keeps an evolutionary selection pressure on plants
to develop counter measures against effector weaponry system. Plants have therefore evolved
with R proteins that can sense effector-induced changes in the host system and initiate a very
strong immune response known as ETI. ETI activates HR and cell death at the site of host-
infection, upon detection of specific effector signatures, which helps in halting pathogen growth.
Although many pathogen effector molecules are released inside plant cell, detection of a single
effector signature by its cognate R protein would be sufficient to activate ETI. The function of
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pathogen-effector and R-mediated resistance can drive a co-evolutionary arms race between
plants and pathogens which results in the evolution of plant immune system as described by the

zig-zag model (Jones and Dangl, 2006).

Aberrant activation of immune response in the absence of pathogens is termed as autoimmunity.
In this phenomenon, an immune system fails to differentiate between the self and non-self
(Dubery et al., 2012). The phenomenon of autoimmunity is present in various organisms
including mammalian species, in which the immune system is relatively more complex as
compared to those of others. In mammals, autoimmunity is observed in various organs and can
be chronic and life threatening (Cafias and Carfias, 2012), whereas autoimmunity in plants is
observed in the whole plant and results in early death of the seedlings or leaves (Bomblies et al.,
2007). Previously Bomblies et al. (2007) identified cases of dosage-dependent autonecrosis in
hybrids of Arabidopsis accessions. Hybrids of Uk-1 and Uk-3 showed temperature-dependent
autoimmune response and dwarfism. The cause of autonecrosis was revealed to be a negative
epistatic interaction between an R gene in the Uk-3 accession with an unknown allele at the DM2
locus in the Uk-1 accession, which was mapped to a region that includes the odd region on
chromosome 3 (Bomblies et al., 2007). In an analogous study, a QTL3 locus that overlaps the
odd-ler region was detected as an incompatible locus. QTL3 was found to cause a range of cell
death phenotypes and autoimmunity, in the Ler-0 x Kas-2 and Ler-0 x Kond hybrid progenies, in
combination with distant loci on chromosome 4 and 5 (Alcazar et al., 2009). Thus RPP1 genes
have been already implicated in negative epistatic interaction with the other genes from distant
loci. In this study the genetic interaction which sets the basis of the old3-1 mediated negative
epistasis was dissected. The disease resistance RPP1-like R gene(s) were identified to be the
second locus involved in the antagonism. RPP1-like R protein(s) auto-activate temperature-
dependent innate immune responses which is the cause of cell death and oxidative burst in the
old3-1 mutants that coincides with the onset of autonecrosis. However, why RPP1 proteins
activate immune response due to old3-1 remained elusive. The genetic basis of autoimmune
syndrome, during intra and inter-specific hybridization in different plant species, has now
pinpointed plant proteins which modulate basal defence and interact with R-gene innate immune
signalling (Yang and Hua, 2004; Alcézar et al., 2009; Jeuken et al., 2009; Alcazar et al., 2010a;

Yamamoto et al., 2010). These results support the view that R-mediated resistance can be based
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on interaction with other host proteins (Dangl and Jones, 2001). RPP1-like R7-activated
autonecrosis in response to oastl-al/old3-1 highlight that OASTL-AL interacts with innate

immune signalling.

RPP1 gene evolution and pathogen resistance

RPP1 alleles were initially identified in the Ws accessions of Arabidopsis for conferring
resistance against H. arabidopsidis (Botella et al., 1998; Rehmany et al., 2005). H.arabidopsidis
belongs to Peronosporaceae family of oomycetes which adopts an obligate parasitic life style
i.e., they feed on host to complete the life cycle. Most of the pathogens from Peronosporaceae
family cause downy mildew in major commercial crops including grapevines and tobacco. The
oomycete H.arabidopsidis develops pathogenic relationship with Arabidopsis in wild and
therefore provides the opportunity to study a model of co-evolutionary changes during plant-
pathogen interaction (Baxter et al., 2010; Coates and Beynon, 2010). Previously it is shown that
different RPP1 alleles are involved in recognition of different avirulence effectors from
H.arabidopsidis and activating resistance (Botella et al., 1998; Rehmany et al., 2005). Since
host-pathogen interactions drive co-evolutionary selection pressures for both resistance and
virulence, new R alleles are also evolved in plants to provide resistance against the relatively
faster evolving effector molecules in pathogens (Figure 2.15) (Dangl and Jones, 2001; Jones and
Dangl, 2006). The genome map of H.arabidopsidis is recently drafted and shows that it encodes
for ~ 134 putative effector proteins i.e., containing the cell entry signal determined by effector-
specific RxL motifs (Baxter et al., 2010). Interestingly a few of these effector proteins are known
to cause disease in Arabidopsis including Atrl and Atrl3 against which RPP1 alleles have been
identified to provide HR resistance (Rehmany et al., 2005; Coates and Beynon, 2010). The
phylogenetic analysis of the RPP1 alleles indicates the birth/death and complex evolution of
RPP1 alleles in these accessions. Whether the evolution of RPP1 haplotype at the odd-ler region
is involved in active resistance against diverse virulence effector weaponry in various
H.arabidopsidis isolates or other pathogens is yet to be investigated. Regardless, the extended
haplotype RPP1 gene family at the odd-ler region in contrast to Ws and Col-0 suggest selection
for diverging and distinct alleles as well as conservation of a few highly similar RPP1

homologues among these accessions.
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The heterogeneity of R alleles at the odd-ler region was found to be largely in the nucleotide
sequences of the gene regions encoding the LRR domain rather than the TIR and NBS-encoding
regions, similar to what has been reported previously (Meyers et al., 2003; Meyers et al., 2005).
Within the LRR domains, R7 and R8 are more like the Col-0 RPP1-like genes (Alcazar et al.,
2009), while those of R1, R2, R3, R4 and R5 are more diverse. The results further highlight that
during genomic recombination events, polymorphism and differentiation in the LRR domains of
these R genes is favoured. Since TIR, NBS and LRR domains are shared by a single gene, a
positive selection has likely occurred for the “de-differentiation” in the TIR and NBS domains
during such recombination events. This correlates well with the evolutionarily conserved role of
TIR domains in downstream signalling for the activation of immune response (Staal et al., 2008;
Bernoux et al., 2011). The nature of polymorphism observed within the LRR domain of RPP1
proteins from Ws was previously suggested to be correlated with recognition specificity for
divergent effectors from H.arabidopsidis isolates and therefore translates into active resistance
by RPP1 alleles (Botella et al., 1998; Krasileva et al., 2010). Results indicate that the
polymorphism observed at the LRR domain in RPP1 alleles set the basis of evolutionary
divergence in the RPP1 gene cluster at the odd-ler region. Polymorphism within the LRR
domain of RPP1 proteins at the odd-ler region may therefore be linked with different recognition

specificities against divergent effector molecules.

Expansion of the immunity gene family and negative epistatic interactions-

implications in the process of reproductive isolation

New species evolve once an inter-breeding population becomes reproductively isolated as a
result of a physical or biological barrier. The Dobzhansky and Muller incompatibility model
(DM) proposes that inviable hybrids of the two inter-breeding population appear due to negative
epistatic interactions between at least two genes from the two populations (Coyne and Orr,
2004). Genes involved in DM type negative epistasis in model organisms including
Saccharomyces cerevisiae, Drosophila melanogaster and Arabidopsis thaliana have been shown
to exhibit faster evolutionary rates at the nucleotide level (Presgraves et al., 2003; Bikard et al.,
2009; Tang and Presgraves, 2009). RPP1 haplotypes from the odd region are implicated in
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multiple DM-type incompatibilities in the Arabidopsis population (Bomblies et al., 2007;
Alcazar et al., 2009; Alcazar et al., 2010a). The results here support the notion that the odd-ler
region has evolved as a hotspot for genetic incompatibilities within the Arabidopsis species. It is
therefore tempting to speculate that the evolution of R alleles at the odd genomic region is the
cause of the incompatibility in the intra-specific hybrid lethality cases identified by Bomblies et
al. (2007) and Alcazar et al. (2009), but this would need to be experimentally confirmed. The
pleiotropic effects of faster evolutionary rates and new haplotypes at R loci, as a result of
selective pressure during plant-pathogen arms race (Bomblies et al., 2007) appear to cause some
of these loci to evolve DM type incompatibilities during inter- and intra-specific crosses (Krlger
et al., 2002; Jeuken et al., 2009; Alcazar et al., 2010a; Mizuno et al., 2010; Yamamoto et al.,
2010; Mizuno et al., 2011; Takumi and Mizuno, 2011). In this study the comparison of the R
alleles at the odd-ler region suggests complex patterns of recombination and rearrangements in
their genetic structure, similar to other R genes (Meyers et al., 2003). These genes contain
diverse rearrangements in the GSB regions encoding for TIR-NBS-LRR (TNL) domains.
Complex evolution of TNL domains, which may have resulted due to unequal crossing-over and
gene conversions (McDowell and Simon, 2006, 2008), yielded a pool of hybrid RPP1-like R
genes at the odd-ler region which can be categorized as a Type-I evolving R gene cluster (Kuang
et al., 2004; Kuang et al., 2008). Whether Type-I evolving R gene clusters may acts as potential
hot-spots to restrict gene flow in Arabidopsis is the next question. Regardless the inter and intra-
specific hybrids of various species including rice, lettuce, tomatoes, Arabidopsis and wheat also
showed temperature-dependent autonecrosis and implicated the involvement of disease
resistance R genes (Kriger et al., 2002; Jeuken et al., 2009; Alcazar et al., 2010a; Mizuno et al.,
2010; Yamamoto et al., 2010; Mizuno et al., 2011; Takumi and Mizuno, 2011).

Extreme genetic polymorphism is detected at the major histocompatibility locus (MHC) which
encodes recognition receptors involved in innate and adaptive immune system in mammals.
MHC alleles have been identified in autoimmune diseases as well (Penn and Potts, 1999;
Candore et al., 2002). Extreme haplotype of MHC alleles are thought to be associated with the
host-pathogen co-evolutionary arms race indicating that the nature of genetic changes and
recombination events associated with haplotypes also generates autoimmunity in mammals

(Penn and Potts, 1999; Candore et al., 2002). The phenomenon of autoimmunity is linked to
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faster evolutionary rates of immunity genes in plants and mammals and it appears that
autoimmunity has emerged as an unwanted by-product of fitness in a co-evolving host-pathogen
system (Bomblies et al., 2007; Cafas and Cafas, 2012). However autoimmunity also acts as a
mechanism of restricting gene flow (Bomblies et al., 2007; Cafas and Cafias, 2012) and
therefore can cause reproductive isolation in plants (Kruger et al., 2002; Jeuken et al., 2009;
Alcazar et al., 2010a; Mizuno et al., 2010; Yamamoto et al., 2010; Mizuno et al., 2011; Takumi
and Mizuno, 2011). Since DM incompatibility sets the genetic basis of the speciation process
(Coyne and Orr, 2004), autoimmunity can contribute to punctuated events which may lead to

onset of reproductive isolation.

The temperature and light dependent control of autoimmunity

The effect of the temperature on the onset of autonecrosis is notable. Cases of D-M associated
hybrid necrosis across species (Bordenstein and Drapeau, 2001), and in plants implicate R genes
as D-M loci (Kriger et al., 2002; Bomblies et al., 2007; Alcazar et al., 2009; Jeuken et al., 2009;
Alcazar et al., 2010a; Mizuno et al., 2010; Yamamoto et al., 2010; Mizuno et al., 2011; Takumi
and Mizuno, 2011) and were shown to be temperature-sensitive. High temperature was shown to
be linked with the suppression of plant defence gene expression and normal growth (Yang and
Hua, 2004). The results in this study showed that within hours after induction of autonecrosis by
temperature shift, expression of defence-related markers and R genes increased. Thus high
temperature-mediated rescue may be linked to the suppression of R and other defence-related
genes. This is consistent with previous suggestions that increased expression of R genes resulted
in autoactivation of immune responses that also negatively affected the plant growth (Oldroyd
and Staskawicz, 1998; Yi and Richards, 2007). Moreover, findings from a recent study
implicates modifications , such as histone methylation, of the genomic DNA as a causal factor
for an abnormally increased expression of the R genes and autoimmunity. This indicates that
chromatin remodelling can act as a key element impacting innate immunity (Palma et al., 2010).
In contrast, reduced expression of the R genes can result in loss of function of the R-mediated
active resistance against the specific pathogen and consequently the onset of risk to disease
(Eulgem and Somssich, 2007). Thus a balanced R gene expression must be evolutionary required

to off-set the hazardous consequences associated with the autoimmunity and lack of immunity.
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In contrast, an NB-LRR protein SNC1 was recently suggested to be the main component in the
defence signalling pathway mediating temperature sensitivity in disease resistance (Zhu et al.,
2010). The authors showed that temperature-mediated regulation of autoimmunity is controlled
by specific protein conformational changes in the SNC1 R protein. Mutation in the SNC1 R
protein resulted in the autoactivation of immune response even at higher temperature. This
suggests that high temperature suppresses a specific signal, which is associated with the R
protein conformation, required for launching the autoimmunity. The role of temperature in
various cases suggests that relatively high temperatures act as “bridles” to the R-mediated
signalling in plant immunity. This raises important questions such as why relatively high
temperatures are evolutionary netted with off-setting various R-mediated autoimmune
phenomenon among different plant species and how it impacts the evolution of plant-pathogen

interaction.

In addition to temperature, day length is also an important environmental factor that modulates
immunity in plants (Roden and Ingle, 2009). Results in this study show that R-mediated
autonecrosis and dwarfism was far more suppressed in SD as compared to LD. As R protein(s)
activate an immune response in the old3-1 mutant, rescue at SD may be due to dampening of the
plant immune responses. This is highlighted in another study, which shows that SD conditions
suppress constitutive accumulation of defence-related SA and Camalexin in an Arabidopsis
lesion-mimic mutant in contrast to LD (Chaouch et al., 2010). This is consistent with another
finding which shows that SA is the required signal in causing autonecrosis and dwarfism during

hybrid necrosis (Alcazar et al., 2009).
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Chapter

OASTL-mediated cysteine metabolism and stress defence in

Arabidopsis

Introduction

Cysteine acts as a key metabolite in oxidative stress and aging in mammals (Droge, 2005).
However the role of cysteine metabolism and BSAS isoforms in aging and senescence of plants
is yet unclear. The cytosol is a major site for cysteine biosynthesis and mutation in the cytosolic
OASTL-A1 enzyme has been shown to be detrimental to plant cellular redox balance likely due
to lower total cysteine (Cys) and glutathione (GSH) levels (Lopez-Martin et al., 2008).
Furthermore, the transcriptomic analysis of the oas.al.1 mutant, lacking functional OASTL-AL,
showed that genes associated with oxidative stress, senescence and phosphate starvation are also
up regulated, when grown under normal growth conditions. Along with this, the expression of R
genes, cytochrome P450, glutathione S-transferase, oxido-reductase and peroxidase encoding
genes are also induced in the oas.a.1.1 mutant (Lopez-Martin et al., 2008). These results already
implicate the role of OASTL-A1 as an important component in stress signalling. Interestingly,
contrary to such implications about the role of OASTL-A1L, others have shown that the lack of
OASTL-A1 did not severely reduce the total Cys and GSH levels as well as growth of the mutant
plants is without any defects in comparison to wild-type plants (Heeg et al., 2008; Watanabe et
al., 2008a). It is perhaps eminently conceivable that contrasting observations may have been

related to differing growth conditions in distant research facilities.
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It is hypothesized that old3-1 is inactive in vivo and may alter cysteine metabolism (Shirzadian-
Khorramabad et al., 2010). Lack of functional OASTL-AL therefore could results in activation of
R-mediated immune response and autonecrosis. This is already suggestive of the indispensability
of OASTL-AL function in specific accessions. To test this hypothesis, two strategies were
designed in this study. In the first approach, the basis of R-mediated immune response in old3-1
mutant was investigated by performing a genetic analysis on the OASTL-AL locus. In the second
approach, metabolic analysis of the old3 mutants was performed at different temperatures to
identify the changes associated with different mutations in OASTL-AL. Moreover, the findings in
the previous chapter highlight the role of OASTL-AL in plant immunity. Therefore the plants
lacking functional OASTL-AL were subjected to disease resistance assay to identify any changes
in disease susceptibility or pathogen virulence. Finally, the microarray data available at the
public database Genevestigator was investigated to identify any significant correlation between
various abiotic and biotic stress treatments and transcriptional activation of other BSAS genes in

Arabidopsis.
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Results

51 Lack of functional OASTL-A1 does not cause autonecrosis in Ler-0
genetic background

The autonecrosis phenotype could be the result of reduced enzyme activity in combination with
the odd-ler allele. To test this possibility, two approaches were taken. As the OASTL-Al T-
DNA knock-out line was unavailable in Ler-0, a recombinant OASTL-A1 functional knock out
line was generated in the first approach. This was achieved by crossing Ler-0 with the OASTL-
Al T-DNA KO mutant old3-2, which is identical to the previously described lines oas.al.1 and
bsasl;1 (Lopez-Martin et al., 2008; Watanabe et al., 2008a). The F1 progeny samples were
genotyped for the old3-2 and the odd-ler locus and plants were selected. These plants were raised
at high temperature i.e, 28 °C and scored for necrosis. Plants were then shifted to low
temperature to observe any changes in phenotype. No necrosis was observed in the F1
population at both temperatures (data not shown). From the F2 population of the cross, more
than four different seedlings were identified which were homozygous for both the old3-2 and
odd-ler alleles. These lines are referred to here as old3-2 odd-ler lines and have a mixed Ler-
0/Col-0 genetic background. The old3-2 odd-ler lines did not show the autonecrosis phenotype
when grown at 21 °C (Figure 5.1). The lines were also grown at 14 °C but no necrosis phenotype
was apparent in these lines (data not shown). Two of the lines were also analysed for the
expression of the two R genes at the odd-ler region and the absence of the OASTL-AL gene
expression (Figure 5.1). Thus, lack of OASTL-A1 in an odd-ler background is not the cause of
autonecrosis. To further confirm these results in a pure genetic background, OASTL-A1 gene
silencing was attempted in Ler-0, using an RNAI approach. To avoid the homology of the target
sequences with other OASTLs, cytosolic OASTL-AL specific sequence was chosen for RNAI.
Results show that silenced Ler-0 lines with up to 97% reduced OASTL-A1 transcript levels also
do not result in the development of autonecrosis (Figure 5.2). Thus, lack of functional OASTL-Al

does not cause autonecrosis in the odd-ler genetic background.
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Figure 5.1. Characterization of old3-2 odd-ler lines at 21 °C. Figure shows A) old3-2 and Ler-0 plants and B) four lines
homozygous for old3-2 and odd-ler region from F2 population when grown at low temperature of 21 °C. F3 progenies of these genotypes and
parents (old3-2 and Ler-0) were grown at 21 °C in L.D. condition for four weeks. C) Two of the old3-2 odd-ler lines (34 and 29) were also tested
for expression of 2 R genes in the RPP1 cluster and OASTL-A1/OLD3. Expression is relative to Actin2 and is mean of two biological replicates.

Error bar represents standard deviation. N.D. is non-detectable.
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Figure 5.2. Lack of functional OASTL-A1 does not cause autonecrosis. A) Representative pictures of Ler-0 and Ler-0 +
RNAIi OASTL-A1 lines and B) relative expression of OASTL-A1 is presented. Wild type and RNA lines were grown for 1 week at 28°C and then
for three weeks at 21 °C. Expression of OASTL-A1 was measured in the wild-type and RNAi-Line-2. Expression values are relative to Actin2.
Error bar represents standard deviation. Values represent mean within two biological replicates. * indicates statistically significant differences in

the mean value of the gene expression in between wild-type and RNAI line using Student’s t test (P < 0.01).
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5.2 The mutation in OASTL-Al activates RPP1l-like R mediated
autonecrosis

The result in this study indicates that specifically the old3-1 mutation causes the autonecrosis
phenotype in combination with R genes from the odd-ler region. To test this further, old3-1 gene
silencing was attempted in the old3-1 mutants using the OASTL-A1 specific RNAI construct,
explained above. The autonecrosis phenotype was completely rescued in all the transformants,
consistent with the reduction in old3-1 expression levels (Figure 5.3). Thus, the G/E substitution
at residue 162 of the OASTL-AL results in the activation of autoimmunity concomitant to the

presence of R gene(s) at the odd-ler region.
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Figure 5.3. A mutation in OASTL-A1 activates R-mediated autonecrosis. A) Representative pictures of the old3-1 mutant
and old3-1 mutant + RNAI old3-1 lines and B) relative expression of old3-1 is presented. Mutant and RNA.I lines were grown for 1week at 28°C
and then for three weeks at 21 °C. Expression of OASTL-A1 was measured. Expression values are relative to Actin2. Error bar represents standard
deviation. Values represent mean within two biological replicates. * indicates statistically significant differences in the mean value of the gene
expression in between wild-type and RNAI line using Student’s t test (P < 0.01).
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5.3 Mutations in the OASTL-Al gene cause a major reduction in total
OASTL activity in planta but not a reduction in total SERAT activity
and cysteine and glutathione levels

The availability of cysteine for the production of thiols and other metabolites in plant cells is
linked to the OASTL and SERAT enzymatic machinery (Figure 5.4). Therefore the OASTL and
SERAT enzyme activity of old3 mutants was first investigated. To characterise the effects of
mutations affecting OASTL-AL function in planta, initially the five genotypes described in
Figure 5.4 were used: the old3-1 mutant with its wild type parent Ler-0, the OASTL-A1 T-DNA
KO mutant old3-2 and its Col-0 wild-type parent, and finally, to analyse the effect of old3-1 in
the absence of the haplotype RPP1-like R genes from the odd-ler region, old3-1"¢ is also used in

this experiment.

The old3-1 phenotype is rescued at high temperature and therefore all lines were grown under
LD condition on soil at 28 'C (permissive temperature) for 16 days. One experimental set of
plant lines was subsequently grown for an additional 5 days at 28 "C to suppress autonecrosis in
old3-1 mutant, while another set was transferred to 20 "C after which only the old3-1 mutant
exhibited autonecrosis within 5 days (Figure 5.4). In contrast, the old3-2 and old3-1"° lines were
indistinguishable from wild-type plants in both temperatures (Figure 5.4). Enzymatic activities
were analysed at 0, 2 and 5 days in the temperature shift experiment in both the sets (Figure 5.4;
for detailed layout see Appendix 13).

The old3-2 mutant showed a significant reduction i.e., up to 40-80% in total OASTL activity in
comparison to its wild-type Col-0, under different growth temperature (Figure 5.5). Similar to
old3-2, old3-1 and old3-1"“mutants also had significantly reduced total OASTL activity i.e., up
to 40-60% in comparison to the wild type Ler-0 and Col-0 plants (Figure 5.5). The total SERAT
activity remained unaltered in the old3-1 mutant compared to Ler-0 in either of the growth
temperatures, but showed significant reduction in old3-2 and old3-1" plants when shifted to low
temperature (Figure 5.5). As OASTL-AL is also implicated to possess S-cyanoalanine synthase
(CAS) activity, which is involved in cyanide detoxification (Watanabe et al., 2008a), the CAS
activity was also tested in all the lines. A consistently significant reduction in total CAS activity
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was observed in old3-2 at both temperatures but not in the old3-1 mutant and wild-types
(Appendix 14) suggesting that CAS activity is not affected due to the old3-1 mutation. The old3-
1" mutant, instead, showed consistently significant reduction in total CAS activity in both
temperatures as compared to Col-0 and Ler-0. This is in contrast to the results obtained from the
old3-1 mutant (Appendix 14). This difference could be due to the effects of a mixed genetic
background. Thus a comparable reduction in OASTL activity was seen in all old3 mutant lines,

regardless of growth temperature and the presence of the autonecrosis phenotype.

To identify the effects of reduced OASTL activity on sulfur assimilation, the sulfate, O-
acetylserine (OAS), cysteine (Cys) and glutathione (GSH) levels were analysed (Figure 5.6).
Total cellular sulfate, OAS, Cys and GSH levels were not significantly affected in the old3-2 and
old3-1"° mutant in comparison to the wild-type Col-0 at both high and low temperatures. Only,
old3-2 mutant showed a significant reduction in total GSH level at the 5" day of temperature
change but not at 28 °C. These metabolites were not reduced in the old3-1 mutant at either
temperature as compared to Ler-O (Figure 5.6). The total Cys, OAS and sulfate levels were,
however, increased in the old3-1 mutant within 2 days after shift to low temperature (Figure 5.6).
GSH levels however were not significantly altered as compared to Ler-0 (Figure 5.6).
Cumulatively, these results show that there is no severe reduction of cysteine in the old3-1
mutant and this is similar to the other old3 lines. However, autonecrosis coincided with increased
cysteine, OAS and sulfate levels in the old3-1 mutant.
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2. old3-2 (old3-20ld3-2 odd-colodd-col) Col-0
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Figure 5.4. Characterisation of old3 lines in the temperature shift experiment. A. Schematic representation of the sulfur
assimilation pathway. Not all steps are shown as indicated by multiple arrows. B. Five different plant lines and their corresponding genotypes are
described. Plants were first grown at 28 °C for 16 days to suppress necrosis in the old3-1 mutant in long-day conditions (16 h of light / 8 h of
dark). One experimental set of plant lines was kept at 28 °C, while another set was transferred to 20 °C and plants were then grown for an

additional 5 days. Pictures of representative plants grown for 2 and 5 day after temperature shift are shown.
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Figure 5.5. Enzymatic activities of (i) OASTL and (ii) SERAT in five genotypes. Black bars indicate data for plants
grown at 28 °C for 16, 16+2 days and 16+5 days. Grey bars indicate data for plants grown for 16+2 days and 16+5 days at 20 °C, after
temperature shift at day 16 from 28 °C. Data represents the mean of three biological replicates. Statistically significant differences in the values
between the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.05, ** at P < 0.01 and *** at P < 0.005. old3-

1recis a mixed Ler-0/Col-0 background and the levels of metabolites in this line were statistically analysed against those of Col-0.
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Figure 5.6. Levels of (i) SO,Z, (ii) OAS, (iii) Cys and (iv) GSH in all five genotypes. Black bars indicate data for plants
grown at 28 °C for 16, 16+2 days and 16+5 days. Grey bars indicate data for plants grown for 16+2 days and 16+5 days at 20 °C, after
temperature shift at day 16 from 28 °C. Data represents the mean of three biological replicates. Statistically significant differences in the values
between the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.05, ** at P < 0.01 and *** at P < 0.005. old3-

lrecis @ mixed Ler-0/Col-0 background and the levels of metabolites in this line are statistically analysed with those of Col-0.




5.4 Metabolic profiling of old3 mutants

It is apparent from the preceding data that cysteine metabolism is affected in the old3-1 mutant at
low temperature. To further characterize the different effects of old3 mutation, metabolic
profiling was opted for old3 mutants as it would provide a global overview of the changes in a
large number of metabolites. Furthermore, the data generated could assist in understanding the
basis of phenotypic variation among the old3 mutants, caused by genetic variation between the
two accessions together with the effect of different old3 mutations in variable temperatures.
Therefore, all five genotypes were characterised by targeted metabolic profiling of over 60
metabolites at 0, 2 and 5 days in the temperature shift experiment. Hierarchical clustering
analysis (HCA) was performed to monitor variation in biological replicates within each genotype
in two different temperature regimes (Appendix 15).

()  The old3-1 mutant shows delayed degradation of total chlorophyll content and
sharp changes in levels of anions before the development of necrosis.

Results obtained show that the old3-1 mutant exhibited significantly lower levels of chlorophyll
a when grown at high or low temperature, as compared to wild type Ler-0 (Figure 5.7).
However, chlorophyll b content was not reduced at either temperature, except for day 0 at high
temperature. The degradation for chlorophyll a content was not observed in old3-1" and old3-2
mutant as compared to wild-type (Figure 5.7). These results suggest that lack of functional
OASTL-A1 or the presence of old3-1 alone is not responsible for reduced chlorophyll a content.
Lower chlorophyll a levels in the old3-1 mutant may be linked with the effect of old3-1 in a pure
Ler-0 background. However, there remains the possibility that this reduction is linked with
negative epistatic interaction between old3-1 and R gene(s) products. Regardless, the old3-1
mutant plants specifically exhibited reduction in total chlorophyll levels only at day 5 of
temperature change consistent with enhanced leaf chlorosis (Figure 5.7). The data also reflects
the effect of temperature on the chlorophyll content. Overall, high or low temperature did not
affect the total chlorophyll content among all genotypes that do not show autonecrosis. However,
when compared to high temperatures, low temperatures result in a decrease in chlorophyll b
content in all genotypes (Figure 5.7).

115



When grown at high temperature, results show that no significant differences appeared for total
nitrate levels in all genotypes, except that the old3-1™° plants showed slightly higher levels of
nitrate at day 0. However, total nitrate concentrations were significantly lowered only in the
old3-1 mutant during the onset of autonecrosis at low temperature (Figure 5.8). This decrease
was significant at 2 days, which is well before the onset of chlorophyll degradation that is
observed on the 5™ day of temperature shift (Figure 5.8). Regardless, nitrate levels increased
across genotypes over time at both temperatures. In contrast to nitrate, total phosphate levels
were increased during the onset of autonecrosis and these changes were significant after 2 days
of temperature shift (Figure 5.8). This is similar to the pattern observed for changes in total
sulfate levels in the old3-1 mutant as shown in the section above. Overall, changes in
temperature and genetic background did not result in any variation in the total nitrate and

phosphate levels between wild-type and other old3 mutants.
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Figure 5.7. Changes in chlorophyll contents in 0ld3 mutants. Red dots indicate data for plants grown at 28 °C for 16 (0),
16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown for 16+2 days (2 days ) and 16+5 days (5 days) at 20 °C,
after temperature shift at day 16 from 28 °C. The data in blue dots at 0 days, is soon after shift to 20 °C at day 16 from 28 °C. Data represents
mean of three biological replicates. Error bar represents standard deviation. Statistically significant differences in the values between the mutants
and the respective wild-types, using Student’s t test are shown by * at P < 0.05, ** at P < 0.01 and *** at P < 0.005. Asterisks above the dots are

for the data at 28 °C and asterisks below the dots are for the data at 21 °C. In old3-1", the values are statistically analysed against the data from
Col-0.
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Figure 5.8. Changes in the level of anions in the old3 mutants. Red dots indicate data for plants grown at 28 °C for 16 (0),
16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown for 16+2 days (2 days ) and 16+5 days (5 days) at 20 °C,
after temperature shift at day 16 from 28 °C. The data in blue dots at 0 days, is soon after shift to 20 °C at day 16 from 28 °C. Data represents
mean of three biological replicates. Error bar represents standard deviation. Statistically significant differences in the values between the mutants

and the respective wild-types, using Student’s t test are shown by * at P < 0.05, ** at P < 0.01 and *** at P < 0.005. In old3-1", the values are
statistically analysed against the data from Col-0.
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(i) Perturbations in primary and secondary metabolism in the old3-1 mutant

a. Amino acids, sugars and their precursors

The synthesis of amino acids and sugars links the assimilation pathways of nitrogen and carbon
and other secondary metabolisms. The carbon skeleton of amino acids is derived from CO,,
which is assimilated during photosynthesis in the form of carbohydrate products. The
carbohydrates are further metabolised in the cytosol through glycolysis to release energy, and
subsequently broken down into various metabolites, including glyceraldehyde 3-phosphate
(3PGA), phosphoenoylpyruvate (PEP) and pyruvate, which in turn, act as precursors to many
amino acids and other metabolites (Figure 5.9). Results show that the levels of pyruvate are
specifically increased in the old3-1 mutant as compared to wild-type at day 2 of temperature shift
(Figure 5.10). However, pyruvate concentration decreases at day 5 of temperature shift. In
contrast, pyruvate levels were not largely affected in old3-2 mutant and Col-0 at either
temperature. Interestingly the levels of amino acids derived from pyruvate, including alanine and
the branched-chain amino acids leucine, valine and isoleucine, were significantly increased in the
old3-1 mutant as compared to wild-type Ler-0 at day 2 of temperature shift (Figure 5.10). The
concentration of valine, isoleucine and leucine was massively increased in the old3-1 mutant at
day 5 of temperature shift. The level of these amino acids was not increased in other old3

mutants and wild-types (Figure 5.10).
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Figure 5.9. Glycolysis and incorporation of its intermediate and end metabolites in synthesis of amino acids,

secondary metabolites, sugars and lipids. A) shows the process of glycolysis and use of its intermediates in synthesis of sugars,

lipids and other metabolites. B) shows synthesis of different amino acids from glycerate and pyruvate.
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Figure 5.10. Changes in pyruvate-driven amino acid concentrations in the old3 mutants. Red dots indicate data for

plants grown at 28 °C for 16 (0), 16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown for 16+2 days (2 days )
and 16+5 days (5 days) at 20 °C, after temperature shift at day 16 from 28 °C. The data in blue dots at 0 days, is soon after shift to 20 °C at day

16 from 28 °C. Data represents mean of three biological replicates. Error bar represents standard deviation. Statistically significant differences in

the values between the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.05, ** at P < 0.01 and *** at P <

0.005. In old3-1"¢, the values are statistically analysed against the data from Col-0.
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Pyruvate is further fed into the tricarboxylic acid (TCA) cycle or Krebs’ cycle in the
mitochondria, where it is fed into the synthesis of other amino acids as well as secondary
metabolites (Figure 5.11). Results show that most of the TCA metabolites including malic acid,
fumaric acid and succinic acid were accumulated in the old3-1 mutant at low temperature only as
compared to wild-type, but not at high temperature (Figure 5.12). The level of these metabolites
was not significantly altered in other old3 mutants as compared to wild-type lines (Figure 5.12).
Glutamate is an important amino acid synthesised from the TCA intermediate a-ketoglutarate.
The levels of glutamate were significantly increased in the old3-1 mutant by day 5 of
temperature shift, as compared to wild-type. Glutamate acts as a precursor to other amino acids
including glutamine, histidine, proline and also to arginine, via the urea cycle. Results show that
levels of these amino acids were also increased in the old3-1 mutant as compared to wild-type
Ler-0 at 20 °C. None of these however showed accumulation in other old3 mutants at 20 °C or 28

°C as compared to wild-type (Figure 5.12).

Aspartate is another amino acid which is derived from the TCA cycle intermediate oxaloacetate
and acts as a precursor to other amino acids including asparagine, B-alanine, lysine, methionine
and threonine (Figure 5.13). The level of these amino acids that are produced from aspartate in
the metabolic pathway were found to be significantly accumulated in the old3-1 mutant as
compared to wild-type at day 2 and day 5 of temperature shift (Figure 5.13). During the onset of
autonecrosis, only the levels of methionine were significantly reduced at day 2 in the old3-1
mutant, but remained significantly higher at day 5 of temperature shift (Figure 5.12). Some of
these amino acids did show temperature-dependent regulation in all the lines, but none of them

were significantly altered in other old3 mutants as compared to wild-type.
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Figure 5.11. TCA cycle and pathways of synthesis of amino acids. Metabolites of TCA cycle are highlighted in colour

whereas amino acids generated from these compounds are highlighted in red dashed outline box. Metabolites and amino acids highlighted in red
dashed outline box were measured in all the lines.
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Figure 5.12. Changes in the level of TCA intermediates and amino acid concentrations in the old3 mutants.
Red dots indicate data for plants grown at 28 °C for 16 (0), 16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown
for 16+2 days (2 days ) and 16+5 days (5 days) at 20 °C, after temperature shift at day 16 from 28 °C. The data in blue dots at 0 days, is soon
after shift to 20 °C at day 16 from 28 °C. Data represents mean of three biological replicates. Error bar represents standard deviation. Statistically
significant differences in the values between the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.05, ** at P
< 0.01 and *** at P < 0.005. In old3-1", the values are statistically analysed against the data from Col-0.
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Figure 5.13. Changes in the level of other amino acids in the old3 mutants. Red dots indicate data for plants grown at 28
°C for 16 (0), 16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown for 16+2 days (2 days ) and 16+5 days (5
days) at 20 °C, after temperature shift at day 16 from 28 °C. The data in blue dots at 0 days, is soon after shift to 20 °C at day 16 from 28 °C.
Data represents mean of three biological replicates. Error bar represents standard deviation. Statistically significant differences in the values
between the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.01, ** at P < 0.005 and *** at P < 0.001. In
old3-1", the values are statistically analysed against the data from Col-0.
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Phosphoenoylpyruvate (PEP), which is the precursor of pyruvate, also acts as the precursor of a
key metabolite, shikimate, which drives the synthesis of three different aromatic amino acids;
tryptophan, tyrosine and phenylalanine. Results show that all three amino acids are accumulated
in the old3-1 mutant as compared to wild-type at 20 °C (Figure 5.14). However the level of these
amino acids was non-significantly altered in other old3 mutants and wild-type. Similarly, levels
of other amino acids including serine and glycine were specifically higher in the old3-1 mutant
as compared to wild-type during the shift to low temperature (Figure 5.14). Thus in conclusion,
amino acids and their precursor metabolites emerging from the TCA cycle, the
glycolysis/glycogenesis and the Shikimate pathway were highly accumulated before the

development of autonecrosis.

Total soluble protein levels were also measured from all the lines including the old3-1 mutant.
The total protein levels were not significantly altered in the old3-1 mutant as compared to wild-
type at 28 °C (Figure 5.14). However a slight but significant reduction was observed in total
protein levels at 20 °C, at day 2, in the old3-1 mutant as compared to Ler-0 (Figure 5.14). No
protein degradation was observed in other old3 mutants and wild-type. Thus, protein degradation

may contribute to the pattern of an increase in the level of amino acids during autonecrosis.
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Figure 5.14. Changes in the level of amino acids in shikimate pathway, Ser/Gly metabolism and total soluble

protein in the 0ld3 mutants. Red dots indicate data for plants grown at 28 °C for 16 (0), 16+2 days (2 days) and 16+5 days (5 days).
Blue dots indicate data for plants grown for 16+2 days (2 days ) and 16+5 days (5 days) at 20 °C, after temperature shift at day 16 from 28 °C.
The data in blue dots at 0 days, is soon after shift to 20 °C at day 16 from 28 °C. Data represents mean of three biological replicates. Error bar
represents standard deviation. Statistically significant differences in the values between the mutants and the respective wild-types, using Student’s

t test are shown by * at P < 0.01, ** at P < 0.005 and *** at P < 0.001. In old3-1", the values are statistically analysed against the data from
Col-0.
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As most of the precursors for the amino acids are derived from metabolites in
glycolysis/glucogenesis pathway, sugar metabolism was also analysed. Results obtained
indicates that the total level of sugars including glucose, sucrose and fructose were also increased
in the old3-1 mutant as compared to wild-type at 20 °C while their levels were unaltered at 28 °C
(Figure 5.15). Consistent with these changes in sugar metabolism, maltose concentration was
also increased specifically in the old3-1 mutants as compared to Ler-0 at 20 °C (Appendix 15). In
contrast, the total starch levels were not significantly affected in the old3-1 mutant as compared
to wild-type at 20 °C or 28 °C (Figure 5.15). Similarly, the level of starch was not significantly
affected in other lines at both 20 and 28 °C. In conclusion, the results showed that higher levels
of sugars and its derivatives were accumulated in the old3-1 mutant without affecting total starch

levels.
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Figure 5.15. Changes in the sugars and starch levels of the old3 mutants. Red dots indicate data for plants grown at 28 °C
for 16 (0), 16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown for 16+2 days (2 days ) and 16+5 days (5 days) at
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the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.01, ** at P < 0.005, *** at P < 0.001 and **** at P <
0.0005. In old3-1", the values are statistically analysed against the data from Col-0.
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b. Secondary metabolites involved in abiotic stress response and disease
resistance

Primary metabolism further branches out into secondary metabolism and, therefore, secondary
metabolites derived from key amino acids and sugars were specifically targeted in metabolic
profiling among all the lines. The TCA-derived glutamate acts as a precursor to various
secondary metabolites, including ornithine, putrescine, y-aminobutyric acid (GABA) and
pyroglutamic acid which are associated with abiotic and biotic stress defence (Ye et al., 1997;
Shelp et al., 1999; Sharma and Dietz, 2006; Jang et al., 2009; Alcazar et al., 2010b; Gill and
Tuteja, 2010). Results from this study showed that these metabolites were highly accumulated in
the old3-1 mutant as compared to the wild-type, when grown at 20 °C (Figure 5.16). This is
consistent with the accumulation of proline in the old3-1 mutant, which is also involved in
abiotic stress-defence, as described earlier. These metabolites were not significantly affected in
old3-2 as compared to Col-0 under the same growth conditions (Figure 5.16). However,
significant variation was observed in their levels in the old3-1 mutant as part of autonecrosis.
Thus, lack of OASTL-AL itself does not activate stress-defence in Arabidopsis under permissive

growth conditions.

Sugar metabolism is involved in the synthesis of some important compounds and metabolites
that regulate stress signaling and cell death. These include the disaccharide, trehalose, which is
involved in stress defence signalling (Avonce et al., 2004), myo-inositol, which negatively
regulates cell death (Meng et al., 2009; Donahue et al., 2010), and ascorbic acid which acts as an
important antioxidant (Valpuesta and Botella, 2004). Results from the analysis here indicate that
trehalose and ascorbic acid are significantly accumulated in the old3-1 mutant at 20 °C only
(Figure 5.16; Appendix 15). In contrast, levels of myo-inositol decreased in the old3-1 mutant at
20 °C, consistent with activation of cell death in the old3-1 mutant. These metabolites were not

significantly altered in other old3 lines (Figure 5.16).
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Figure 5.16. Changes in the level of metabolites of abiotic stress defence in the 0ld3 mutants. Red dots indicate data
for plants grown at 28 °C for 16 (0), 16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown for 16+2 days (2 days )
and 16+5 days (5 days) at 20 °C, after temperature shift at day 16 from 28 °C. The data in blue dots at 0 days, is soon after shift to 20 °C at day
16 from 28 °C. Data represents mean of three biological replicates. Error bar represents standard deviation. Statistically significant differences in
the values between the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.01, ** at P < 0.005, *** at P < 0.001
and **** at P < 0.0005. In old3-1"°, the values are statistically analysed against the data from Col-0.
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The indole-glucosinolates, phenylpropanoids, flavonoids, phytoalexins and other disease
resistance compounds are derived from the aromatic amino acids, tyrptophan and phenylalanine,
via the shikimate pathway. A selection of key representatives of these metabolites was also
tested in all the lines. The results from this investigation indicated that camalexin, which is
synthesized de novo upon perception of pathogen-derived elicitors or toxins (Bednarek et al.,
2009), accumulated specifically in the old3-1mutant at 20 °C but was not detected in the other
plant lines at both temperatures or in the old3-1 mutant when grown at 28 °C (Figure 5.17).
Levels of tryptophan-driven indole-glucosinolates, including indole-3-yl-methyl (I3M) and 4-
methoxy-indol-3-ylmethyl-glucosinolate (4MI3M), which contribute to basal immunity and
disease resistance upon pathogen infection (Bednarek et al., 2009; Clay et al., 2009) and aphid
feeding (Kim et al., 2008), were also significantly increased in the old3-1 mutant only (Figure
5.17). These changes coincided with an increase in the hormone, salicylic acid (Figure 5.17),
which is derived from the chorismate-shikimate pathway and is intricately involved in disease

resistance responses (Vlot et al., 2009).

In contrast to these changes, metabolites, including benzoic acid, phenylpropanoids and
flavonoids, which are involved in stress defence (Treutter, 2006), were not significantly altered
in the old3-1 mutant and other lines at 20 or 28 °C (Appendix 15). Thus, only those compounds
in the shikimate metabolic pathway which are involved in disease resistance were specifically
accumulated in the old3-1 mutant. These changes were not observed in old3-2 or old3-1".
Aliphatic glucosinolates, which are derived from methionine and are also implicated in
resistance against insect herbivory (Beekwilder et al., 2008), were also tested in all the lines. The
results from this examination indicate that these glucosinolates were largely unaffected in all
old3 mutants as compared to respective wild-type lines (Appendix 15). Overall, metabolomic
studies at both temperatures suggest that some, yet not all, metabolic pathways involved in

diverse stress responses, are up regulated during autoimmune syndrome.
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Figure 5.17. Analysis of compounds associated with innate and basal immunity in 0ld3 mutants. Red dots indicate
data for plants grown at 28 °C for 16 (0), 16+2 days (2 days) and 16+5 days (5 days). Blue dots indicate data for plants grown for 16+2 days (2
days ) and 16+5 days (5 days) at 20 °C, after temperature shift at day 16 from 28 °C. The data in blue dots at 0 days, is soon after shift to 20 °C at
day 16 from 28 °C. Data represents mean of three biological replicates. Error bar represents standard deviation. Statistically significant
differences in the values between the mutants and the respective wild-types, using Student’s t test are shown by * at P < 0.01, ** at P < 0.005,
*** at P < 0.001 and **** at P < 0.0005. In old3-1", the values are statistically analysed against the data from Col-0.
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c. Changes in primary metabolism due to growth temperature

Some key differences were observed in the metabolic profile of all the lines that show the effects
of the natural genetic background and variation in growth temperature at the level of metabolites.
These show that levels of some amino acids including glutamine and aspartate were only lower,
at high temperature, as compared to when grown at low temperature. However, other amino
acids and sugars were not affected due to growth temperature or natural variation. Similarly, the
levels of metabolites from cysteine metabolism including OAS, Cys, GSH and sulfate were also

not affected by the environment or variation in the genotype.

d. Variation in secondary metabolites due to differences in genetic background and
growth temperature

In contrast to metabolites of primary metabolism, many secondary metabolites appeared to be
affected between the Ler-0 and Col-0 plants. The levels of almost all methionine glucosinolates
were found to be naturally higher in Col-0 as compared to Ler-0 background (Appendix 15).
Methionine-glucosinolates were previously shown to be involved in resistance against insect
herbivory (Beekwilder et al., 2008). Interestingly, as Ler-0 is also found to be more susceptible
to Diamondback Moth feeding in comparison to another Arabidopsis accession, Cvi (Collins et
al., 2010), it is possible that reduced methionine-glucosinolates level may be the cause of
susceptibility to herbivory in Ler-0. Furthermore, the metabolic profiling also indicated that in
Col-0, levels of methionine glucosinolates were higher when grown at high temperature as
compared to low temperature (Appendix 15). Thus, high temperatures can increase the
accumulation of insect defence-related compounds. Consistent with this, the pathogen defence-
related indole-glucosinolate i.e, indole-3-yl-methyl (13M) was also found to be accumulated at
high temperature only in Col-0 as compared to Ler-0 (Appendix 15), indicating the role of higher
temperature in affecting biotic stress defence pathways as well as higher level of defence

activation in Col-0.
Similarly, level of metabolites from the phenylpropanoid pathway including sinapoyl esters and
flavonoids also differed between Col-0 and Ler-0 genotype and these levels were further affected

due to temperature changes (Appendix 15). Levels of sinapoyl-malate, which is implicated to

134



function in UV protection and male fertility (Ruegger and Chapple, 2001), were found to be
higher in Col-0 when grown at low temperature as compared to when grown at high temperature.
Furthermore, natural levels of sinapoyl-malate were higher in Col-0 as compared to Ler-0, which
is consistent with the previous observations (Ruegger and Chapple, 2001). Similarly, levels of all
flavonoids including anthocyanins, quercetins and kaempferols were increased after shifting to
low temperature as compared to when grown at high temperature in Col-0 but not in Ler-0
(Appendix 15). These results implicate that growth temperature may significantly affect the
biosynthesis and /or homeostasis of flavonoids depending upon the genotype.

Levels of secondary metabolites including glyceric acid and ornithine were found to be increased
in Ler-0 but not in Col-0, when shifted to low from high temperature (Figure 5.16 and Appendix
15). On the other hand, levels of fumaric acid, which is an intermediate in TCA cycle, was also
increased in both genotypes at high temperature but no other TCA metabolites such as succinic
or malic acid under the same growth conditions (Figure 5.12). Similarly, levels of erythritol, a
ROS scavenging sugar, were also found to be increased in Col-0 at high temperature only
(Appendix 15). Another metabolite myo-inositol, which is involved in suppressing cell-death
activation (Meng et al., 2009; Donahue et al., 2010), was also increased in Col-O at high

temperature (Figure 5.16).
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5.5 Mutations in OASTL-AL affect disease resistance against the pathogen

Pseudomonas syringae pv. tomatoDC3000

The results in this study suggested a possible relationship between OASTL-A1 and immunity.
Therefore the disease resistance in Arabidopsis plants lacking OASTL-A1 was assessed against
the pathogen Pseudomonas syringae pv. Tomato DC3000. Pst DC3000 causes effector-triggered
susceptibility (ETS) by releasing effector molecules that dampen PAMP-Triggered Immunity
(PTI) (Katagiri et al., 2002). Arabidopsis furthermore lacks an ETI response against Pst DC3000,
rendering this pathogen virulent. Arabidopsis Ler-0 plants in which OASTL-AL expression was
suppressed using RNAI and the old3-2 mutant, together with their respective wild-types, were
infiltrated with Pst DC3000. Subsequent to infection, mutants lacking functional OASTL-A1 in
two different genetic backgrounds showed enhanced infection rate at day 2, concomitant with
higher bacterial counts/CFU as compared to their wild types (Figure 5.18 and Appendix 16).

Thus, OASTL-AL contributes in resistance against a virulent pathogen in Arabidopsis.

To identify, whether OASTL-AL is involved in a PTI-driven resistance phenotype in plants, the
resistance response of old3 mutants was determined for a non-virulent Pst strain. For this
purpose the Pst DC3000, hrpA™ strain was used for infections, which lacks the ability to deliver
effector molecules inside plant cells to cause ETS. Therefore, Arabidopsis successfully triggers
PTI against this strain without showing disease-induced chlorosis (Roine et al., 1997; Wei et al.,
2000). Results demonstrated that upon infiltration or spray inoculation of Pst hrpA’, old3-2
mutants showed development of enhanced disease-induced chlorosis as compared to wild-type
Col-0 plants (Figure 5.19). old3-1-RNAIi-RPP1/ B40-12 line, in which expression of the RPP1-
like R genes was suppressed, was also included in the analysis. Both old3-2 and old3-1-RNAi-
RPP1 plants showed enhanced chlorosis as compared to Ler-O (Figure 5.19). These results
highlight a novel role of OASTL-AL in a specifically PTI-driven disease resistance response in
both accessions and indicate that the function of cytosolic OASTL-AL is indispensable in plant
defence.
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Figure 5.18. Disease susceptibility of old3 mutants and wild-type Arabidopsis during infection with virulent

Pst DC3000.Colony Forming Units (CFU) for Pst D3000 were measured in all the lines at day 0, 2 and 4 post-infection. Data represents mean
values of three biological replicates for each line. For each biological replicate, tissues were pooled from six to seven leaves. Mean counts from
three biological replicates for each line per time point is represented. Error bars represent standard deviation of the mean. * indicates statistically
significant differences in values between the mutant and their respective wild-type at similar time point using Student’s t test (P< 0.05). The

experiment was performed twice and similar results were obtained.
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Figure 5.19. OASTL-A1 contributes in basal resistance.(A) shows phenotypes and disease resistance score in Arabidopsis plant
lines against infection by Pst DC3000 (hrpA"). (1) Ler-0, (2) old3-1 mutant rescued with RNAIi-RPP1/B40-12, (3) Col-0 and (4) old3-2 that were
infected with Pst. Syringe inoculation of Pst (1 x 10* cfu/mL) was performed on plants grown for 6 weeks under SD (8 h day/16 h night; 20
°C/16 °C). Disease index was scored after 3 days of infection on n=51 leaves from 14 plants for each genotype. Disease levels, 1 (no visible
symptoms) to 5 (complete water-soaking chlorosis) were scored to generate the index for each genotype. In a Student’s t-test for the disease index
scores, the P-value is 4 x 10 for Ler-0 and old3-1 odd-ler rescued with RNAi RPP1and 2 x 107 for Col-0 and old3-2. All mock inoculated
leaves (10 mM MgCl,) showed absence of any visible lesions. (B) shows Ler-0, old3-1 odd-ler rescued with RNAi RPP1/B40-12, Col-0 and
o0ld3-2 infected with Pst DC3000 (hrpA’). Spray inoculation of Pst (1 x 10° cfu/mL) was performed on plants grown for 7 weeks under SD (8 h
day/16 h night; 20°C/16°C) conditions. Representative plants, 7 days after spray inoculation are shown.
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5.6 Transcript accumulation of BSAS genes in different treatments and
stress conditions

The findings in this study have pinpointed the link between the function of an OASTL enzyme in
cysteine metabolism and disease resistance. Also, the role of other BSAS enzymes in mitigating
stress in Arabidopsis has been comprehensively reviewed in Chapter 2. Together these
observations supports the process of “Sulfur-Induced Resistance” (SIR) or Sulfur Enhanced
Defence (SED) in plants as proposed previously (Rausch and Wachter, 2005; Bloem et al., 2007,
Kruse et al., 2007). Concomitantly, it would not be surprising if various stress signals may
regulate BSAS gene expression in plants. The gene transcript accumulation of BSAS isoforms is
well studied in plant shoots and roots under normal growth conditions (Watanabe et al., 2008a).
However, very little information is available on the effects of various external signals on the
transcriptional regulation of specific BSAS genes. This may provide interesting information on
putative cross-talks between the function of different BSAS genes under a diverse set of

environments and signals.

In this study, the data from various microarray experiments carried out on Arabidopsis plants
was obtained from the Genevestigator 1V tool (Hruz et al., 2008). Microarray experiments with
various growth conditions provided the opportunity to obtain a detailed view of transcriptional
response of the BSAS genes in Arabidopsis in response to various abiotic and biotic signals.
Nevertheless, use of the public microarray database from the Genevestigator tool comes with
some limitations. It has to be taken into account that the expression spectrum presented here is
based on individual treatments, plant lines and different growth conditions that may differ
between different research groups. Moreover, the gene expression changes cannot predict the
changes in enzyme activities of these isoforms. Irrespective of these limitations associated with
the Genevestiagtor output, the differential expression of specific BSAS genes in response to a
particular change in environment or stress is still a positive indicator of potential cross-talks

between the signal and the functionality of the genes being activated or repressed.

Initially, the expression of BSAS genes was analysed in specific organs and tissues of

Arabidopsis during various stages of development (Figure 5.20). The data obtained suggest
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differential transcript accumulation of all the BSAS genes in various aerial parts and tissues
during different stages of development (Figure 5.20 and Figure 5.21). Results showed that
globally, the OASTL-A1, OASTL-B and s-CAS transcripts were highly abundant as compared to
OASTL-C and CysD1 and CysD2. The lowest transcript abundance was recorded for the DES and
CS26.
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Figure 5.20. Transcript abundance of BSAS genes in various aerial parts of Arabidopsis during different

stages of development.
ATAG14880 is OASTL-Al, AT2G43750 is OASTL-B, AT3G59760 is OASTL-C, AT3G61440 is CysCl/-CAS, AT5G28020 is CysD2,
AT3G04940 is CysD1, AT5G28030 is DES1 and AT3G03630 is CS26. Data and figure obtained from Genevestigator VI
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Figure 5.21. Transcript abundance of BSAS genes in various tissues in the major organs of Arabidopsis during different

stages of development. AT4G14880 is OASTL-A1, AT2G43750 is OASTL-B, AT3G59760 is OASTL-C, AT3G61440 is CysC1/-CAS, AT5G28020 is
CysD2, AT3G04940 is CysD1, AT5G28030 is DES1 and AT3G03630 is CS26. Data and figure obtained from Genevestigator. VI
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The Genevestigator tool provides the opportunity to identify significant changes in gene
expression in plant tissues under various growth conditions. Therefore from thousands of
treatments those were filtered which were able to induce >2 fold change in the expression of
BSAS genes and were statistically significant at cut-off value P< 0.05. Not all the BSAS genes
were found to be differentially expressed at the criterion used for filtering the data. Abundance of
the the BSAS gene transcripts varied in response to the different external abiotic and biotic
signals or treatments. Therefore these treatments were divided into three groups: (i) pathogens
and elicitors, (ii) hormones and (iii) abiotic stress treatments.

Q) Pathogens and elicitors

Pseudomonas syringae (Pst) strains have been identified as virulent pathogens of Arabidopsis
and are widely used to study plant-pathogen interactions. To infer the response of BSAS genes
expression in pathogen assay, experiments involving infections with various Pst strains,
including, P. syringae pv. tomato, P. syringae pv. maculicola and P.syringae pv.phaseolicola,
were analysed using the Genevestigator toll. Results showed that infection of Arabidopsis with
these strains suppressed the transcript accumulation of the OASTL-B, Cys-D1, Cys-D2, DES and
CS26 gene (Figure 5.22). However transcript abundance of the OASTL-A1, OASTL-C and g-CAS
gene was found not to be significantly affected during these experiments. From those which were
negatively affected during biotic stress, DES was found to be the only gene whose transcript
abundance was also negatively affected upon infection with the fungus Golovinomyces
cichoracearum (Figure 5.22). Infection of Arabidopsis plants with the Blumeria graminis
fungus, which causes powdery mildew, was found to specifically suppress the expression of the
CysD1 and CS26 genes (Figure 5.22).

The ability of plants to trigger a defence response to pathogens is based on their detection
system. The Patteren Recognition Receptors (PRRS) in plants can detect Microbe-Associated
Molecular Patterns (MAMPS) and initiate a basal defence called PAMPS or MAMPs-Triggered
Immunity (P/MTI). Bacterial flagellin FIg22 and the Elongation Factor-Tu (EF-Tu), which are
conserved pathogen MAMPS, are commonly used elicitor in the studies to detect basal defence
response and disease resistance. Treatments with the flagellin FIg22 and EF-Tu peptides were
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found to negatively affect the transcript accumulation of CysD1 and CysD2, DES and CS26,
although the expression of OASTL-B was differentially affected as well (Figure 5.23).
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Figure 5.22. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis post- infection with

different pathogens. Figure represents changes in the expression of various BSAS gene in Arabidopsis in response to different pathogen

infections including Pseudomonas syringae (P.syringae), Alternaria brassicicola (A. brassicicola), Blumeria graminis (B. graminis),
Golovinomyces cichoracearum (G. cichoracearum).Those treatments were selected which were able to induce >2 fold change in the expression
of the BSAS genes. The values were statistically significant at P< 0.05. Not all the BSAS genes were found to be affected at the criterion used for

filtering the data. Data represents changes between 0-36 h post-infection/treatment. E1..En represents different number of experiments..
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Figure 5.23. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis post-treatment with the

microbial peptides EF-Tu and flg22. Figure represents changes in the expression of various BSAS genes in Arabidopsis in response to

treatment with the bacterial elongation factor (EF-Tu) and flagellum-specific protein (flg22). Those treatments were selected which were able to
induce >2 fold change in the expression of the BSAS genes. The values were statistically significant at P< 0.05. Not all the BSAS genes were
found to be affected at the criterion used for filtering the data. Data represents changes between 0-36 h post-infection/treatment. E1..En represents
different number of experiments.
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(i) Hormones

The functions of plant hormones are diverse and linked to various mechanisms of plant
development. From treatments with different hormones, Brassinolide, which is a Brassinosteroid
and involved in plant growth and cell division, was found to strongly affect all the BSAS genes,
except DES1, CysD2 and OASTL-AL. Treatments with Brassinolide were found to enhance the
transcriptional activity of the CysD1, f-CAS, CS26 and OASTL-B. However the expression of the
OASTL-C gene was negatively affected by treatment with the Brassinolide in various

experiments.

Various hormonal treatments, specifically those which are involved in biotic stresses were found
to affect the transcript accumulation of BSAS genes. Methyl-Jasmonates (MelJa) are involved in
plant defence against insect attack and herbivory. Treatment of Arabidopsis with MelJa was
found to negatively affect the transcript accumulation of CysD1, CysD2, DES and S-CAS only
(Figure 5.24 and 5.25). However the plastid and mitochondrial localised BSAS encoding genes,
OASTL-B and CS26 and the OASTL-C, respectively, showed increased accumulation in response
to MeJa application (Figure 5.24 and 5.25). Further the role of Salicylic acid (SA), which is
directly involved in resistance against t pathogens, was also investigated. It was identified that
treatment with SA negatively affected the transcript accumulation of the DES and CS26 only, but
not the other BSAS genes (Figure 5.24 and 5.25). Furthermore the role of abscisic acid (ABA) in
regulating BSAS transcripts was also explored. Interestingly abscisic acid (ABA), which is
involved in resistance against abiotic stress, was found to suppress the transcript abundance of
the 5-CAS, CS26 and CysD1 only (Figure 5.25).
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Figure 5.24. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis upon treatment with

different hormones. Figure represents changes in the expression of various BSAS genes in Arabidopsis in response to treatment with

different hormones, including Brassinolide, Methy-Jasmonate (MeJA), and 12-oxo-phytodienoic acid (OPDA). Those treatments were selected
which were able to induce >2 fold change in the expression of the BSAS genes. The values were statistically significant at P< 0.05. E1..En

represents different number of experiments..
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Figure 5.25. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis upon treatment with

different hormones. Figure represents changes in the expression of various BSAS genes in Arabidopsis in response to treatment with

different hormones, including Brassinolide, Methy-Jasmonate (MeJA), Abscisic acid (ABA) and Salicylic acid (SA). Those treatments were
selected which were able to induce >2 fold change in the expression of the BSAS genes. The values were statistically significant at P< 0.05.

E1..En represents different number of experiments. Data obtained from Genevestigator VI.
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(iii)  Abiotic stress

BSAS genes transcripts were found to be differentially accumulated in Arabidopsis plants when
exposed to different abiotic stress treatments (Figure 5.26 and 5.27). Light and temperature are
two important signals that regulate plant growth and development. Data from various
experiments in Genevestigator indicated that the transcript abundance of the OASTL-B, f-CAS,
CysD2 and DES genes was suppressed under high light conditions (Figure 5.26 and 5.27). In
contrast high light intensity resulted in the accumulation of the CS26 gene only. However in a
shift to L.D. from S.D, the CysD2 transcript specifically accumulated in comparison to the other
BSAS genes (Figure 5.27). Furthermore, the experiments involving temperature reduction
highlighted that the CysD2 transcripts were specifically suppressed in cold treatments as
compared to the other BSAS genes (Figure 5.27). In contrast, heat treatments resulted in
relatively high transcript accumulation of the CysD2, CysD1 and DES genes only but had a
negative impact on the accumulation of the OASTL-C and S-CAS gene transcripts (Figure 5.26
and 5.27).

Experiments involving sulfur deficiency were found to induce expression of the CysD1 and
CS26 genes but did not significantly affect the expression of other BSAS genes (Figure 5.26 and
5.27). Similarly nitrate starvation suppressed the CysD2 and CS26 gene expression (Figure 5.27).
Exposure of plants to saline conditions was also found to negatively affect the CysD2 and DES
transcript accumulation (Figure 5.26 and 5.27). Similarly hypoxia treatments were specifically
found to negatively affect the abundance of the DES and CS26 genes as well as the accumulation
of mitochondrial OASTL-C (Figure 5.26 and 5.27).
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Figure 5.26. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis under different growth

conditions. Figure represents changes in the expression of various BSAS genes in Arabidopsis in response to different growth conditions.

Those treatments were selected which were able to induce >2 fold change change in the expression of the BSAS genes. The values were
statistically significant at P< 0.05. E1..En represents different number of experiments.
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Figure 5.27. Fold changes in the abundance of BSAS genes transcripts in Arabidopsis under different growth

conditions. Figure represents changes in the expression of various BSAS genes in Arabidopsis in response to different growth conditions.

Those treatments were selected which were able to induce >2 fold change change in the expression of the BSAS genes. The values were

statistically significant at P< 0.05. E1..En represents different number of experiments.
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Discussion

Cysteine metabolism in the oastl-al/old3 mutants

The effect of the old3-1 mutation is detrimental to OASTL activity in plants. It is important to
note that the old3-1 mutation, G/E'®?, is located near the PLP interacting His™*'residue. The total
SERAT activity was not reduced in the old3-1 mutant. However, a significant reduction was
observed in the old3-2 mutant. Although this reduction was observed at a time point at low
temperature, the results indicated that growth temperature shows a regulatory effect on total
SERAT activity but not on the total OAS or cysteine levels. Regardless, the results also suggest
that OASTL-AL contributes to -CAS activity and that old3-1 may still possess the p-CAS
activity as it was not significantly reduced in the old3-1 mutant. Thus old3-1 may be functional
with respect to the OASTL-SERAT interaction and p-CAS activity but this needs further

investigation in vivo and in planta.

The results show that lack of a functional cytosolic OASTL-AL have largely neutral effects on
plant phenotype, cysteine levels and metabolites of stress-defence pathways in Arabidopsis,
when grown under permissive growth conditions. Remarkably, while mean OASTL activity
dropped by ~45-50 % among old3 mutants, no significant difference in cysteine levels were
found. Similarly, anti-sense suppression of OASTL genes in potato caused reduced OASTL
activity without a reduction in cysteine levels (Riemenschneider et al., 2005). Nevertheless, it
was earlier reported that Arabidopsis oastl-al/old3-2 mutants had reductions in cysteine levels
ranging from 15-28% (Heeg et al., 2008; Watanabe et al., 2008a). The reduced cysteine levels
were reported to coincide with the absence of growth phenotype (Heeg et al., 2008; Watanabe et
al., 2008a), while others noted an ~34% reduction in cysteine levels, coinciding with lesions
resulting from increased oxidative stress (Lopez-Martin et al., 2008). These differences can be
attributed to variations in growth media, day length and age. Indeed, a significant reduction in
GSH levels was detected at day 5 after temperature shift in old3-2 only, which indicates that
altering growth conditions or age may affect thiol levels. Thus, while cytosolic-specific cysteine

levels might have been affected in old3 mutants, the results are consistent with the suggestion
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that facilitated diffusion of cysteine between sub-cellular compartments likely contributes in
maintenance of the total cysteine and GSH levels, at least under non-stressed growth conditions
(Heeg et al., 2008; Watanabe et al., 2008a; Krueger et al., 2009).

Upon activation of autoimmunity in the old3-1 mutants, amino acid levels including cysteine
increased markedly, despite the reduced total OASTL activity. The increase in cysteine and other
amino acids may result from protein degradation as total protein levels decreased during
autoimmunity. However, it cannot be excluded that cysteine is synthesised de novo as a result of
remaining functional OASTL activity in plastids and mitochondria. Indeed, the oastl-ab mutant
lacks functional OASTL-AL and B but accumulates significantly higher cysteine levels, likely
because of residual OASTL activity (Heeg et al., 2008). The oastl-ab mutant displays growth
retardation and the higher cysteine accumulation in this mutant may be part of a stress-response.

Since SERAT activity depends on the interaction with OASTLSs, cytosolic SERAT activity may
be lower in old3 mutants. However, lack of functional OASTL-AL did not affect total SERAT
activity in the old3 mutant lines in different genetic backgrounds. This is consistent with a
previous observation (Heeg et al., 2008), but an approximately 30% increase in SERAT activity
was found by others (Lopez-Martin et al., 2008). Unchanged total SERAT activity coincided
with unaltered total OAS levels as reported here, under permissive growth conditions and by
Heeg et al., (2008). The observed higher OAS concentration, during the autoimmune response,
in the old3-1 mutant is likely the result of the functional SERAT-OASTL partners in plastids and
mitochondrial compartments. Indeed, the oastl-ab, but not oastl-c mutant, has previously been
shown to accumulate higher OAS levels (Heeg et al., 2008). This suggests that OAS levels can
increase during stress provided the presence of functional mitochondrial OASTL-C. This is
consistent with the finding that not cytosol but mitochondria are the major site of OAS
production (Heeg et al., 2008; Watanabe et al., 2008a; Krueger et al., 2009). Higher OAS
concentration furthermore coincided with higher sulfate and cysteine levels in the old3-1 mutants

during autoimmunity.
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Metabolic changes in R-triggered autoimmunity

Autoimmunity involves activation of immune responses and previous studies indicate that
synthesis of immune compounds including salicylic acid is required and/or associated with the
autoimmune phenotypes in plants (Alcazar et al., 2009; Takumi and Mizuno, 2011) .The
accumulation of plant defence compounds including phytoalexin camalexin from the shikimate
pathway and the hormone SA was associated with the autonecrosis in the old3-1 mutant and

appears to be the hallmarks of autoimmunity.

Accumulation of SA and camalexin is associated with the accumulation of 4MI3M
glucosinolate, a compound which is involved in disease resistance (Bednarek et al., 2009; Clay et
al., 2009), in the old3-1 mutant. These changes were not observed in old3-2 and old3™
indicating that the lack functional OASTL is not responsible for accumulation of these
metabolites. However increased levels of OAS and sulfate, as identified in the old3-1 mutant,
may be responsible or necessary for higher 4MI3M concentration since metabolites in the sulfur
assimilation pathway are involved in the regulation of glucosinolate biosynthesis (Mugford et al.,
2009; Yatusevich et al., 2010; Moldrup et al., 2011).

The metabolic changes in the old3-1 mutant include de novo accumulation of sugars and amino
acids despite a major reduction in starch levels. These changes represent a state of disorder and
metabolic stress, in comparison to wild-type, as it couples with the accumulation of stress-
defence compounds. Increase in free sugars and amino acids, during the immune response
against pathogen infection, has been reported across species, likely as a consequence of plant-
pathogen interaction (Scharte et al., 2005; Swarbrick et al., 2006). Furthermore sugars can act as
precursors for the carbon skeleton in amino acids. As amino acids were shown to be precursors
of plant defence compounds (Halkier and Gershenzon, 2006; Stuttmann et al., 2011), the
execution of a constitutive stress response implies a fitness cost, likely resulting from an altered
central metabolism (Bolton, 2009). Regardless, the basis of the sugar accumulation during
autoimmune response remains unexplainable and it’s possible that these changes are part of

hypersensitive (HR) immune response i.e., R-mediated Programmed Cell Death (PCD). In
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contrast, the levels of Met-glucosinolates and other metabolites in the phenylpropanoid pathway,

including flavonoids and anthocyanins, were not significantly accumulated during autoimmunity.

Role of OASTL-AL in disease resistance and R-triggered immunity

The role of cytosolic OASTL-A1 has been already highlighted in resistance to oxidative stress
and metal and pollutant toxicity (Barroso et al., 1999; Dominguez-Solis et al., 2001; Noji and
Saito, 2002; Heeg et al., 2008; Lopez-Martin et al., 2008; Shirzadian-Khorramabad et al., 2010).
This suggests OASTL-AL as a major BSAS enzyme involved in regulating stress tolerance. In
this study, mutations in OASTL-A1 were found to enhance disease susceptibility against a
virulent pathogen. This is consistent with a recent finding which shows that the oas.al.1 (old3-2)
mutant exhibits an impaired ETI response (Alvarez et al., 2012b). Further, the results indicate a
novel role of OASTL-A1 in basal defence, as wild-type Arabidopsis successfully establishes PTI
against Pst DC3000, hrpA™ (Wei et al., 2000). Thus, the recent evidence and findings presented

here suggest that the cytosolic OASTL machinery is important in Arabidopsis immunity.

The old3-2/oas.al.1 mutant has an oxidised cellular redox state (Lopez-Martin et al., 2008) and
reduced total OASTL activity. Emerging evidence indicates that cytosolic redox status modulates
defence reprogramming in the nucleus and cysteine-derived metabolites including GSH,
glucosinolates and camalexin are involved in basal defence (Parisy et al., 2007; Tada et al., 2008;
Bednarek et al., 2009; Clay et al., 2009). Thus the impaired disease resistance response in old3-
2/oas.al.1 mutants may be linked to reduced cysteine availability in the cellular system during
biotic stress conditions (Alvarez et al., 2012b). Hence OASTL-AL may contribute to plant fitness

during both abiotic and biotic stress.

In contrast, the old3-1 mutation in OASTL-Al causes activation of plant defence and
autonecrosis, in certain accessions. These findings are reminiscent of those observed for
ACCELERATED CELL DEATH6 (ACDG6), which is involved in plant fitness and disease
resistance but genetic variation at this locus activate immune responses and later onset of
necrosis in specific Arabidopsis accessions (Todesco et al., 2010). The old3-1 mutation in

OASTL-A1 activates an innate immune response due to a novel genetic interaction with disease
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resistance RPP1-like R gene(s). The rescue of autonecrosis via RNAi-mediated suppression of
OASTL-A1 or RPP1-like genes in the old3-1 mutant (Chapter 4) furthermore demonstrated that
R-mediated autoimmune response is caused by the mutation in OASTL-A1 in combination with
the R protein(s) and not because of lower cysteine biosynthesis. The absence of noticeable
differences between the old3-1™° and old3-2 metabolome (i.e., in the absence of the odd-ler
allele) shows that old3-1 itself does not cause major metabolic disturbances and suggest that
old3-1 is not involved in the synthesis of compounds that activate immune responses. If old3-1
does have an ectopic activity, then an RPP1-like protein(s) is required for this activity to be
detected. The functional basis of R mediated epistatic interactions however remains obscured in
many cases (Alcazar et al., 2009; Yamamoto et al., 2010). The genetic basis of negative epistasis
linked with R mediated autoimmune syndrome in different plant species, has now pinpointed
plant proteins which modulate basal defence and interact with R-mediated innate immune
signalling (Alcazar et al., 2009; Jeuken et al., 2009). These results support the view that R-

mediated resistance can be based on interaction with other host proteins (Dangl and Jones, 2001).

BSAS gene expression under different abiotic and biotic stress signals

The gene expression mining study using the Genevestigator tool (Hruz et al., 2008) was
successful in identifying key signals that account for differential expression spectrum of BSAS
genes in Arabidopsis. Higher expression levels of the OASTL-A1, OASTL-B and p-CAS gene
transcripts across different developmental stages in Arabidopsis suggest that during evolution the
roles of these genes may have become very important for growth. This is consistent with the
notion that OASTL-A1 and OASTL-B are the major isoforms in regulating cysteine biosynthesis
(Heeg et al., 2008; Watanabe et al., 2008a; Krueger et al., 2009). However this does not negate
the significance of the role of other BSAS isoform encoding genes, the OASTL-C, CysD1,
CysD2, DES and CS26, in the plant life cycle. This is well-supported by the concept proposed in
Chapter 2 that the BSAS isoforms work as biological router in cysteine biosynthesis and
homeostasis system, based on various recent studies (Heeg et al., 2008; Lopez-Martin et al.,
2008; Watanabe et al., 2008a; Krueger et al., 2009; Alvarez et al., 2010; Bermudez et al., 2010b;
Shirzadian-Khorramabad et al., 2010; Alvarez et al., 2012b; Alvarez et al., 2012a; Birke et al.,

2012). Moreover enhanced BSAS gene expression in response to the Brassinolide hormone
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treatment is further suggestive of the putative involvement of BSAS isoforms in plant growth

and development.

The effect of the pathogen and effector treatments on the transcriptional activity of specific BSAS
genes, including OASTL-B, CysD1, CysD2 and DESL, is notable. The expression of the DES1
encoding gene was specifically affected under various bacterial and fungal pathogen treatments.
Recent findings have also shown that the lack of the DES1 gene results in constitutive systemic
acquired immunity and disease resistance against fungal and bacterial pathogens (Alvarez et al.,
2012b). Thus the function of the DES1 and other BSAS genes including OASTL-B, CysD1 and
CysD2 may be crucial in immune signalling during plant-pathogen interaction. It is notable that
the OASTL-AL transcript abundance was unchanged under most treatments and experimental
conditions. There were however, a few chemical treatments (data not shown), which were able to

induce significant fold changes in its transcript abundance.

The interaction between different disease and pest resistance-related plant hormones and BSAS
transcriptional response is intriguing. Methyl-Jasmonate treatments were found to activate the
expression of the major OASTL-B and OASTL-C genes as well as CS26. It is currently not well-
understood how jasmonic acid integrates with the cysteine and sulfur metabolism. However
cysteine-driven glutathione biosynthesis and sulfur metabolism is part of the glucosinolates
biosynthesis pathway which fuels herbivory resistance in Arabidopsis (Mugford et al., 2009).
Since JA also plays a significant role in insect herbivory, transcriptional control of the BSAS
genes by JA treatment therefore warrants investigation how JA may be modulating plant cysteine
biosynthesis and homeostasis for herbivore resistance. Treatment with JA and the other disease
resistance hormone SA was found to suppress the expression of the DES1 gene. DES1 has
already been implicated in disease resistance (Alvarez et al., 2010; Alvarez et al., 2012b) and its
suppression due to SA treatment is further suggestive of possibly a negative role during disease
and pest resistance response. As DES is involved in the degradation of cysteine, its suppression
can enrich the cellular cysteine-thiol pool (Alvarez et al., 2010; Alvarez et al., 2012b). These
changes could directly affect the cellular redox conditions which has been now shown to play a
central role in plant immunity (Spoel et al., 2003; Spoel et al., 2010; Spoel and Loake, 2011;

Alvarez et al., 2012b). In conclusion these findings implicate novel cross-talk between post-
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infection basal defence signalling and transcriptional changes in specific BSAS genes, most of

which play a very minor role in cysteine biosynthesis.

The effect of abiotic elements on the expression of different BSAS genes was also notable. /-
CAS, which is associated with the cyanide detoxification and therefore can successfully
contribute to abiotic stress-defence, was found to be suppressed with ABA treatments. ABA is
already known to mitigate stress development in plants. It was therefore surprising why ABA
negatively affect the expression of p-CAS which degrades the un-wanted by-product, the
cyanide, of the stress-induced compound. The specific suppression of p-CAS transcripts with the
hormone treatments including MeJa and ABA would be worth further investigating to better
understand how stress-related hormones regulate other stress-mitigating enzymes. The effects of
temperature and light specifically on CysD2 transcript profile in comparison to the other genes
warrants the biochemical and physiological characterisation of the cysd2 mutants in various
temperature and light growth conditions. This may further help in understanding its cross-talk
with stress-related responses. On the other hand salt treatment has been shown to induce CS26
transcripts, likely because CS26 is involved in the synthesis of S-sulfocysteine which is
implicated in redox control in the chloroplast (Bermudez et al., 2010b). Overall, the stress
factors-induced regulation of BSAS transcriptional activity provides new insights on possible
functional aspects of those isoforms whose roles are not clearly demonstrated in cellular cysteine
biosynthesis or homeostasis. This includes the CysD1 and CysD2 which are also the true
OASTLs.
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Chapter

Functional characterization of structural variations in
OASTL-A1l

Introduction

PLP is required as a co-factor to various enzymes, among prokaryotes and eukaryotes, that carry
out diverse biochemical reactions. Protein structure of the PLP-dependent enzymes including
threonine synthase in Arabidopsis plant as well as enzymes from distant species including S.
typhimurium tryptophan synthase B-subunit and Sacchromyces cerevisiae threonine synthase and
the Hansenula saturnusl-aminocyclopropane-1-carboxylate deaminase are well characterised
(Hyde et al., 1988; Yao et al., 2000; Thomazeau et al., 2001; Garrido-Franco et al., 2002). The
Arabidopsis plant OASTL-A1 enzyme carries out cysteine biosynthesis using PLP as a co-factor
and shows high homology to other PLP dependent enzymes in its o/B-domain structure (Bonner
et al., 2005). Diversification, regarding substrate binding and the nature of the enzymatic
reaction among PLP-dependent enzymes, is associated with the sequence variations in the
residues that bind to PLP (Bonner et al., 2005).

OASTL-A1 carries out the substitution of the acetyl-moiety in OAS with the sulphide and
generates cysteine and acetyl-coA. PLP binding to the Lys* residue of OASTL-A1 via Schiff
base linkage is pre-requisite to this reaction and determines the OASTL activity (Daum et al.,
2002). The residues Asn’’ and GIn**’ are active in binding to the substrate O-acetylserine and
therefore set the basis of substrate specificity in OASTLs. The Thr’® and Ser’ residues are
further implicated into sulfate binding, as mutation in these residues affected the K, value for

sulfide. A detailed structural analysis of OASTL-A1 has already been performed in previous
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studies to understand the role of various residues involved in the catalytic activity of OASTL
(Bonner et al., 2005).(also described in detail in Chapter 2). OASTL interacts with the enzyme
SERAT and makes a hetero-oligomeric complex. In this interaction the SERAT activity
increases which yields O-acetylserine, whereas OASTL activity becomes significantly reduced
(Saito et al., 1995; Droux et al., 1998). The complex of SERAT-OASTL protein comprises of a
SERAT hexamer of ~180 kD and two OASTL dimers, each of ~70 kD (Kredich et al., 1969;
Saito et al., 1995). Active sites involved in the OASTL activity also determines the interaction of
OASTL with the SERAT and this is confirmed by various protein-protein interaction studies
(Bogdanova and Hell, 1997; Wirtz et al., 2001; Bonner et al., 2005; Francois et al., 2006; Zhao et
al., 2006; Kumaran et al., 2009).

The old3-1 mutation has highlighted a novel genetic interaction between an enzyme involved in
cysteine metabolism and immune-related R protein(s) which resist pathogen virulence. It is
therefore important to understand the relevance between the R-triggered immunity and active
sites of OASLT-A1 required in major functions associated with OASTL-A1l i.e., cysteine
biosynthesis and SERAT interaction. The old3-1 mutation resides in an important motif,
TTGPEIW in o5 helix, which is evolutionary conserved among all the BSAS isoforms in
Arabidopsis as well as the cysteine synthase gene in bacteria (Bonner et al., 2005; Heeg et al.,
2008; Watanabe et al., 2008a). However, the function of the residues in this motif is not well-
established among BSAS isoforms. That said, the old3-1 mutation is first to indicate the role of
this motif in OASTL activity (Shirzadian-Khorramabad et al., 2010). The question arises
whether mutations at other residues in OASTL-AL, affecting the OASTL activity and/or SERAT
interaction also show negative epistatic interaction with R proteins. To answer this question,
previously characterised and uncharacterised residues in OASTL-Al were targeted for
modification with an aim to test the effect of altered OASTL function on R-triggered immunity.
As true OASTL also interacts with SERAT via the OASTL-SERAT complex, it was also
identified how the old3-1 mutation affected the evolutionary conserved interactions with the
SERAT enzyme
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Results

6.1 Selection of the target residues for mutagenesis in OASTL-Al

A detailed structural analysis of OASTL-AL is already published (Bonner et al., 2005). Using the
crystal structure information, key amino acids were identified in OASTL-A1 for mutagenesis.
The characteristics of these mutations are listed in Table 6.1. Most of these mutations were
designed with an aim to affect the OASTL activity and SERAT interactions. Further, a few

mutations were also designed in close proximity of residue Gly*®

, Which is the position of old3-
1 mutation, to identify the role of this region both in OASTL activity and R-triggered immunity.
Third, mutations were also designed to affect the homodimerisation of OASTL-A1 protein and
therefore these mutations target dimer interface residues (Table 6.1). In this way, various spots

were selected in the OASTL-AL protein for mutagenesis (Figure 6.1).

Site-directed mutagenesis was carried on OASTL-A1, using the SLIM protocol (see methods), to
induce the candidate mutations. In total 11 different mutations were induced separately, each
resulting in a single amino acid substitutions per protein-coding gene model (Table 6.1; Figure
6.1). The substitutions were designed to significantly change the properties of the targeted wild-
type amino acid residues which includes the size, charge and/or polarity of the amino acid (Table
6.1; Figure 6.1). The mutations were initially labelled as JT106 to JT116 and re-named here as
old3-3 to old3-14 (Table 6.1; Figure 6.1).

To test the impact of the mutation on the OASTL activity of the old3 proteins, an in vivo
approach was employed. This involves the use of plant OASTL protein to complement the
growth of the E. coli bacteria-NK3 strain which is lacking its native OASTL, the CysK protein.
The NK3 lack CysK and therefore exhibit cysteine autotrophy. Expression of a true OASTL
from plants has been shown to rescue the growth of NK3 on Cys minimal medium, indicating
that a functional plant OASTL can substitute the bacterial CysK function in bacteria(Yamaguchi

et al., 2000). Furthermore it has been also shown that mutations abolishing the activity of the
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plant OASTL protein in vitro do not rescue the cysteine auxotrophy in NK3 ,thereby suggesting
NK3 as a preliminary system for determining functionality of the OASTL.
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Table 6.1. Characteristics of site-directed mutations in OASTL-AL.

Parameters of site-directed | Label Name Nucleotide mutation Amino acid substitutions
mutagenesis in OASTL-Al and positions in CDS
Location and Targeted Properties of wild- | Significance of | Substituted | Substituted a.a
position wild-typea.a | typea.a the residue aa properties
Random (Control) JT105 old3-1 GGA > GAA a5 helix, 162 TTGPEI Neutral, not determined TTEPEI Negatively charged,
hydrophobic, small polar, large
OASTL Activity JT106 old3-3 AAA > GAA, 136 al helix, 46 SSVKDRK Positively charged, PLP cofactor SSVEDRK | Negatively charged,
polar, large binding polar, large
OASTL Activity JT107 old3-4 AAA > GCA, 136- al helix, 46 SSVKDRK Positively charged, PLP cofactor SSVADRK | Neutral, hydrophobic,
137 polar, large binding small
OASTL Activity and JT108 old3-5 ACA > AAA, 221 Loop between 3- PTSGNT Neutral, polar, Substrate and PKSGNT Positively charged,
SERAT interaction sheet and a2 helix, medium SERAT binding polar, large
74
SERAT interaction JT109 old3-6 AAG > GCG, 649- Loop between 8- GGKPG Positively charged, SERAT binding | GGAPG Neutral, hydrophobic,
650 sheet and 9-sheet, polar, large small
217
OASTL activity JT110 old3-7 TCA > AAA, 805-806 | a8 helix, 269 VGISSG Neutral, polar, small | PLP interacting | VGIKSG Positively charged,
residue polar, large
In close proximity of old3-1 | JT111 old3-8 CIT>CGT,578 a6 helix, 193 KYLKE Neutral, Not determined KYRKE Positively charged,
mutation hydrophabic, large polar, medium
In close proximity of old3-1 | JT112 old3-9 GAG > GGG, 491 a5 helix, 164 TTGPEI Negatively charged, | Not determined | TTGPGI Neutral, hydrophobic,
mutation polar, large small
Homodimerisation JT113 old3-10 GAA > GGA, 941 a9 helix, 314 TRKEA Negatively charged, | Not determined | TRKGA Neutral, hydrophobic,
polar, large small
Homodimerisation JT114 old3-11 GCT > GAT, 776 a7 helix, 259 QLALKE Neutral, Not determined | QLDLKE Negatively charged,
hydrophaobic, small polar, medium
Homodimerisation JT115 old3-12 GCT > GAT, 332 a3 helix, 111 ILLAFG Neutral, Not determined ILLDFG Negatively charged,
hydrophobic, small polar, medium
Homodimerisation JT116 old3-13 GCT > GAT, 260 a2 helix, 87 TAAAK Neutral, Not determined TADAK Negatively charged,
hydrophobic, small polar, medium
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Figure 6.1. Map of the functional residues in the 3D structure of OASTL-A1 and location of the site-directed

mutations in the protein sequence.
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6.2 Mutations in the PLP co-factor, substrate and SERAT binding region
of OASTL-A1 and their role in complementing cysteine auxotrophy

Initially the old3-1, OASTL-A1 and the empty vector were transformed into the NK3 strain and
were tested for cysteine auxotrophy. Only OASTL-AL rescued NK3 on the Cys minimal medium
in contrast to old3-1 (Figure 6.2) or empty vector (Appendix 17), consistent with the findings
that old3-1 is inactive in vitro (Shirzadian-Khorramabad et al., 2010) and in planta. The old3-1

157 residue which

substitution is positioned in a conserved region in a5 helix nearby the His
interacts with the PLP binding site. Moreover, the old3-1 mutation is 4-6 A away from other
conserved residues, including Ala'®, Tyr'®? and Leu'*® as well as those residues which interact
with PLP from 181-184 in the parallel a6 helix (Figure 6.2). Substitution of the G with the E
amino acid at residue 162 shows that old3-1 mutation induces a significant change in size and
charge of the molecule which can affect the helical arrangements and likely the cause of

disturbance in the PLP catalytic activity (Shirzadian-Khorramabad et al., 2010).

To obtain other mutations targeting the OASTL activity, the old3-3 and old3-4 were specifically
designed at the Lys* residue, which is the binding site for the PLP co-factor and is crucial for
enzyme activity. old3-3 results in the substitution of the positively charged, polar and large
molecule of Lys(K) with a negatively charged Gly(E) residue (Figure 6.3). On the other hand,
old3-4 brings in a neutral, hydrophobic and small amino acid, Ade (A), in place of Lys (Figure
6.3). Results indicate that these substitutions negatively affect the ability of OASTL-AL to
complement the growth of NK3 in Cys minimal medium (Figure 6.3) and this is consistent with
previous studies (Bonner et al., 2005). Similarly old3-7 was designed in the o8 helix and target

an PLP interacting Ser®®®

residue . old3-7 causes substitution of a neutral, polar and small amino
acid with a positively charged and large size polar residue of Lys(K) (Figure 6.4). Like old3-3

and 4, old3-7 was also unable to rescue the growth of NK3 on Cys minimal medium.
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M9 (-Cys)

Figure 6.2. 0ld3-1 mutation and its effect on cysteine auxotrophy in NK3. A) shows 3D structure of OASTL-A1 and old3-

1 highlighting the position of old3-1 mutation and its effect on the structure of the enzyme. NK3 strain carrying OLD3 and old3-1 were grown on
M9 minimal medium containing cysteine. A single colony from these plates was re-streaked at the M9 minimal medium without cysteine

supplementation (M9 -Cys). These plates were kept at 37 °C for 24 hr and then photographed.
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Figure 6.3. Effects of 0ld3-3 and old3-4 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-AL, old3-

3 and old3-4 highlighting the position of the mutations and their effect on the structure. B) Growth of NK3 strain carrying old3-3 and old3-4 on
M9 minimal medium with or without cysteine, after 24 hr at 37 °C
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Figure 6.4. Effects of old3-7 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-A1 and old3-7
highlighting the position of the mutation and its effect on the structure. B) Growth of NK3 strain carrying old3-7 on M9 minimal medium with or
without cysteine, after 24 hr at 37 °C .
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The loop of residues between B3 sheet and o2 helix, T74-SGN-T78, makes a conserved motif
among BSAS isoforms which is involved in binding with the substrate as well as it also interacts
with the SERAT enzyme. Mutation in this motif has been previously shown to negatively affect
both the OASTL activity and OASTL-SERAT complex formation (Bonner et al., 2005; Francois
et al., 2006). The old3-5 targets a conserved residue in this motif, the Thr' and replaces it with
the positively charged, polar and large amino acid of Lys’* (Figure 6.5). Results indicate that
old3-5 did not rescue the growth of NK3 on Cys minimal medium affirming that old3-5 is likely
a null oastl with respect to the catalytic activity (Figure 6.5). In contrast, old3-6 specifically
targets the SERAT binding Lys?'’ residue in the loop between B8 and B9 sheet (Figure 6.6). The
old3-6 replace Lys?’ with A%’ (Figure 6.6). Results show that old3-6 was able to rescue the
NK3 on Cys minimal medium suggesting that old3-6 is still an active OASTL (Figure 6.6).
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Figure 6.5. Effects of old3-5 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-A1 and old3-5

highlighting the position of the mutation and its effect on the structure. B) Growth of NK3 strain carrying old3-5 on M9 minimal medium with or
without cysteine, after 24 hr at 37 °C .
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Figure 6.6. Effects of old3-6 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-Al and old3-6

highlighting the position of the mutation and its effect on the structure. B) Growth of NK3 strain carrying old3-6 on M9 minimal medium with or
without cysteine, after 24 hr at 37 °C .
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6.3  Evolutionary conserved residues in the a5 and a6 helices of OASTL-
Al

Various residues in the a-helices are invariant among BSAS isoforms in Arabidopsis and may
play an important function regarding the structure and activity of this PLP-dependent enzyme

family. Some of these residues were targeted for mutagenesis in this study. Two novel mutations

162 "\where the old3-1 mutation

162

were designed in the a6 and a5 helices in close proximity of Gly
was identified. The old3-8 is located in the a6-helix, in parallel to Gly™“ and results in the
substitution of the conserved neutral and hydrophobic Leu'*® molecule with a positively charged

193

and polar residue of Arg~™" (Figure 6.7). Results indicate that the cysteine auxotrophy was

retained in the NK3 strain carrying old3-8 (Figure 6.8).

164 164

The old3-9 mutation causes the substitution of Glu™" into Gly", which resides in a conserved
TTGPEI motif. old3-9 was not able to rescue the NK3 growth on Cys minimal medium (Figure
6.7 and 6.8). It is important to note that old3-9 /1645 is present in the same motif, where old3-1
/162%"F was previously identified (Figure 6.8). The results suggest that these residues and the
motif in a6 and a5 helices are essential for the catalytic activity of OASTL-AL which further

confirms the importance of these interfaces in the function of OASTL-A1.
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Figure 6.7. The 3D structure of OASTL-A1, old3-8 and old3-9 highlighting the position of the mutation and

its effect on the structure.
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Figure 6.8. Effects of 0ld3-8 and 0ld3-9 mutation on cysteine auxotrophy in NK3. Growth of NK3 strain carrying old3-8

and old3-9 on M9 minimal medium with or without cysteine, after 24 hr at 37 °C .
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6.4  Residues involved in homodimerization of OASTL-AL and cysteine
biosynthesis function

OASTL-A1 makes a homodimer which play an important role in the OASTL activity (Bonner et
al., 2005). In this study, residues in the dimer interface were also targeted with an aim to disrupt
the homodimerzation of OASTL-A1 and check its effect in cysteine biosynthesis and later
interaction with R-triggered immunity. Four novel mutations, old3-10, old3-11, old3-12 and
old3-13, were induced individually in the OASTL-A1 at different positions of the putative dimer
interface (Bonner et al., 2005). These mutations resulted in the substitution of the neutral and
hydrophobic molecules with the negatively charged and polar residues or vice versa (Figure 6.9-

6.12). The old3-10 to -13 mutations were targeted in o helices, 9, 7, 3 and 2, respectively.

Results show that o0ld3-10, old3-11 and old3-13 were not able to rescue the cysteine autotrophy
in NK3 (Figure 6.9, 6.10 and 6.12). However, the NK3 strain carrying old3-12 showed reduced
cysteine auxotrophy (Figure 6.11). This suggests that old3-10, old3-11 and old3-13 likely
affected the OASTL activity of the protein, whereas the OASTL activity of old3-12 may have
been negatively affected but is not abolished.
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Figure 6.9. Effects of the 0ld3-10 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-A1 and old3-10

highlighting the position of the mutation and its effect on the structure. B) Growth of NK3 strain carrying old3-10 on M9 minimal medium with
or without cysteine, after 24 hr at 37 °C.
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Figure 6.10. Effects of old3-11 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-AL and old3-11

highlighting the position of the mutation and its effect on the structure. B) Growth of NK3 strain carrying old3-11 on M9 minimal medium with
or without cysteine, after 24 hr at 37 °C.
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Figure 6.11. Effects of old3-12 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-A1 and old3-12

highlighting the position of the mutation and its effect on the structure. B) Growth of NK3 strain carrying old3-12 on M9 minimal medium with
or without cysteine, after 24 hr at 37 °C.
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Figure 6.12. Effects of o0ld3-13 mutation on cysteine auxotrophy in NK3. A) 3D structure of OASTL-A1 and old3-14

highlighting the position of the mutation and its effect on the structure. B) Growth of NK3 strain carrying old3-14 on M9 minimal medium with
or without cysteine, after 24 hr at 37 °C.

181



6.5 Stable and transient expression of oastl-al/old3 variants in the odd-ler
background

To test the effect of various mutations in OASTL-A1 on epistatic interaction with RPP1-like R
genes in the odd-ler background, old3 mutants were aimed to be expressed in old3-2 odd-ler
recombinant plant lines. For this purpose old3 mutants were overexpressed under the CaMV
35S promoter and transformed into the Agrobacterium strains GV3101. Since complementation
of the old3-1 allele in Ler-0 has been previously shown to causes necrosis and death of plants
(Shirzadian-Khorramabad et al., 2010), a transient expression approach was initially employed to
observe the effects of old3 mutants in activating cell death. Presence of the old3-1 in
combination with the odd-ler R gene was expected to result in the development of HR and
necrotic spots in the infected leaves. As old3-2 odd-ler is a mixed genetic background, Ler-0,
Col-0 and old3-2 odd-ler leaf infiltrations were performed initially with the Agrobacterium
strains carrying OASTL-AL, old3-1 or no vector.

Results indicate that upon infiltration with the wild-type Agrobacterium strain GV3101, chlorosis
developed in the leaf tissues of Ler-0 but not Col-0 accession (Appendix 18). This suggested that
the laboratory-specific Agrobacterium strain GV3101 is virulent in the Ler-0 genetic background
but not in Col-0. Transformation of the Ler-0 with the Agrobacterium strain GV3101 containing
OLD3 or old3-1 also resulted in chlorosis. In addition a varying degree of necrosis was also
observed in the leaves infiltrated with OASTL-A1 and old3-1. Necrosis of the infiltrated tissues
is an indicator of HR-induced cell death development (Zhang et al., 2004) and this is consistent
with the incompatibility induced by old3-1 and odd-ler RPP1 gene interaction. However why
infiltration with OLD3 resulted in necrosis in some tissues remained obscured. Infiltration with
the wild-type Agrobacterium strain resulted in chlorosis in the old3-2 odd-ler lines as well;
however no chlorosis appeared in the old3-2 odd-ler lines when infiltrated with the strains
carrying OLD3 or old3-1. Nevertheless collapse of leaf tissues and necrosis was detectable in
some tissues infiltrated with old3-1. In conclusion two different genetic backgrounds affected the
phenotypes of old3-2 odd-ler leaves infiltrated with the transgenic Agrobacterium strains
carrying old3-1 or OASTL-A1/OLD3 (Appendix 18). Since old3-2 odd-ler is a mixed Col-0/

Ler-0 genetic background, and not a near-isogenic line (NIL), the transient expression approach
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of old3 mutants in Ler-0 or old3-2 odd-ler did not emerge as a suitable test of the genetic
interaction. Therefore the constructs were directed for stable transformation in the old3-2 odd-ler
lines. Currently the stable transformation for the old3-1 up to old3-13 variants is in process and
therefore the genetic interaction between old3 variants and odd-ler awaits the phenotypic

characterisation of the stably transformed old3-2 odd-ler lines.
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6.6 Loss of interaction of old3-1 with the SERAT in vivo

It was shown previously that mutations which negatively affect the OASTL activity may or may
not interfere with the OASTL-SERAT interaction (Bonner et al., 2005; Francois et al., 2006).
This is because of the two different SERAT binding sites in OASTL-AL. Since old3-1 abolishes
the OASTL activity, it remained unknown whether it also affected the interaction of old3-1 with
the SERAT. OASTL-A1 interacts with its cytosolic SERAT1.1/SAT5 partner in vivo, as shown
by the yeast-2-hybrid system and co-immunoprecipiation studies (Bogdanova and Hell, 1997;
Jost et al., 2000; Heeg et al., 2008; Wirtz et al., 2010). Therefore the interaction between the
mutant old3-1 protein and its cytosolic SERAT1.1 enzyme partner was studied using the protein-
protein interacting system in yeast. For this purpose the yeast 2-hybrid system was employed.
The old3-1 and OASTL-A1 were used as bait against the SERAT enzyme as prey.

Results show that in contrast to the wild type OASTL-AL, there is a loss of interaction between
the old3-1 mutant protein and the SERAT1;1 (Figure 6.14 and Appendix 19). This suggest that
the mutant old3-1 protein does not interact with the cytosolic SERAT1;1 in planta either.
However, it remains possible that the mutant protein behaves differently in the plant as compared

to yeast.
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(1) pGBKT7-OASTL-A1: pGADT7-SERATI;1  (2) pGBKT7-01d3-1: pGADT7-SERATI;1  (3) pGBKT7-OASTL-Al: pGADT7 @) pGBKT7-0ld3-T: pGADT7

(a)-Trp -Leu

(b) -Trp ~Leu X-gal

(¢)-Trp —Leu -His

Figure 6.13. Analysis of protein-protein interaction of cytosolic OASTL-Al and old3-1 with cytosolic

SERATZ1;1/SATS5 in yeast. Figure shows a Yeast-2-hybrid test for protein-protein interaction between OASTL-A1/0OLD3 and old3-1 and
cytosolicSERATZ;1/SAT5. AH109 yeast strains carrying the (1) OASTL-Alor (2) old3-1 cDNA fused with GAL4 binding domainin the bait
vector pGBKT7 were transformed with the prey vector pPGADT7 containing SERAT1;1/SAT5 cDNA fused with the GAL4 activation domain (1
and 2) or empty pGADT7vector(3 and 4), as a control. After transformation colonies were re-streaked at the SD media:(a) -Trp-Leu to confirm
the presence of both vectors,(b)-Leu-Trp, Xa-gal and (c)-His-Leu-Trp, plates to test the activation of reporter gene. Development of blue colour
in plates in (b) and growth on nutritional selection medium in (c) are indicator of positive protein-protein interaction. Streaked plates were kept at
30°C for two days and then photographed. Plates photographed at day 11 of growth are shown in Appendix 19.
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Discussion

Site-directed mutagenesis was performed in OASTL-AL to identify the effects of different
mutations on the OASTL activity and activation of R-mediated immunity. OASTL activity of
these proteins was not measured in vitro or in vivo, and cysteine auxotrophy of NK3 E. coli
strain was employed as a preliminary approach to detect the effects of various mutation on
OASTL mediated cysteine biosynthesis. Results indicate that the mutations which were designed
to target the residues associated with the PLP activity and substrate binding region negatively
affected the catalytic activity of OASTL-ALl and this is consistent with previous findings
(Bonner et al., 2005; Francois et al., 2006). Results also suggest that disruption of the SERAT
interacting residue seems to exert neutral effects on the OASTL activity and this is also

consistent with the previous data (Bonner et al., 2005; Francois et al., 2006).

Mutations were also induced in the putative dimer interface of OASTL-AL and results suggest
that most of these mutations exert a negative impact on the catalytic activity of OASTL-A1L.
However it remains unknown whether these mutations actually affect the homodimersitation of
OASTL-AL1 in vivo or in planta. Previously, mutations in the residues of dimer interface of
bacterial OASTL has been shown to negatively affect the homodimerisation of the protein but
this did not affect the catalytic activity of the OASTL/CysK (Liszewska et al., 2005). Regardless,
plant OASTL-A1 could behave differently as compared to bacterial OASTL in terms of

homodimerization and catalytic activity.

Results further indicate that the old3-1 mutation negatively affects the interaction with SERAT.
It was previously reported that old3-1 mutation could bring a significant change in a5 helix
arrangement (Shirzadian-Khorramabad et al., 2010). The GIn**’ residue, which is positioned on
the top of the a5 helix in the OASTL-AL, is pivotal for interacting with the C-terminus peptide
of the SERAT as well as the OAS (Francois et al., 2006). Therefore old3-1 induced helical
disturbance may have affected proper orientation of the closely associated SERAT + substrate
interacting region. This can negatively affect the SERAT interaction as well as the OASTL

activity and this is now consistent with the enzymatic properties of old3-1.
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Results further suggest that the old3-8 and old3-9 mutation which targeted the residue in close
proximity of old3-1 i.e., in a5 and a6 helix seems to negatively affect the OASTL activity. These
mutations brought significant changes in the size and charge of the molecule which can have a
disturbing effect on the helical arrangements. Other residues in the start of a5 and a6 helices
were previously shown to be involved in interacting with PLP. It is therefore possible that any
disturbance in helical structure or arrangement caused by old3-8 and old3-9 may have adversely
affected the interaction between PLP interacting residues from these helices and the co-factor
PLP. It is further possible that 0ld3-8 and old3-9, which are mutated at the key residues in a6 and
a5 helices and seems to negatively affect the OASTL activity, also affects the interaction with
the SERAT enzyme. Since the residues affected in old3-1, old3-8 and old3-9 mutations seems to
emerge as major regulatory points for OASTL activity and likely SERAT interaction, this may
be a reason for these residues to be highly invariant among BSAS isoforms in Arabidopsis. The
relation between the functions of these residues with the activities of the divergent or non-true
OASTLs therefore demands investigation as well. Nevertheless what remains an interesting

question is the role of these mutations in the activating R-mediated autoimmunity.
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Chapter

Final discussion, conclusions, questions and outlook

The emerging role of OASTL-AL in basal defence

The results in this study have shown that lack of cytosolic OASTL-ALl enhances disease
susceptibility and impairs basal defence/MTI/PTI in Arabidopsis suggesting that cytosolic
OASTL activity and cysteine biosynthesis has an important role in plant immunity. Recent
studies have unravelled an important role of redox status and cysteine and sulfur metabolism in
basal defence (Spoel et al., 2003; Parisy et al., 2007; Bednarek et al., 2009; Clay et al., 2009;
Mugford et al., 2009; Spadaro et al., 2010; Spoel et al., 2010; Moore et al., 2011; Spoel and
Loake, 2011; Yun et al., 2012). SA is a key hormone involved in the disease resistance against a
wide range of pathogens by activating an array of defence related gene expression including
WRKYs, and PATHOGENESIS RELATED genes (Vlot et al., 2009). SA mediated plant defence
responses are largely associated with an important component known as a Non-expresser of
Pathogenesis Related 1(NPR1) protein. The NPR1 acts downstream of the defence hormone SA
and directs the expression of pathogenesis related genes in the nucleus (Spoel et al., 2003;
Blanco et al., 2009; Zhang et al., 2010). NPR1 protein normally resides in an oligomeric state in
the cytosol and its localisation from cytosol to the nucleus determines the activation of defence.
The localisation of NPR1 from cytosol to the nucleus is mediated by SA driven redox changes in
the cytosol (Tada et al., 2008). SA induces an increase in GSH levels as compared to GSSH
which results in reduced cytosolic conditions (Spoel and Loake, 2011; Alvarez et al.,
2012b)(Spoel and Loake, 2011; Alvarez et al., 2011). This allows the reduction of the disulphide
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bridges present at key cysteine residues in the NPR1 protein. Reduction of the di-sulphide
bridges results in monomerisation of the NPR1 protein which aids in its translocation into the
nucleus to activate the expression of defence genes in association with the specific transcription
factors (Tada et al., 2008). SA mediated changes in the redox status in cytosol also indicates that
SA likely affect the activity of the enzymes involved in cysteine and glutathione biosynthesis.
Consistent with this, SA has been shown to cause accumulation of OAS and cysteine and
glutathione production, likely by modulating the OASTL and SAT mediated cysteine
metabolism (Freeman et al., 2005). Moreover requirement of cysteine-derived metabolites
including GSH has been also highlighted in synthesis of defence metabolites including
phytoalexin and indole-glucosinolates (Zook, 1998; Rausch and Wachter, 2005; Bednarek et al.,
2009; Bottcher et al., 2009; Clay et al., 2009). Consistent with this the role of GSH was found to
be indispensable in basal defence (Parisy et al., 2007; Maughan et al., 2010). These observations

support the role of cysteine-thiol biosynthesis and OASTL-AL in innate immunity in plants.

The Guard hypothesis and function of OASTL-Al in R-mediated innate

immunity

R proteins are involved in activation of an HR response known as ETI, in response to pathogen
effector-induced virulence. R-mediated innate immunity is activated mostly upon sensing
modifications in specific host proteins . The Guard hypothesis suggests that R protein(s) “guard”
against modifications in the host/“guardee” proteins when targeted by the pathogen effectors to
promote effector triggered susceptibility (ETS) (Dangl and Jones, 2001; Jones and Dangl, 2006).
To promote virulence, various proteins are host-targets of pathogen effectors, but this results in
activation of ETI, only when the guarding R gene(s) is present in the genetic background (Krlger
et al., 2002; Mackey et al., 2003; Belkhadir et al., 2004; Bernoux et al., 2008). Therefore
avirulence (avr) effector-induced changes in various host-proteins are sensed directly or
indirectly by guarding/cognate R proteins which trigger ETI to provide resistance against the
attempted virulence (Jones and Dangl, 2006). Absence or modification of the host proteins via
mutations is proposed to mimic effector-induced modifications which autoactivates R-mediated
immune response (Kriger et al., 2002; Belkhadir et al., 2004; Yang and Hua, 2004; Jeuken et al.,
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2009; Alcazar et al., 2010a). For example amino acid changes in a cysteine protease RCR3, in
tomato causes autonecrosis which is activated by an R Cf-R protein encoded in the parent
genetic background (Kriger et al., 2002). Cysteine proteases contribute to resistance against
pathogen infection as they can degrade cysteine rich pathogen effectors. To promote virulence,
cysteine protease RCR3 is a host-target of pathogen effector(s), but this result in activation of
ETI, by the guarding R protein Cf-R. oastl.al/old3-1 may therefore mimic “effector-induced
modified-self” for the RPP1-like R protein encoded in the parent genetic background which
therefore activates ETI-like response. OASTL-A1/0OLD3 may therefore be “guarded” directly or
indirectly by the RPP1-like R protein(s) from a haplotype-R gene cluster against an unknown

pathogen virulence activity.

Pathogen effectors were previously shown to target Arabidopsis enzymes to either modify the
function of the host enzyme or use the host-enzyme as a protein partner in enhancing virulence
(Bernoux et al., 2008; Zhou et al., 2011). For example the plant cysteine protease RD-19 is used
as a chaperone by the pathogen effector Pop2 to travel in the plant nucleus and cause virulence.
This activity is detected by the RPS-R1 protein which activates ETI. Moreover, it was recently
shown that bacterial CysK protein O-acetylserine sulfhydrylase, is targeted by a foreign bacterial
effector protein (Diner et al., 2012). The foreign tRNase/CdiA protein complexes with the host
CysK protein and activate the foreign nuclease, resulting in growth inhibition of the targeted
host. Thus, the bacterial OASTL is targeted to suppress growth. Whether any pathogen effectors,
that are close homologues of tRNase, promote virulence by modifying/targeting cytosolic

OASTL-A1 enzyme in plants however remains to be established.

Further the results in this study are in line with the recent findings which show that the OASTL-
Al is required in RPM1 R-mediated ETI against the virulence activity of an avrRpm1 molecule
which targets and modify the plant RIN4 protein (Alvarez et al., 2012b). RIN4 protein is
involved in plant disease resistance and affects basal defence. RPM1 guards RIN4 against
modifications and can auto-activate ETI due to mutations in the RIN4 encoding gene (Belkhadir
et al., 2004). The finding by Alvarez et al. (2012) suggests that RPM1 driven resistance against
avrRmpl-targting-RIN4 can be indirectly dependent on the cytosolic cysteine production driven
by OASTL-AL. As RPM1 and the RPP1-like R genes are differently evolved R gene sub-classes,
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recent data and the findings in this study suggest that cytosolic OASTL machinery acts as an
important component in both PTI/MTI and ETI. It is furthermore important to note that from a
genetic point of view, OASTL-A1 is not a negative regulator of R-mediated immunity, as knock-
down or knock-out of OASTL-AL in the odd-ler background does not cause autonecrosis. This is
reminiscent of that between disease resistance Cf-R genes and allelic variation in cysteine
protease encoding RCR3 genes in tomato (Kruger et al., 2002). Autonecrosis in tomato Rcr3
allelic lines is associated with non-synonymous substitutions in Rcr3 protein and is mediated by
Cf-R, while lack of functional Rcr3 in the rcr3-3/4 mutant (encoding truncated protein) does not
activate Cf-R-dependent autonecrosis (Kriger et al., 2002). In contrast some protein coding
genes in Arabidopsis can negatively regulate R-triggered immunity. For example, R-gene
mediated autonecrosis is activated by the absence of RPML1 interacting protein 4 (RIN4) or
BON1 (Belkhadir et al., 2004; Yang and Hua, 2004). However, it still may be possible that
RPP1-like protein(s) guard or interact with multiple cytoplasmic OASTLs and the R protein(s)
do not detect absence of a single OASTL, but rather an altered OASTL conformation resulting
from a point mutation and/or effector-induced modification. In this scenario, OASTLs together

may still act as negative regulator of R-mediated innate immunity.

Recently it is shown that the RPM1 protein which senses modification in the host or “guardee”
RIN4 protein and activates ETI, actually perceives phosphorylation-induced modification of the
RIN4 protein (Chung et al., 2011; Liu et al., 2011). A phosphomimic mutant of RIN4
autoactivates the RPM1-mediated ETI in the absence of pathogen effector unravelling the
molecular basis of modified self-required in activating R-mediated immunity. The old3-1
mutation is in an important motif TTGPEIW, which is invariant among all the BSAS isoforms in
Arabidopsis as well as among the cysteine synthase gene in prokaryotes (Bonner et al., 2005;
Heeg et al., 2008; Watanabe et al., 2008a). The threonine residues in the motif are suggestive of
this as a phosphorylation site. Although phosphorylation of OASTLs has not been shown yet in
vitro, it may be required or involved in modification or signalling in planta. On the other hand
multiple sub-species of OASTL-AL have been also identified but the nature of their modification
remains elusive (Heeg et al., 2008; Wirtz et al., 2010). In this regards, it is possible that the old3-
1 mutation might have affected any post-translational modification process or signalling

associated with the OASTL-A1 in planta which affects the intra-molecular interaction of the
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RPP1 protein and causes autoactivation of ETI like response which demands further

investigations.

Questions and Outlook

Nevertheless, important questions remain to be addressed to further understand the role of
OASTL-AL1 in plant-pathogen interactions. For example RPP1 genes have been characterised in
different Arabidopsis accessions to provide resistance against effector molecules from the
isolates of obligate biotrophic oomycete H. arabidopsidis (Botella et al., 1998; Rehmany et al.,
2005; Coates and Beynon, 2010). Therefore, the role of OASTL-A1 is needed to be explored in
RPP1-mediated ETI against avr/vir effectors. Similarly it is unknown how cytosolic cysteine
production affects various pathways in innate and basal immunity against pathogen. Addressing
these questions will also extend our insight into the evolution of R genes and their interaction
with components of basic plant metabolism.

The findings that a mutation in a BSAS isoform activates RPP1-mediated autoimmunity provide
a novel example of genetic epistatic interaction between R genes of the plant innate immune
system and sulfur-cysteine metabolism. Recently mutations in the BSAS encoding DES and
CS26 genes were shown to cause auto-activation of immune and biotic stress responses (Alvarez
et al., 2010; Bermudez et al., 2010a; Alvarez et al., 2012b). DES and CS26 are involved in
cysteine degradation and synthesis of S-sulfocysteine in the cytosol and plastids, respectively.
However, the mechanism underlying constitutive immune and biotic stress response in these
BSAS mutants is currently unclear. Therefore it is tempting to speculate that these BSAS
isoforms may interact with components of plant immunity as well. The study highlights the role
of cysteine metabolism and OASTL in immunity and this is consistent with the emerging
evidence in other species across kingdoms (Soutourina et al., 2010; Ghezzi, 2011; Diner et al.,
2012).
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Appendix 1. Protein sequence alignment of all eight functional BSAS isoforms. Protein sequences of all the isoforms

were aligned using Geneious alignment. The OASTL-A1 sequences shows annotations for its o and p domain structures.
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isoforms were aligned using Geneious alignment. The OASTL-A1 sequences shows annotations for its o and § domain structures.
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Appendix 1 contd. Protein sequence alignment of all eight functional BSAS isoforms. Protein sequences of all the

isoforms were aligned using Geneious alignment. The OASTL-A1 sequences shows annotations for its e and § domain structures.
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Appendix 2. Analysis of protein-coding gene models of all eight functional BSAS.
Cytosolic OASTL isoforms

(i) OASTL-A1
Multiple splicing patterns are available for the OASTL-A1/At49g14880, however all encodes for one standard protein coding gene model (figure
adapted from TAIR 2012).

AT4G14550.1 (003, 0ASAL, CYTACSL)
AT4G14E50.2 (0LD3, 0ASAL, CYTACSL, ATCYS-3A2
AT4G14880.3 (T4_(3_Star))
AT4G14880.4 (Td_(5_Starad

Localisation predictions of the protein sequence:

iPSORT Prediction: Predicted as: not having any of signal, mitochondrial targeting, or chloroplast transit peptides;_Predicted by Neural Nets-
Chloroplast with score = 2.9; Chloroplast Transit peptide 1-29 is found; Integral Prediction of protein location: Membrane bound Chloroplast
with score = 6.8; Predicted by PredSL cTP score = 0.552; mTP score = 0.5522; Secretion protein = 0.41

(i) CysD1

A single protein encoding gene model is available for CysD1/At3g04940 (figure adapted from TAIR 2012).

AT3604940.,1 (CYVSD1.ATCYSOL)

Localisation predictions of the protein sequence:

iPSORT Prediction: Predicted as: not having any of signal, mitochondrial targeting, or chloroplast transit peptides;

Predicted by Neural Nets - Chloroplast with score = 2.8; Chloroplast Transit peptide 1-32 is found; Integral Prediction of protein location:
Membrane bound Chloroplast with score = 8.8; Predicted by PredSL cTP score = 0.00635; mTP score = 0.0; Secretion protein = 0.21.

(i)  CysD2

Multiple splicing patterns are available for the CysD2/At5328020 which results in two different protein coding gene models (figure adapted from
TAIR 2012).

ATSGZE020.1 CCYS02,ATCYSDZ)
ATSGZE020.2 (CYSD2, ATCYIDZ)
ATAGZE020.3 (CYSD2, ATCYSDZ)

ATSGZE020 .4 (CYS0Z,ATCYSOZ)
ATSGZE020.5 (CYSD2, ATCYIDZ)
ATAG28020 .6 (CYS02,ATCYSODZ2)

Localisation predictions of the protein sequence:

iPSORT Prediction: Predicted as: not having any of signal, mitochondrial targeting, or chloroplast transit peptides;

Predicted by Neural Nets - Cytoplasmic with score = 2.7; Integral Prediction of protein location: Cytoplasmic with score = 9.7. Predicted by
PredSL cTP score = 0.002; mTP score = 0.002; Secretion protein = 0.21.
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(iv)  DES1

Two different splicing patterns are available for DES1/At59g28030 but encode for one protein coding gene model only (figure adapted from TAIR
2012).

ATAGZ28030.1 (DES1)
ATAGZE030.2 (DES1)

Localisation predictions of the protein sequence:
iPSORT Prediction: Predicted as: not having any of signal, mitochondrial targeting, or chloroplast transit peptides;
Predicted by Neural Nets - Chloroplast with score = 1.8; Chloroplast Transit peptide 1-31 is found; Integral Prediction of protein location:

Membrane bound Chloroplast with score = 5.8; Predicted by PredSL cTP score = 0.0014; mTP score = 0.0; Secretion protein = 0.02.

Plastidic OASTL isoforms

()  OASTL-B

Two different splicing patterns are available for OASTL-B/At2g43750 but encode for one protein coding gene model only (figure adapted from
TAIR 2012).

AT2G437d5.1 (T1_c5_Starid
—_———

ATZG43730.1 (ACS1,0ASE,ATCS-B,CPACSL)
ATZ2G43750.2 (TZ_(4_Star))

Localisation predictions of the protein sequence:
iPSORT Prediction: Predicted as: having a chloroplast transit peptide; Predicted by Neural Nets - Chloroplast with score = 2.4; Integral
Prediction of protein location: Membrane bound Chloroplast with score = 5.0; Predicted by PredSL cTP score = 0.99; mTP score = 0.0; Secretion

protein = 0.0.

(i) CS26

One protein coding gene model is available for CS26/At3g03630 (figure adapted from TAIR 2012).

AT3G03630.1 (C526)

Localisation predictions of the protein sequence:

iPSORT Prediction: Predicted as: having a chloroplast transit peptide; Predicted by Neural Nets - Chloroplast with score = 3; Chloroplast Transit
peptide 1-17 is found; Integral Prediction of protein location: Membrane bound Chloroplast with score = 9.0; Predicted by PredSL cTP score =
0.99; mTP score = 0.02; Secretion protein = 0.0.
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Mitochondrial OASTL isoforms

(i)  OASTL-C

Three different splicing patterns are available for OASTL-C/At3g59760 which encode for three different protein-encoding gene models (figure

adapted from TAIR 2012). However all these three models contain comparable N-terminal sequences and varies in C-terminal only.

AT3GT97a0.1 (OASC,ATCS-C
AT3GSA7G0.3 (OASC, ATCS-C)
AT3GI9760.2 (0ASC,ATCS-C)

Localisation predictions of the protein sequence:
iPSORT Prediction: Predicted as: having a mitochondrial transit peptide; Predicted by Neural Nets - Chloroplast with score = 2.6; Chloroplast
Transit peptide 1-7 is found; Integral Prediction of protein location: Membrane bound Chloroplast with score = 5.3; Integral Prediction of protein

location in Mitochondria = 4.36; Predicted by PredSL cTP score = 0.99; mTP score = 0.02; Secretion protein = 0.0.

(i)  B-CAS

Three different splicing patterns are available for f-CAS/At3g61440 which encode for three different protein-encoding gene models (figure
adapted from TAIR 2012). All these three models contain divergent N-terminal sequences and overlapping 5’ UTR and 1% and 2™ exon regions,
however are invariant in the C-terminal region. As the N-terminal region, ranging from 1-17 a.a reisdues, contain the mitochondrial localisation
signal, the splice variant At3g61440.3 and At3g61440.2 lacks this signal and consequently may not be targeted to the mitochondrion.

ATSGELdd0.3 (Td_c3_Stari)
[ " g 0 iy O iy U gy P iy U iy iy ]
AT3GEL440 .1 (CV¥SCL,ATCYSCL, ARATHEIBESASIEIEL)
N 5 g i i Oy O oy P iy O iy O iy O iy S
AT3G61440.2 (CYSCL, ATCYSCL)
- - - i i e i .

Localisation predictions of the protein sequence:
iPSORT Prediction: Predicted as: having a mitochondrial transit peptide; Predicted by Neural Nets - Chloroplast with score = 1.8; Chloroplast
Transit peptide 1-14 is found; Integral Prediction of protein location: Membrane bound Chloroplast with score = 9.4; Integral Prediction of

protein location in Mitochondria = 0.34; Predicted by PredSL cTP score = 0.04; mTP score = 0.99; Secretion protein = 0.0.

201



Appendix 3. Variation in  OASTL-Al protein coding sequence in the Arabidopsis

accessions. From Arabidopsis accession database (1001genomes.org/datacenter, Weigel D, Mott R (2009) Genome Biol 10:107)

AT4G14880 protein coding sequences were extracted and aligned in reference to the OASTL-A1/AT4G14880 coding sequence of the reference
accession Col-0, using Clustal W in Geneious. Based on the alignment of the sequences, the sequences from the accessions that showed non-
synonymous substitutions are listed in the table. Those that are 100% conserved to the reference OASTL-A1/OLD3/AT4G14880 coding
sequence from Col-0 accession, are: Aa; Abd; Aedal(-1,-3); Ag(-0); Agu(-1); Ale(Stenar-44-4,56-14); Algutsrum; Alst(-1); Altai(-5); Amel(-1);
An(-1); Ang(-0); Anholt(-1); Ann(-1); Anz(-0); App1(-12,14,16); Appt(-1); Ba(-1); Baa-1; Baal(-2); Baa4,5(-1); BaK(-2,-7); Bch-1; Bd-0; Benk-
1; Ber; Bik-1; Bil(-5,-7); BI-1; Bla-1; Boot-1; Bor-1; Bor-4; Br-0; Broesarp-34-145; Broet-1-6; Bs-1; Bsch-0; Bu-0; Bur-0; C24; Ca-0; Cal-0;
Cdm-0; Cerv-1; Chat-1; Chi-0; Cnt-1; Co-1; Col-TAIR; Cvi-0; Dal-12; Db1; Del-10; Di-G; Dja-1; Do-0; Doer-10; Dog-4; Don-0; Dr-0; Dra-0;
Dra2-1; Dra3-1; Durh-1; Eden(-1,-2,-7); Eden(-9); Edes(-1,-9); Ei(-2); EI-0; Ema-1; En-2; En-D; Er-0; Es-0; Est-1; Est; Et-0; Etna-2; Ey15-2;
Fei-0; Fi-0; Fjae(1-5,2-4); Fjael-1; Fjael-2; Fly2(-1,-2); Fr2; Fri-2; Ga-0; Gel-1; Gie-0; Gifu-2; Got-7; Gr-1; Gre-0; Gro-3; Groen(-5,-12,-14);
Gu-0; Gy-0; Ha-0; Had(-1,-2); Hag-2; Hal-1; Ham-1; Hau-0; Hel-3; Hey-1; Hh-0; HKT2.2; Hn-0; Hola(-1-1,-1-2,-2-2); Hov(3-2,4-1); Hov1-10;
Hov1-7; Hov3-5; Hovdala-2; Hs-0; ICE(-107-111-112-119); ICE(-120-130-138-163-212-213-226,228-29); ICE(-127-134-150-152-153); ICE(-
169-173); ICE(-21-181-216); ICE(-71-72-73-75-79); ICE-(91-92-93-97-98); ICE-1; ICE-102; ICE-104; ICE-106; ICE-33; ICE-36; ICE-49; ICE-
50; ICE-60; ICE-61; ICE-7; ICE-70; In-0; Is-0; Istisu-1; Je-0; JI-3; Jm-0; Kaevlinge-1; Kar_1; Kas_1; Kastel-1; Kelsterbach_4; Kia-1; Kil_0;
Kin_0; KI_5; Kni-1; Knox_18; Ko_2; Koch-1; Kondara; Kor-3; Kro-0; Kro_0; Krot_0; Kru-3; Kulturen-1; Kyoto; Kz_9; La_0; Lag2.2; Lan-1;
Lan_0; Le_0; Leo-1; Ler-0; Ler-1; Ler-1; Lerik1-3; Li_2:1; Liarum; Lilloe-1; Lip_0; Lis-2; Lis-3; Litva; Lm_2; Lom1-1; love-1; love-5; Lp2_2;
Lu-1; Lund; Mer-6; Mnz_0; Ms_0; Mz_0; Naes-2; Nc_1; Nemrut-1; Neo_6; Niel-2; Nok_3; Np_0; Nw_0; Nyl(-13-2-7); Ob_0; Oede-2;
Oemoel-7; Oer-1; Old_1; Omn(-1-5); Ove_0; Ped-0; Per_1; Pi_0; Pla_0; Pna(_10_17); Pog_0; Pra-6; Pro_0; Pt_0; Pu2_23; Pu2_7; Puk-2;
Qar_8a; Qui-0; Ra_0; Ragl_1; Rd_0; Rennes_1; Rev-1; Rev-2; Rld_1; Rmx_A02; Roed-17-319; Rome_1; Rou_0; RRs_10; RRS 7;
Rubeznhoe_1; Rue3-1-31; San-2; Sanna-2; Se_0; Seattle; Sei_0; Sg_1; Sha; Si_0; Sim-1_; Sorbo; Sp_0; Sparta-1; Spr1-2; Sprl-6; Spro-1; Spro-
3; Sq_8; Sr:3; Sr:5; St-0; Star-8; Ste-2; Ste-3; Ste-4; Stul-1; Stw_0; Su_0; Sus_1; T1000; T1020; T1070; T1080; T1090; T1110; T1130; T1160;
T460; T470; T480; T530; T540; T550; T570; T710; T720; T740; Ta_0; TAA-04; TAA-14; TAA-18; TAAD-01; Tamm-2; Tamm_2; TBO-01,
TDr-1; TDr-13; TDr-16; TEDEN-02; TEDEN-03; TFAE-06; TFAE-07; Tgr-01; Tha_1; Ting_1; Tny-04; Tol_0; TOM-04; TOM-06; Tomegap-2;
Tottarp-2; TRAE-01; Ts_1; Tscha_1; Tsu-1; Tu_0; TueSB30-3; Tuescha9; TueV13; TueWal-2; Tul_0; Tur-4; TV-10; TV-22; Ty 0; Uk_1;
UIIA-1; UlI2-3; UlI2-5; Uod_1; Utrecht; Vaar-1; Vaar2-1; Vaar2-6; Vaestervik; Van_0; Vash-1; Ven_1; Vie-0; Vimmerby; Vind_1; Vinsloev;
Wa_1; WalhaesB4; Wc_1; Wei_0; Westkar_4; WI_0; Ws_2; Xan-1; Yeg-1; Yo_0; Yst-1; Zal_1; Zdr_1

Conserved 99.9% Substitution position
OLD3-Rhen_1.SALK E>V/67
OLD3-Mc_0.SALK A>S/128
OLD3-Ak(-1)-SALK A>T/275
OLD3-Kal-2.GMI 1>V/278
OLD3-Com-1.SALK P>1/284
OLD3-HR-5.SALK P>1/284
OLD3-Spro-2.GMI P>1/284
OLD3-Wt_5.SALK P>1/284
OLD3-Mh_0.SALK A>S/293
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Appendix 4. Supplemental methods.

Details of the supplemental methods include the genetic maps of the vectors (Appendix 4.1-4.5)

and the primers (Appendix 4.6) used in the study. These details are provided as follow;

203



Appendix 4.1. Genetic map of the pGreen 0229vector.
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Appendix 4.2. Genetic map of the pGreen0229 vector.

Pyul (529)

Sadl (704)
Pyul (881)
Kpnl (1035)
(—Apal (1041)

Bgill {4020)
LB

Cial (1062)
Hindlll (1067)
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pSa ori

pGreen 0029 fact
SK LR nk(H+)

BamHi (1097)
\—Spel (1103)
}—xbal {1109)
I—iotl (1116)
Sacll (1128)

Pvul (2733) Boil (1597)

pGreen 0029 (figure adapted from www.pgreen.ac.uk/JIT/pG0029.htm)
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Appendix 4.3. Genetic map of the pART?7 vector.
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Appendix 4.4. Genetic map of the pDAH2 vector.
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Appendix 4.5. Genetic map of the pET32 vector.

Ava 1(158)
Xho l(158)
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Not 1(166)
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BspLU11 1(3622)
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pET32 (adapted from Novagen, https://wasatch.biochem.utah.edu/chris/links/pET32.pdf)
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Appendix 4.6. List of the primers used in the study.

Gene

Sense-primer

Anti-sense primer

Genotyping

(T-DNA-OASTL-A1/0OLD3)

old3-2

odd-specific marker
odd- markerl

odd- marker2

TGGTTCACGTAGTGGGCCATCG

ACCTCGTGATAATCAATTGTTCCAGCGGAAT

GGCATGATTACGAGGAGGTAT

TACACCAATGGAGTGTTCCCAATCA

GAATGAACCGTGAGCTGATGGTGCTGGTGTTA

AAATTGTTGTATGATGTGAGA

Genome walking of odd-ler

AT3G44610

AT3G44620

AT3G44630

P1

P2

P3

P4

P5

P6

P7

P8

P9

BAC end-sequencing

T7

SP6

TCTCAGTAGATCGGAAAATGGA

ATCCATTGCAAGAATGAGATCAA

TGTGTGGACGTGAAGTGTTG

TGTGTGGACGTGAAGTGTTG

TGTGTGGACGTGAAGTGTTG

TGTAGGTCGTGTTCGTTTGC

TGTGGACGTGAAGTGTTGTTG

TGTGTGGACGTGAAGTGTTG

GAGGAAAGCAACGAGTCAGG

CCGATCAAGGCATCTGATTT

CATGCTCAACAAACGATGCT

TAATACGACTCACTATAGGG

ATTTAGGTGACACTATAG

AATAATAGTCGACATGGGTTTCC

CCGATGCAGATAAGAAGGTTAAG

CTGATCAAATCAATATTTACAATCAAA

TTAGCTTGCCAAATCCGACT

TCCAAAGATTGTTGGCAGTTC

TTGCTTATTTGTTCAGTTGGATG

TGTGTGGACGTGAAGTGTTG

AAAGCCCTCGTCATTTGATGG

CCTCTCAAACAGTGGTCCTAGC

CACACCTGAAACCCATTAGGA

AACCCGTCGAAATCTCTTGA
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Appendix 4.6 contd. List of primers used in the study.

Gene

Sense-primer

Anti-sense primer

RNA. of candidate genes

R genes
RPP1-A;
RPP1-B-
AT3G44620
AT3G44610

OASTL-A1/0OLD3

GCCTCTAGAGCC TTAAATCTCAAGGTTGTACGAAG CGCGGATCCCATCATGCACACATCAACTCG

GCCTCTAGACCGCAGCTTTTACAAAATTCA

GCCTCTAGACGGCTTCTCTAACAATCCCTTC

GCCTCTAGACTCGCGAGCTCCTTTTTATC

GCCTCTAGATTCGATGCGACAAGGAAAG

UTR specific RNAI of R genes

5’ UTR specific
R2, R8

R5, R8

R3, R4, R5,
R7,R8

R1, R2, R3, R4
R5, R7

3’ UTR specific
R1

R2, R5

R3

R4,7,8

CTTCAACTCTCTGGAGATTTC

TTGCTGATCTTAATGGTTTAATTG

TTAAGAACTAGCCTCGACGGAA

ATTGAGCTTCTCATGCTCACAGGA

GGCATGATTACGAGGAGGTATT

TTTATGATGATTATGTGT

GTCTTTGCTGCACGGTATCATAAC

GTCTCATGGATTGGTTAATGAATC

CGCGGATCCGATCGACTTACCCCTCTCCA

CGCGGATCCGCTGGACTCCGACAAATGTT

CGCGGATCCAGCTTTACATCAGCCGGAAC

CGCGGATCCGATGGAAGCAAAGACGCAAT

CTCATTGCAGAACCCATGAGAACT

CAGAACCCATTGAATATTCACTGCAGC

TATGAGAGATTTCTGAGCTAATATGT

TTGACCCATGGAGGAACTTCTTGT

AAATTGTTGTATGATGTGAGAG

TTTCTCCTATGATATGTCTC

CAAATTTATAATATTGCTGAGTCC

CACAGCTAATTCCCATTCACACA
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Appendix 4.6 contd. List of primers used in the study.

Gene Sense-primer

Anti-sense primer

Over-expression of OASTL-AL in plants (cDNA including UTR)

OASTL-Al,0ld3-1 GCCTCTAGATAAATTGATAGCGTGTGCCATGT

Over-expression of OASTL-AL in NK3-strain (cDNA)

OASTL-AL, old3-1  ggaattccatATGGCCTCGAGAATTGCTAAAGATGTG

Site directed mutagenesis of OASTL-A1

Mutations

0ld3-3/JT106 TCGAAGACAGGATTGGTTTTAG
old3-4/JT107 CGTCGCAGACAGGATTGGTTTTA
0ld3-5/JT108 AAAAAGTGGAAACACTGGAGTTG
0ld3-6/JT109 TGGGGCGCCAGGTCCTCACAAGA
old3-7/JT110 ATAAAATCCGGTGCAGCAGCTG
old3-8/JT111 TCGTAAAGAACAGAACGCAAACGTCA
old3-9/JT112 TGGGATATGGAAAGGCACTGGTG
0ld3-10/JT113 AGGAGCGGAAGCCATGACCTTCG
old3-11/JT114 TGATCTTAAAGAAGGTCTTCTTG
old3-12/JT115 AGATTTTGGAGTTGAGTTGGTTT
0ld3-13/JT116 AGATGCCAAAGGCTACAAGCTTA

Primers for complementation of R genes in old3-1"°

R1 ACAACTTGATCGGAGCGAAAC

R2 GTTATCAAATTGTCTTTAACCGAACAC
R3 GATGGAGGAGGTATTGAAATTCTCTG
R4 CTTCTTGGAAAGTTCTTGGATGTG

R5 CCGTTAAATTGTTGATATCATTACAAA
R6 GAGATATTTGCAAACCAAACTAGAGAC
R7 TGACGTAAATTAACTAACCTTCCT

R8 ACAATGATGAGAAAGTGTACAAAAGAG

CGCGGATCCATGTTGGTTTAGTTTTGATCATGAA

cgcggatccTCAAGCCTCGAAGGTCATGGCTTC

TTCGACGCTAGAGCACGGTTC

TCTGCGACGCTAGAGCACGGTT

TTTTTGGCTCAATCAGCACACTC

TGGCGCCCCACCGGATAGAATA

GGATTTTATTCCCACAAGAAGA

TACGATACTTCCCAGCACCTGTAA

TCCCAGGTCCCGTAGTCTCATAG

CTCCTTTCCTTGTCGCATCGAAA

GATCAAGCTGCCTTGCCATGTCA

AATCTAAGAGAATGATTCTTCT

CATCTGCCGTGAATGCTAACCC

ATTGAGAACGTTAATAGGAGAATTTGA
AACTCGTCTTACCATCTAATTCAGTTC
CAACATTTTCACAAATCAGAAACATAA
AAGATAGGGAATCGGAAAGTTGTG
TTGTCCATTAGTATCTTGTTGTTTCAG
ACCATGTCGTATTACAATCGATCC
ATTTCACCAAACAAACACCAAGAG

CAATAATTTTCTGCCAAAACTCTTAAA
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Appendix 4.6 contd. List of primers used in the study.

Gene

Sense-primer

Anti-sense primer

Expression of plant genes in yeast

OASTL-Al/old3-1

SERAT

GGAATTCGCCTCGAGAATTGCTAA

TGTGAATTCATGCCACCGGCCGGAGAACTCCGA

BASTA-resistance gene

BAR

GAAGTCCAGCTGCCAGAAAC

Transcriptional analysis through Real-time PCR

EDS1

PAD4

ICS1/SID2

WRKY18

PR-1

B-Tubulin

Actin2

R1

R2

R3

R4

R5

R7

R8

OASTL-A1/0OLD3

GTTGAACCGTGTTCAGTTTCCTTG

AGATACGCGAGCACAACGCAAG

GCTTGGCTAGCACAGTTACAGC

TGGACGGTTCTTCGTTTCTCGAC

ACACGTGCAATGGAGTTTGTGG

ACCACTCCTAGCTTTGGTGATCTG

TCCCTCAGCACATTCCAGCAGAT

AACTGCTTCACTTCAAGATTATACA

ATGCTGGAACAATTGTTGCGCCAT

TCATGGGATCAATCATGTTTACAAGGTC

CTGCATGTATGTTTGATCGGT

GCGTTTTATAGGGATTATACT

TTCAAACATGTTGGATTTATC

TGCCTTTTTAAAGACGAATTAT

ACAGAACGCAAACGTCAAGCTG

CGGGATCCAGCCTCGAAGGTCAT

GCGGGATCCTTATATGATGTAATCTGACCATTCCGAGAT

TCGTCAACCACTACATCCAGAC

TACTCCTCACAGCCATTTCCACAG

TTTCTCGCCTCATCCAACCACTC

CACTGCAGACACCTAATTGAGTCC

TCGTAACTCACTTGCGCTCTCG

TTGGCACATCCGAGTCTCACTG

AGGTTCACTGCGAGCTTCCTCA

AACGATTCCTGGACCTGCCTCATC

AGCTCCACTAAACTTGAGCAACG

GTTTTGTAGTTGCAATTGTGCACTGCG

GGGAGTTCACCAGCAAGGTAGG

ATCTTGTAGTTTCAATTGTGCGT

ATCTTTTGAGAATGATGAAGG

TAGGCGCAACAATTGTTCCGTCCTTT

AAAAGGAATTCTCATCAATGGA

GCTTCCCACCGGATAGAATAGCAC
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T10D17 F14L2 T18B22 T32N15 T14D3
Col-0 Genomic
BACs
Chr3
68.7 cM 69.4cM  69.6cM 69.9¢cM  70.1cM 70.3 cM 71.2¢M r:;t:;x;::’;‘:
/13 /3 /2 /3 /7 /8 /23 events
16176000 bp 16218700 bp
odd region

Appendix 5. Map of the odd-col region. Diagram showing map-based cloning of the odd region on Chr 3, in Col-0. The

BACs in Col-0 spanning the mapped regions are shown. The tested SNP markers are shown by their positions on the Lister & Dean Rl map and
on the physical map. The position of the marker and number of recombination events flanking the region is shown. The predicted genes in the
odd region are indicated with blue bars.
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Appendix 6. Nucleotide variation of the At3g44610,At3g944620 and R gene polymorphism in

the odd-ler region. (A) Non-scaled map of Ler-0 genes adjacent to retrotransposon insertion with mutation percentage based on total

substitutions and InDels. The bands in the gels show the unchanged gene size of the corresponding genes in both the accession.(B) shows the
model for rigorous primer designing for Ler-0 At3g44630 based on Col-0’s sequence information. On the left-side, figure shows the PCR results
employing primers over genomic DNA that provided unexpected band sizes and multiple bands, which were individually cut, cloned an end-
sequenced but revealed NBS-LRR sequence polymorphic to Col-0. On the right side, figure shows that no amplification was rendered employing
these primers on 10G16 BAC DNA, where a Ler-0 At3g44620 amplification works as a control. Only one primer set P6 was able to amplify the
target sequence from BAC DNA.
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Appendix 6 contd. Nucleotide variation of the At3g44610, At3g44620 and R gene

polymorphism in the odd-ler region. Figure adapted from Alcazar et al., 2009. Comparison of the genetic architecture in

QTL 3 (Ler-0 BAC FJ446580) between Ler-0 and Col. Compared with the compatible Col-0 haplotype, the Ler-0 sequence contains a genomic
insertion of 65 kb between At3g44620 and At3g44630 that has 5 genes encoding TIR-NB-LRR proteins (R1-R5) with sequence similarities to
RPP1-like genes, and 1 gene that is truncated with a predicted TIR- domain (R6). Together with the RPP1-like At3g44630 and At3g44670
homologs in Ler (R7 and R8) a polymorphic cluster of 8 TIR-NB-LRR genes is evolved in Ler-0 compared with the 2 TIR-NB-LRR genes in Col.

215


http://www.pnas.org/external-ref?link_type=GEN&access_num=FJ446580

EDSI

>

Fold change

£

Fold chan

o
o u

8h

20
15
10

1.5

0.5

PAD4
20
15
10
5
0
8h
PAD4
1.5
1
0.5
0
8h

ICS1

8h

WRKYI18
8
6
4
2
0
8h
WRKY1S8
0.8
0.6
0.4
0.2
0
&h

B-tubulin
0.8 20
0.6
04 10
0.2
0 0
8h
B-tubulin
0.6 4
0.4 3
2
0.2 1
0 0
8h

PR-1

PR-1

8h

Appendix 7. Transcriptional changes in the defence markers in old3-1 and Ler-0 within 8 h

of change in temperature. Immune response in the old3-1 mutant and wild-type Ler-0 after 8 h of temperature shift.

Transcriptional analysis was performed for defence related markers in the old3-1 mutant and Ler-0 tissues within 8 h of temperature shift from 28
to 21 °C. Fold-change in expression of EDS1, PAD4, ICS1, WRKY18 , g-tubulin and PR-1 genes in the (a) old3-1 mutant and (b) Ler-0 after

temperature shift. Expression values at both time points were first calculated relative to Actin2 and then fold-changes were calculated at 8 to 0 h.

Data represent the mean value of three biological replicates for each time point. Error bars represents standard deviation.
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Appendix 8. Genetic rearrangements in RPP1-like R genes. The Col-0 genomic sequences of 2 RPP1-like R

genes in odd-col region were analysed for sequence homology with each RPP1-like R genes in the odd-ler region. Employing an algorithm in
progressivemauve software that identifies collinear blocks, homologous regions were identified in the alignments between each R gene from the
odd-ler region in comparison to R genes in odd-col. RPP1 genes in Col-0 are annotated for putative TIR-NBS-LRR domains based on
Swissprotein database. Putative RPP1-like R gene annotations in the cluster are obtained from Alcazar, R., Garcia, A.V., Parker, J.E., and
Reymond, M. (2009). Incremental steps toward incompatibility revealed by Arabidopsis epistatic interactions modulating salicylic acid pathway
activation. Proc. Natl. Acad. Sci. USA 106: 334-339.
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Appendix 9. Details of RPP1-like R gene models using the Augusts gene prediction tool. The

figure shows the alignment of the gene models (R1-R8, excluding R6t) predicted by Alcazar et al., 2009 and those (R/ ”-R8”) predicted by the
Agustus gene prediction tool. It is to be noted that the prediction of new R~ gene models overlaps the previous models as predicted by Alcazar et
al., 2009, but unlike previously these models also indicate 5 and 3’ regions.
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Appendix 10. Various combinations of R genes for RNAI, through selecting a homologous

region in the putative 5’ and 3’ un-translated regions (UTRS).

Group of R genes showing significant homology in a region in the putative 5’ UTR.

R2, R8

R5, R8

R3, R4, R5, R7, R8
R1, R2, R3, R4, R5, R7

Bl W N

Group of R genes showing significant homology in a region in the putative 3' UTR.

R1

R2, R5

R3
R4,R7,R8
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RNAi-target R4,7,8
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RNAi-target R4,7,8

RNAi-target R4,7,8

Appendix 11. Expression of R4, R7 and R8 in the old3-1 mutant and the old3-1 mutant

transgenic lines carrying RNAi-cassette targeting a putative 3' UTR region of R4, R7, R8.

Data for line-3, line-4 and line-12 is shown in main manuscript. Expression values are relative to Actin2. Values represents mean of three

biological replicates. Error bar represents standard deviation. * indicates statistically significant differences in mean value of each R gene

expression within the transgenic line in comparison to the 0ld3-1 mutant using Student’s t test (P < 0.05). N.D is not detected.
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Appendix 12. Expression of non-targeted full-length R genes in the old3-1 mutant and the
old3-1 mutant transgenic lines carrying RNAi-cassette targeting putative 3' UTR region of

R4, R7, R8. Expression values are relative to Actin2. Values represents mean of three biological replicates. Error bar represents standard

deviation. Statistically no significant differences in mean value of each R gene expression within the transgenic line in comparison to the old3-1

mutant were found using Student’s t test (P < 0.05).
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Appendix 13. Experimental layout for the temperature shift experiment for five genotypes.

Plants were cultured on soil (type GS-90 Einheitserde', Gebrueder Patzer, Germany) in a L.D. condition in growth chamber (16 h day, 140-160
umol m-2 s-1, 28 °C; 8 h night, 28 °C) for 16 days (t1) and transferred to either 20 °C or kept at 28 °C and grown for additional days. Plants were
harvested at time points t1, t2 and t3 in both temperatures for measurements of enzymatic activities and metabolic profiling in all five lines.
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Appendix 14. Activity of the mitochondrial enzyme pg-cyanoalanine synthase in five

genotypes in the temperature shift experiment. Measurements in red colour is for 28 °C and blue for 20 °C grown

plants at 0, 2 and 5 days of temperature shift. Data represents mean of three biological replicates. Error bar represents standard deviation.
Statistically significant differences in the values between the mutants and the respective wild-types, using Student’s t test are shown by * at P <
0.05, ** at P < 0.01 and *** at P < 0.005. Data for old3-1rec is statistically analysed against the values of those of Col-0.
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Appendix 16. OASTL-A1 contributes in resistance to infection by the Pst DC3000. colony

Forming Units (CFU) for Pst D3000 were measured in all the lines at day 0, 2 and 4 post-infection. Data represents mean of fold change value in
CFU counts in old3 mutant as compared to the wild-type at each specific time point. Three biological replicates were harvested from each line per
time point and for each biological replicate, tissues were pooled from six to seven leaves from which counts were obtained. At each time point
fold change in CFU value was calculated between each biological replicate of the mutant as compared to the wild-type. Mean of three fold-
change values from three biological replicates is presented here. Error bar represent standard deviation of the mean. The data are representative of

one experiment.

Appendix 15. Hierarchical Clustering Analysis (HCA) of metabolite data for the

temperature shift experiments. Heat map of the metabolite pools of the five genotypes, Col-0, (OLD30OLD3 odd-colodd-col);

old3-2 (old3-20ld3-2 odd-colodd-col); old3-1rec(old3-10ld3-1 odd-colodd-col); Ler-0 (OLD3OLD3 odd-lerodd-ler); old3-1 mutant (old3-1old3-
1 odd-lerodd-ler) at t1, t2 and t3 at two different temperatures (blue =20 °C and pink=28 °C). Each row represents one metabolite and each
column represent one genotype. Data was normalized and metabolites with high abundance are presented by dark-red coloured cells of value 2
and metabolites showing lower abundance are presented as cells with dark-green colour of value -2. The scale of the heat-map is presented on the
right side. The data was submitted to Hierarchical Clustering Analysis (HCA) using Euclidian distance to identify clusters of similar metabolic
profiles. Col-0 and old3-2 were clustered together at each time point and temperature. old3-1" clades at 20 °C and 28 °C were close to Col-0 and
old3-2 clades. Ler-0 and the old3-1 mutant were separated from other three genotypes because of differences in accumulation of metabolite and
changes in levels of secondary metabolites. old3-1 mutant at t2 and t3 at 20 °C forms a separate clade from others because of strong accumulation

of metabolites.
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Appendix 17. Growth of the NK3 strain transformed with the vector pET32 on M9

minimal medium supplemented with or without cysteine.
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Ler-0
GV3101 (empty vector)

GV3101 35S5:0LD3

GV3101 35S:0ld3-1

Appendix 18. Effects of Agrobacterium infection in leaves of Ler-0, Col-0 and old3-2 odd-ler

lines. Phenotypes in Arabidopsis plant lines, Ler-0, Col-0 and old3-2 odd-ler lines -34 and -80, against infection with Agrobactierum Gv3101,

Agrobactierum GV3101 carrying pGreen 0229 35s:0ASTL-A1/OLD3 and Agrobactierum GV3101 carrying pGreen 0229 35s:0ld3-1. Syringe
inoculation of 1 x 10* cfu/mL was performed on plants grown for 4-6 weeks under long days (16 hr day/8 hr night; 21 °C/21 °C). Mock

inoculated leaves (10 mM MgCI2) showed absence of any visible lesions and are not shown here. Leaf tissues were photographed 4 days post-
infection.
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Appendix 18 contd. Effects of Agrobacterium infection in leaves of Ler-0, Col-0 and old3-2

odd-ler lines.
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old3-2 odd-ler (34 )

Appendix 18 contd. Effects of Agrobacterium infection in leaves of Ler-0, Col-0 and old3-2

odd-ler lines.
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GV3101 (empty vector)

GV3101 35S:0LD3

Appendix 18 contd. Effects of Agrobacterium infection in leaves of Ler-0, Col-0 and old3-2

odd-ler lines.
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(1) pGBKT7-OASTL-Al: pGADT7-SERAT1:1  (2) pGBKT7-0ld3-1: pGADT7-SERATI:1  (3) pGBKT7-OASTL-Al: pGADT7 (4) pGBKT7-0ld3-1: pGADT7

(a) -Trp —Leu —His
X v-gal

(b) -Trp —Leu -His

Appendix 19. Analysis of protein-protein interaction of cytosolic SERAT1;1 with OASTL-

Al and old3-1 in yeast. Figure show Yeast-2-hybrid test for protein-protein interaction between old3-1 and OASTL-A1/OLD3 and

cytosolic SERATL;1/SAT5. AH109 yeast strains carrying the old3-1 or OASTL cDNA fused with GAL4 binding domain in the bait vector
pGBKT7 were transformed with the prey vector pGADT?7 containing SERAT1;1/SAT5 cDNA fused with the GALA4 activation domain or empty
pGADT7 vector, as a control. After transformation and selection at the basic SD mediums -Trp —Leu, colonies were streaked in a) -Leu -Trp -His
X a-gal and b) -Leu -Trp -His, plates to see the activation of reporter gene. Development of blue colour and growth in plates in a) and growth in
b) are indicator of positive for protein-protein interaction. To test the test reporter activity, cross streaked plates were kept at 30 °C for six days
and afterwards at room temperatures for 5 days and then photographed.
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SUMMARY

O-acetylserine (thiol) lyases (OASTLs) are evolutionarily conserved proteins among many prokaryotes and
eukaryotes that perform sulfur acquisition and synthesis of cysteine. A mutation in the cytosolic OASTL-A1
protein ONSET OF LEAF DEATH3 (OLD3) was previously shown to reduce the OASTL activity of the old3-1
protein in vitro and cause auto-necrosis in specific Arabidopsis accessions. Here we investigated why a
mutation in this protein causes auto-necrosis in some but not other accessions. The auto-necrosis was
found to depend on Recognition of Peronospora Parasitica 1 (RPP1)-like disease resistance R gene(s) from
an evolutionarily divergent R gene cluster that is present in Ler-0 but not the reference accession Col-0.
RPP1-like gene(s) show a negative epistatic interaction with the o/d3-7 mutation that is not linked to
reduced cysteine biosynthesis. Metabolic profiling and transcriptional analysis further indicate that an effec-
tor triggered-like immune response and metabolic disorder are associated with auto-necrosis in old3-17
mutants, probably activated by an RPP1-like gene. However, the old3-1 protein in itself results in largely
neutral changes in primary plant metabolism, stress defence and immune responses. Finally, we showed
that lack of a functional OASTL-A1 results in enhanced disease susceptibility against infection with virulent
and non-virulent Pseudomonas syringae pv. tomato DC3000 strains. These results reveal an interaction
between the cytosolic OASTL and components of plant immunity.

Keywords: RPP1, OASTL-A1, disease resistance, auto-necrosis, cysteine biosynthesis, innate immunity.
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