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LAY ABSTRACT
During Age-Related Resistance (ARR), mature plants including some crop plants become
resistant to pathogens they were susceptible to when younger. How ARR works is poorly
understood. My objective was to identify potential antimicrobial metabolites contributing
to ARR in Arabidopsis against the bacterial pathogen Pseudomonas syringae. Genetic
analyses combined with mass-spectrometry based metabolite profiling demonstrates that
two cytochromes P450, CYP71A412 and CYP71A13 contribute to ARR. My research
provides evidence that DHCA accumulates in the leaf intercellular space in ARR-
competent plants, where it may act to inhibit the bacterial infection process. DHCA has
low antimicrobial activity against P. syringae suggesting its mechanism of action is not
directly antimicrobial. Importantly, application of DHCA to the leaf intercellular space of
cyp7lal2/cyp71al3 restored ARR, confirming that DHCA contributes to ARR in
Arabidopsis. Understanding ARR will provide useful information for future crop

breeding and genetic modification that will mitigate agricultural losses due to disease.



ABSTRACT
Many economically important crop systems exhibit an Age-Related Resistance (ARR)
response whereby mature plants become resistant to pathogens they were susceptible to
when younger. The signaling pathways and mechanisms of ARR have not been well
studied. Arabidopsis displays ARR in response to P. syringae pv tomato (Pst). Several
studies provide evidence that intercellular salicylic acid (SA) accumulation is required for
ARR and SA acts as a direct antimicrobial agent to limit bacterial growth and biofilm-like
aggregate formation. SA accumulation mutants are ARR defective; however, a modest
level of resistance is occasionally observed leading to the hypothesis that other
compounds contribute to ARR as antimicrobial agents. Previous studies demonstrated
that CYP71A413 (a key enzyme in indolic biosynthesis) is expressed during the ARR
response. I demonstrated that CYP71A12 functionally compensated for CYP71A13
during ARR, as cyp71al2/cyp71al3-1 mutants were consistently ARR-defective
compared to their respective single mutants. I demonstrated that dihydrocamalexic acid
(DHCA) accumulated in intercellular washing fluids (IWFs) collected from plants during
the ARR response using high resolution mass spectrometry-based profiling. DHCA was
detected in IWFs collected from wild-type ARR-competent plants and, was absent in
IWFs from ARR-incompetent cyp71lal2/cyp7lal3 mutants. In vitro DHCA antimicrobial
activity against P. syringae was not observed, but exogenous infiltration of DHCA into
the leaf intercellular space restored ARR in cyp7lal2/cyp71al3 mutants Unlike SA
which exhibits direct antimicrobial activity against P. syringae, DHCA does not and

instead may affect pathogen virulence in other ways. My research provides evidence that



intercellular DHCA contributes to ARR in response to P. syringae in Arabidopsis.
Understanding the genes and metabolites contributing to ARR will provide useful
information for future crop breeding/genetic modification that will mitigate agricultural

losses due to disease.



ACKNOWLEDGEMENTS
I would like to thank my supervisor, Dr. Robin Cameron for challenging me -- I'm
stronger because of her. I wish to express my gratitude to Dr. Elizabeth Weretilnyk for
changing the direction of my research career by introducing me to the amazing world of
plant biochemistry, and for wisdom I’ll always remember: the plants don’t read the
textbooks! Thank you to Dr. David Liscombe for instilling in me the spirit of
collaboration, for mentorship on this project (and our next!), and nerding out with me
over technology and biochemistry. I wish to thank Dr. Brian Golding for introducing me
to VIM (the gift of time!) and the power of bioinformatics; I’ll carry these skills with me
throughout my research career. A sincere thank you to my academic big brother Dr. Dan
Wilson, for his friendship, wisdom, and endless encouragement (can we reset my
backgammon score soon though?). I would like to express my gratitude to Dr. Jim
McNulty for DHCA and analogues, and for sharing his expertise and passion for plant
natural products with me. Thank you to Dr. Erich Glawischnig for generously providing
me with cyp7lal2/cyp71al3-1 and DHCA. To the members of the Cameron lab past and
present: thank you for your often-thankless work keeping things running smoothly; I look
forward to hearing about all the wonderful adventures life takes you on! A special thank
you to Angela Fufeng for her patience, creativity, and for making the Cameron lab a
brighter place. I do have to thank my loyal little terrier, Alex, for waiting so patiently by
my side. Finally, thank you so much to my family, especially my Grandparents, Dad,

Mom, and my brother, Dave, for their endless support, understanding, and love.

Vi



TABLE OF CONTENTS

ABSTRACT ...ttt st s ee v
ACKNOWLEDGEMENTS ...ttt vi
TABLE OF CONTENTS ...t vii
LIST OF FIGURES .....ooiiiiii ettt sttt e e s Xi
LIST OF TABLES ...ttt Xiv
ABBREVIATIONS ..ottt s XV
DECLARATION OF ACADEMIC ACHIEVEMENT .......cocciiiiiiiiiiiieeeeeeeeee XiX

CHAPTER 1: INTRODUCTION

Plant immunity and diS€aS€ OULCOMES .........eevuiieriieeiiiieeiie e eieeeeeeereeeseveeereeesseeesenee s 1
PAMP and DAMP-triggered immunity (PTI and DTT)........ccceeeviiiivieniiiieeee, 3
Effector-triggered susceptibility (ETS) and immunity (ETI) ......c.ccccovevviieinieenneen. 5
Arabidopsis thaliana — Pseudomonas syringae pathosystem...........ccceeevveeecveeennnen. 6
Host-pathogen interactions in the intercellular space ..........ccceveveevcieeeiieeeeieeenen. 9
Age-related resistance (ARR) ....cooveveeiiiiiiiecceece e 11
Salicylic acid and ARR .......ccuiiiiiiieeceeee et 14
Indolic metabolite biosynthesis and role in plant defence...........ccccceevevveeeiennnen. 17
CYP71A12 and CYPTIATLS .ot 21

Non-targeted MeEtabOLOMICS ......c.uiiiiiiiiiiieiiee e e e e e e s beeesareeenes 22

Hypotheses and ODJECHIVES ......c.uuiiiiieeiiieciie ettt sree e e e 25

Research contributions not otherwise diSCusSed..........ceeveeriiiiiiiiiiiiiiieieeeee e 27

Vii



CHAPTER 2: METHODS AND MATERIALS

Plant growth CONAItIONS .......eeeiviieeiiiiiiie e e e rre e s e e 30
Pathogen culture and INOCUIAtION ...........ccouiiieiiiieiiie e 30
In planta bacterial density qUANtITICAtION. .......ccvviieriieeiie e 31
Antibacterial growth assays (I71 VItF0) .......cccueeeeueeecieeeiie e et eve e aeeesvee e 31
DHCA metabolism bacterial growth assays (i72 VItF0) .......ccceeeueeecieeecieeeiiieeieeeiee e 32
Biofilm quantification (i72 VITFO).........coecueeeeveeeeieeecee ettt svae e vee e avae e 33
Exogenous chemical TESCUE @SSAYS ....ccuuieruiieeiiieeiiieeiieeeieeeeteeeiteesaeeeseaeeesaaeesseeesnseeennes 33
Intercellular washing fluid eXtraction ...........ccueeevuieeriiieeiiiecieeeee e 34
Chemical StANAATAS .......ooiueiiiiiiieiee ettt st 35
Synthesis of dihydrothiazole carboxylic acids.........ccceeeeiiirciiiiiiii e, 35
IWF preparation for UPLC-mass SPeCtrometry ........c.eeevveeeiuveeeiieeiieeeieeeieeeeveeeeevee e 35
Whole leaf tissue preparation for UPLC-mass spectrometry..........cccceeeeveeeeveeenveeenneeenne. 36
UPLC-qTOF MSE and MS/MS.......ouoioieeeeeeeeeeeeeeeee e 36
Non-targeted metabolomics data analysis .......cccceecveeerieeiiiieeriiie e 37
Cross-breeding Arabidopsis double and single mutants.............ccceeeveeeceeenceeenieeeee e, 38
DNA extraction and amplification by PCR .........cccoiiiiiiiiiiciieceeeeee e 39
RNA isolation, cDNA synthesis, and RT-PCR analyses...........ccccceeeveeririeenieeecieeeieeenee, 40
StatiStICAl ANALYSES ..eeevvieiiieiciiie ettt e s e et e et e e e bt e e eraeenaree s 40

CHAPTER 3: RESULTS
The cyp71al2/cyp71al3-1 double mutant is ARR-defective.........cccevvevieiciiinciiecieee, 41

The cyp71b15 (pad3-1) camalexin biosynthesis mutant is ARR-competent..................... 42

viii



The cyp71b6 and aaol indolic biosynthesis mutants are ARR-competent ....................... 43
Indolic and SA pathway Interaction iz PIANtQ ............c..ceeeeeecueieeciieeiiieeieeeee e 44
Identification of CYP71A13-derived compounds contributing to ARR ..........c.cccuveenne. 46
Non-targeted metabolomics of intercellular washing fluids (IWFs) during ARR ...47
Quantification of DHCA in IWFs during ARR..........cccoiiiiiiiiiie e 56

Testing the contribution of DHCA to ARR

Accumulation of intercellular DHCA in young and mature plants...........c...c.......... 58
Antigrowth activity of DHCA against P. Syringae in vitro.............cccceeevveecrveennnenn. 60
Ability of P. syringae to utilize DHCA as a nutrient SOUICE..........ccveeeruveercveeerveenns 62
Examining structure-function relationships with DHCA analogues........................ 63
Antibiofilm activity of DHCA against P. Ssyringae in Vitro .............ccceeeeuveecuveennnenn. 66

Assaying additive or synergistic interactions between DHCA and SA to inhibit
EEOWLN OF P. SYFINZAE ..ottt 68
Exogenous application of DHCA restores ARR to cyp7lal2/cyp7lal3-1.............. 70

CHAPTER 4: DISCUSSION, CONCLUSION, AND FUTURE DIRECTIONS

CYP71A12 and CYP71A13 contribute to ARR in Arabidopsis ...........cccceeeevveeerveeecreennnen. 72
DHCA accumulation in IWFs of Arabidopsis during ARR ............ccccoooviiiiiiiiiiiiieee. 75
Intercellular DHCA accumulation in young plants...........ccccceeeeieerieeeiieencieeeiee e 78
Exogenous DHCA restores ARR in mature cyp7lal2/cyp71al3-1............ccccveeevvann.... 79

Potential mechanisms of DHCA bioactivity during ARR
Synergistic and additive effects of SA and DHCA.............cccoeviiiiiiiiiiieceeeee, 80

Weak antimicrobial activity of DHCA ...........coooviiiiiieee e 82



Inhibition of Ps¢ virulence gene expression or enzymes during ARR .................... 83

DHCA and other defense mechaniSms............cocceiiiiiiiiiiiiiinieiceee e 84
Non-targeted metabolomics of IWFs during ARR .........ccccooiiiiiiiiiiie e, 85

Indolic and sinapic acid pathways in ARR .........ccceeviiiiiiiiiieceeeeee e, 87
FULUTE DITECHIONS ..ttt ettt ettt et e e eaeean 90
CONCIUSION ..ttt ettt et et e bt et e st e e bt e s bt e enbeesbeeeneeaneens 93
REFERENCES ... oottt ettt ettt et e s entesneenseentanneennen 95
FN o o 2\ D ) D TSRS 108



LIST OF FIGURES

Figure 1. [sochorismate-mediated SA and indolic derivatives pathway..........c...cccveeneee. 16
Figure 2. Workflow for non-targeted metabolomics experiments...........c.cceeeeveeeeuveennnenn. 25
Figure 3. CYP71A412 and CYP71A13 contribute to ARR in Arabidopsis ......................... 42
Figure 4. The cyp71b15 (pad3-1) mutant has a wild type ARR phenotype ..................... 43

Figure 5. Indole carboxylic acid pathway mutants display wild type ARR responses.....44
Figure 6. The SA and indolic biosynthesis triple mutant cyp7/al2/cyp71al3-1 sid2-2 is
fUIly ARR-AETECHIVE .....viieiiie ettt ettt e et e e e e etaeesnnaeesnsee s 46
Figure 7. Bacterial quantification of young and mature plants during IWFs metabolomics
SEUALES .ttt ettt h e et e b et b e e bt e a bt e bt e sa b e e b e e bt e enbe e bt e e aeeeteens 48
Figure 8. Principal component analysis score plots for all mass spectral features for
intercellular washing fluids from Ps¢- and mock-inoculated plants ............cceeeveeeneennnee. 50
Figure 9. Extracted ion chromatogram and mass spectra for dihydrocamalexic acid (m/z
247.0540, [C12H10N202SHH]) eoeoiieiieieeee ettt 52

Figure 10. Normalized abundance values for significantly different features detected in

intercellular washing fluids (listed in Table 2) ......cccvveiiiieiiiiieceeee e 55
Figure 11. DHCA accumulates in the intercellular space in response to Pst ................... 56
Figure 12. Salicylic acid accumulation in the intercellular space 24 hpi with Pst .......... 57

Figure 13. Bacterial quantification of young and mature Col-0 (wild type) from
experiments collected for intercellular washing fluids metabolomics analysis ................ 58
Figure 14. Quantification of DHCA in intercellular washing fluids from young and

mature Col-0 (wWild type) in r€SPONSE 0 PSE ...ooevvveeeiiieeiiieeiiie ettt 59

Xi



Figure 15. Quantification of SA in intercellular washing fluids from young and mature
Col-0 (Wild type) 1N TESPONSE tO PST ...ccvvveeieiieeiiieeiieeeiieeeiiee et e etee et et eeaeeeeaeeeenreeens 60
Figure 16. Growth of Pst DC3000 in the presence of DHCA or SA ......cccvvvveeeveenen. 62
Figure 17. DHCA is not a significant source of carbon or nitrogen and sulfur for Pst
DIC3000 ..ottt ettt ettt ettt e et e b e e e te et e e st e bt eneeereenteeneeseenteeseennens 63
Figure 18. R- and S-enantiomers of phenylalanine-derived dihydrothiazole carboxylic
acids have different bioactivity against growth of Pst DC3000 ...........ccceevvieeririeenveennne. 64
Figure 19. Growth of Pst DC3000 in the presence of camalexin ..........cccccceeevveercreeennnen. 65
Figure 20. R- and S-enantiomers of phenol (tyrosine)-derived dihydrothiazole carboxylic
acids have no effect on growth of Pst DC3000 ........cccoeviiieiiiieiiieeiieeeiee e 66
Figure 21. DHCA does not inhibit biofilm formation of Pst DC3000 in vitro ................ 68
Figure 22. DHCA and SA do not display synergistic antimicrobial activity against
ErOWth Of PSt DC3000 ....cceiiiiiieeeiie ettt ettt e et e et e e ebae e ssbeeesaeeessaeessseeennns 69
Figure 23. Exogenous application of DHCA enhances resistance in mature ARR-
defective cyp71al2/cyP7 1AL -1 .....ooeeeeeeeeeieeeee ettt e e 71
Figure 24. Model of intercellular DHCA biosynthesis compared to intracellular
biosynthesis of DHCA and camaleXin ...........ccceeeeiieriiieniiieeiieeeiiee e eeveeeeeeeveeeevee e 78

Figure 25. Sinapic acid biosynthesis pathway ..........ccccocceeeviiiiiiiiiniii e, 88

Xii



Figure S1. The cyp71al3-1 single mutant has a variable ARR phenotype ................... 109
Figure S2. The cyp71al?2 single mutant has a variable ARR phenotype .........c..cc.e.... 109
Figure S3. The SA biosynthesis mutant, sid2-2, occasionally displays a residual ARR-

TG (o) 010 PRSP 109

Figure S4. PCR screening and sequencing results for homozygous cyp7lal2/cyp71al3-1

Figure S5. CYP71A413 is expressed in response to P. syringae DC3000 at 24 hpi ........ 110
Figure S6. Chlorophyll contamination of intercellular washing fluids as measured by
OPLICAl AENSIEY (ODD664). -vveeerreerrieerieeiiieeiieeeiee et eette e st e e sreeeteeesbeeeesseeeseeesnseeensseesnnes 111

Figure S7. Mass spectra and theoretical fragmentation for significantly different features

detected in intercellular washing fluids (listed in Table 2)........ccccoevveeviiieniiieeiiieeeeeee, 112
Figure S8. DHCA and SA standard CUIVES...........ccovueeeiuiieriiieeriiecie et 113
Figure S9. DHCA does not inhibit biofilm formation of Pst DC3000 .............cc..c........ 114

Figure S10. Exogenous application of DHCA at 4 hpi with Pst perturbs ARR in mature

Scheme 2. Synthesis of phenol and indolic enantiomers of 2-aryl-4,5,-dihydrothiazole-4-

(o731 0100 414 FTCRR: To3 1 USSR 113

Xiii



LIST OF TABLES

Table 1. Examples of ARR observed in agricultural Systems ...........cccceecveevevieenieeenneeenne. 11
Table 2. Classification of mass spectral features from biochemical profiling of
Arabidopsis intercellular washing fluids from wild type (Col-0), cyp71b15 and
cyp7lal2/cyp71al3-1 indolic biosynthesis mutants (UPLC-ESI+ or ESI- MS)............... 53
Table S1List of accessions and genotypes used in this Work ...........ccceeevvieciiiiiiieicnnn, 108
Table S2. Indolic compounds with peak corresponding to theoretical m/z calculated for

[M+H] or [M-H] in mature wild type IWFS .....cccoovriiiiiiieieeeeeeeeeee e 115

Xiv



LIST OF ABBREVIATION AND SYMBOLS
AgNO3: silver nitrate

ANOVA: analysis of variance

ARR: age-related resistance

BAKI1: BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1
Bsa: B-substituted alanine synthase

BTH: benzothiadiazole

¢ LogP: calculated LogP

CFU: colony-forming unit

CYP: cytochrome P450

DAMP: damage-associated molecular pattern
DHCA: dihydrocamalexic acid

DIR1: DEFECTIVE IN INDUCED RESISTANCE 1
dpi: days post-inoculation

ESI-MS: electrospray ionization-mass spectrometry
ETI: effector-triggered immunity

ETS: effector-triggered susceptibility

FAH1: FERULIC ACID 5-HYDROXYLASE 1
FIC: Fractional Inhibitory Concentration

FLS2: FLAGELLIN INSENSITIVE 2

FW: fresh weight

GGP: gamma-glutamyl peptidase

XV



GGT: gamma-glutamyl transpeptidase
GSH: glutathione

HIM: hrp-inducing minimal media

hpi: hours post-inoculation

HR: hypersensitive response

I3M: indole-3-methyl glucosinolate

IAA: indole-3-acetic acid

IAN: indole-3-acetonitrile

[AOx: indole-3-acetaldoxime

ICHO: indole-3-carbaldeyhde

ICN: indole-3-carbonylnitrile

ICOOH: indole-3-carboxylic acid

ICS1: isochorismate synthase 1

Ile: isoleucine

IWF: intercellular washing fluid

JA: jasmonic acid

KB: King’s B

MAMP: microbial-associated molecular pattern
MAPK: mitogen-activated protein kinase
MATE: multi-drug and toxin extrusion
MBC: minimal bactericidal concentration

MIC: minimal inhibitory concentration

XVi



MS: Murashige and Skoog

NPR1: NONEXPRESSOR OF PR GENES 1
OD: optical density

PAD: phytoalexin deficient

PAL: phenylalanine ammonia lyase

PAMP: pathogen-associated molecular pattern
PCA: principal component analysis

ppm: parts per million

PRR: pathogen recognition receptor

Psl: Pseudomonas syringae pv. lachrymans
Psp: Pseudomonas syringae pv. phaseolicola
Pss: Pseudomonas syringae pv. syringae

Pst: Pseudomonas syringae pv. tomato

PTTI: pattern-triggered immunity

R-protein: resistance-protein

SA: salicylic acid

SAR: systemic acquired resistance

SVP: SHORT VEGETATIVE PHASE
T-DNA: Transfer-DNA

T3SS: type III secretion system

TAIR: The Arabidopsis Information Resource

TALENS: transcription activator-like effector nuclease

XVii



TOF: time-of-flight
UPLC: ultra-performance liquid chromatography

wpg: weeks post-germination

Xviii



DECLARATION OF ACADEMIC ACHEIVEMENT

I declare this thesis to be an original report of my research, except where indicated by
referencing, and that I am the sole author of this document. No part of this work has been
submitted, in whole or in part, in any previous applications or publications for a degree at
another institution.

This work represents original research conducted by myself in collaboration with Dr.
David Liscombe and Dr. Jim McNulty. Through the advice and guidance of Dr. Liscombe
I conducted metabolomics analyses, optimization of intercellular washing fluid collection,
and completed UPLC-MS experiments at The Vineland Research and Innovation Centre
(Lincoln, Ontario). Dr. McNulty (McMaster University; Chemistry and Chemical Biology
Department) and myself designed structure-activity relationships experiments for
antimicrobial activity of DHCA. Peter Wojnicki and Alex Neilsen (McNulty Lab,
McMaster University; Chemistry and Chemical Biology Department) synthesized and
confirmed DHCA and four DHCA analogues for use in this work.

All literature reviews, experimental designs, data analyses and interpretations are entirely

my own work. A portion of the research conducted in this thesis will be prepared as a
manuscript for submission to a peer-reviewed publication.

XiX



M.Sc. Thesis — Christine Kempthorne; McMaster University - Biology

CHAPTER 1 - INTRODUCTION
1.1 Plant immunity and disease outcomes
Plants have evolved in diverse environments to be highly attuned to their surroundings
with a sophisticated immune system to protect against microbial pathogens. Plants do not
possess adaptive immune mechanisms, so they rely on innate immunity consisting of
complex signaling networks and remarkably diverse antimicrobial specialized metabolites
and proteins (Arbrecht and Argueso, 2016; Dixon R., 2001). Constitutive defenses protect
against pathogens and herbivores and are composed of physical barriers like the cell wall,
phytoanticipins (constitutively produced or stored metabolites) and specialized structures
like anti-herbivory calcium oxalate crystal idioblasts in the vacuole and glandular
trichomes (Vorwerk et al., 2004; Hématy et al., 2009; VanEtten et al., 1994; Franceschi
and Nakata, 2005; Clauss et al., 2006). If microbes by-pass constitutive defenses, the first
line of defense they encounter is pathogen-associated molecular pattern-triggered
immunity (PTI). PTI is activated when plasma membrane-localized pathogen recognition
receptors (PRRs) bind to conserved regions of microbes (Dixon R., 2001; Pieterse et al.,
2009; Passardi et al., 2004). Pathogenic microbes can interfere with PTI signaling
cascades by introducing virulence effector proteins into the plant cell. The second line of
defense, known as effector-triggered immunity (ETI), is initiated by host detection of
these virulence effector proteins. ETI restores PTI responses and initiates other defense
responses that contribute to enhanced resistance (Qi et al., 2011; Hatsugai et al., 2017,
Tsuda and Katagiri, 2010; Birkenbihl et al., 2017). Pathogens that have evolved the

ability to suppress host defense mechanisms via effector proteins cause disease unless the
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host has a corresponding method for detection and response. These branches of plant
immunity reflect the molecular “arms race” that continues to occur between plants and
pathogens (Boller and He 2009). The presence of pathogens on or near a plant does not
necessarily lead to disease; the outcome of plant-pathogen interactions is dependent on
environment (e.g., temperature, humidity), host genetics (e.g., resistance genes,
biochemical activity), and pathogen genetics (e.g., toxins, effector proteins). This
combination of factors is referred to as the disease triangle model of pathogenicity
(Franci, L., 2001). Variations on this model have been proposed to include the
developmental stage of the host and the effect of humans on plant disease through
cultivation practices (Dodds and Rathjen 2010; Scholthof K., 2007). An estimated 20% to
40% of agricultural productivity is lost to pathogens, pests, and weeds, with losses even
higher if post-harvest losses to disease are included (Savary et al., 2012). Agricultural and
horticultural ecosystems are especially susceptible to devastating pathogen outbreaks
because they often consist of high-density monocultures with little to no genetic diversity
and slight variation in crop composition over time (McDonald and Stukenbrock, 2016).
Research on plant defense improves our understanding of how plants respond to
pathogens. This knowledge allows for the development of resistant varieties and better
disease management systems and ultimately contributes to increased global food security

(Savary et al., 2012).
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1.1.1 PAMP and DAMP-triggered immunity (PTI and DTI)

As in animal innate immunity, plants perceive pathogens via microbial or pathogen-
associated molecular patterns (MAMPs or PAMPs) and damage-associated molecular
patterns (DAMPs) via immune receptors associated with the plasma membrane along the
plant cell surface (Choi and Klessig, 2016). Conserved bacterial components function as
MAMPs; for example, amino acids in flagellin, lipoglycans, and peptidoglycans along the
surface of the outer membrane, and bacterial surfactants (Gomez-Goémez and Boller,
2000; Beets et al., 2012; Gust et al., 2007; Sanchez et al., 2012). Pathogens damage plant
cells and tissues, resulting in the release of conserved DAMPs (reviewed in Choi and
Klessig, 2016). Pathogen-secreted hydrolytic enzymes release fragments of the plant cell
wall, also known as DAMPs. These DAMPS can induce DAMP-TI responses such as
mitogen-activated protein kinase (MAPK) signaling, oxidative burst, Ca?>" influx, and
expression of defense genes (Denoux et al., 2008; Chandra and Low, 1997). Collectively,
plant immune receptors that detect MAMPs or DAMPS are referred to as pattern
recognition receptors. MAMP or DAMP binding causes PRRs to associate with co-
receptors, triggering signaling cascades resulting in modified gene expression, ultimately
inducing broad-spectrum defense responses. A well-studied example is FLAGELLIN
INSENSITIVE 2 (FLS2). Specific epitopes or peptides from bacterial flagellin activate
FLS2 to associate with BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED
RECEPTOR KINASE 1 (BAK1), which leads to a signaling cascade for PTI (Roux et al.,
2011). Many plants appear to detect and respond to fatty acids involved in quorum

sensing and bacterial DNA, potentially as a component of biofilms, but little is currently
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known of the receptors and mechanisms involved (Kakkar et al., 2015; Whitechurch et
al., 2002). Activation of PTI signaling mechanisms leads to a complex of responses to
produce inhospitable conditions for microbes. PTI responses include production of
antimicrobial specialized metabolites and defense-related proteins, limitation of nutrient
transfer, oxidative burst producing toxic reaction oxygen species, and an influx of Ca**
into the cell opening anion channels along the plasma membrane to alkalinize the
intercellular space where bacterial pathogens thrive (Ahuja et al., 2012; Bednarek P.,
2012; van Loon et al., 2006; Chen et al., 2011; Wang et al., 2012; O’Brien et al., 2012;
Jeworutzki et al., 2010). PTI is non-specific, generally induced by microbes rather than
by specific strains or subsets of pathogens (Gust et al., 2007; Aslam et al., 2009).
Activation of immune responses requires substantial regulation to prevent inappropriate
induction, as there are high fitness costs associated with defense (growth-defense trade-
off) (Arbrecht and Argueso, 2016). For instance, research using SA biosynthesis mutants
has shown that SA has a negative regulatory effect on cytokinin signaling (Argueso et al.,
2012). Therefore, as SA accumulates to high levels during defense, cytokinin-regulated
processes like cell division and development are negatively affected (Arbrecht and
Argueso, 2016; Argueso et al., 2009). Mutant lines constitutively expressing defense
genes tend to display dwarfed phenotypes and reduced seed production (Bowling et al.,

1994, 1997; Heil and Baldwin, 2002).
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1.1.2 Effector-Triggered Susceptibility (ETS) and Immunity (ETI)

Virulent pathogens such as P. syringae introduce effector proteins directly into the
cytosol of plant cells via a Type III secretion system (T3SS) to suppress defense
responses and alter metabolism to favour nutrient release for the bacteria (Khan et al.,
2016). Effectors from P. syringae can directly disrupt PRR phosphorylation and co-
receptor recruitment, perturbing the ability of the plant to sense and response to MAMPs
(Macho et al., 2015), or indirectly by acting downstream of these kinases (Bi and Zhou,
2017). By disrupting PRR activation and PTI responses, virulent P. syringae effectively
inhibits many downstream defense responses, resulting in effector-triggered susceptibility
(ETS). If a plant possesses the immune receptors (known as resistance (R)-proteins)
capable of detecting pathogen-derived effector proteins, these effectors are considered
avirulence proteins and the interaction is termed incompatible or avirulent. As a result,
ETI is initiated, including the hypersensitive response (HR) (Belkhadir et al., 2004;
Thomma et al., 2011). During the HR, cells undergo a form of programmed cell death
which is thought to limit pathogen spread by cutting off access to nutrients to biotrophic
pathogens (Tsuda and Katagiri, 2010). ETI provides plants with effective defense to
specific strains of a pathogen. When a pathogen produces effector proteins that remain
undetected, the pathogen successfully suppresses PTI and thrives. These pathogens are
termed virulent and the interaction is considered compatible. ETI activation may be an
energy-intensive process as demonstrated in Arabidopsis lines that constitutively express
R-proteins and have lower biomass, produce fewer seeds, and often accumulate high

levels of SA relative to wild-type plants (Tian et al., 2003; Glazebrook et al., 2003).
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1.1.3 Arabidopsis thaliana — Pseudomonas syringae pathosystem

The Arabidopsis-Pseudomonas pathosystem has been instrumental in furthering our
understanding of host-pathogen interactions and plant immunity. Arabidopsis thaliana is
a small plant in the mustard (Brassicaceae) family that grows in a wide range of soil
compositions and habitats, with more than 750 naturally occurring wild-type accessions
from around the world (Alonso-Blanco and Koornneef 2000). Arabidopsis is an ideal
model plant due to its small size, short lifespan (full lifecycle in ~ 6 to 8 weeks), and self-
pollination. It has one of the smallest genomes in the plant kingdom (approximately 135
Mbp, diploid, 5 chromosomes), which was sequenced in 2000 by the Arabidopsis
Genome Initiative (2000). The Columbia (Col-0) accession (used in this work) is widely
used in plant research. Arabidopsis is amenable to transformation by Agrobacterium, and
transfer DNA (T-DNA) insertion mutants are readily available for most genes, with
stocks maintained by several organizations including the Arabidopsis Information
Resource (TAIR) (Rosso et al., 2003). Additionally, higher-order mutants and transgenic
lines developed by individual researchers are often submitted to TAIR where they are
maintained and made available to others. As well as PTI and ETI, Arabidopsis displays
both systemic acquired resistance (SAR) and a developmentally regulated resistance
response (termed Age-Related Resistance [ARR]) against P. syringae, making this an
ideal system for the study of complex defense responses (Cameron et al., 2004; Kus et al.,
2002). Arabidopsis has been used to clarify the genetic and molecular basis of plant-

pathogen interactions with Hyaloperonospora arabidopsis (Ghanmi et al., 2004) and the
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necrotrophic fungus Alternaria brassicicola (Pochon et al., 2012), but one of the best-
studied plant-pathogen interactions is that of Arabidopsis and the bacterial pathogen
Pseudomonas syringae (Katagiri et al., 2002).

P. syringae is a global agricultural pathogen, causing blight (necrosis) and spotting
diseases in the leaves and fruit of several economically important crop species including
tomato, bean, fruit trees, and cruciferous vegetables (Brassicaceae sp.) (Mansfield et al.,
2012; Takikawa and Takahashi, 2014). As a hemibiotrophic pathogen, this gram-negative
bacterium requires living host tissue and modifies host metabolism to promote its survival
at early colonization stages, transitioning to a late necrotrophic stage resulting in necrotic
tissue, which contributes to release of bacteria from tissues into the environment and
spread of the bacterium via water droplets (e.g. from rain) (Laluk and Mengiste, 2010;
Glazebrook J, 2005; Soylu et al., 2005). P. syringae has a wide host range, with
approximately 50 pathovars, each specialized to infect a handful of hosts. P. syringae
survives non-pathogenically in natural settings in soil and on leaves, often forming
biofilms to survive in harsh environments exposed to temperature fluctuations and
phytochemicals until the opportunity arises for pathogenic invasion of plant tissues
(Morris et al., 2007). P. syringae are spread via seeds, water, and as aerosols, infecting
crops in wet or humid weather by accessing the intercellular space via wounds or through
open stomata (O’Brien and Lindow 1989; Melotto et al., 2006).

The strain used in this work, P. syringae pv. tomato DC3000 (Ps¢), infects tomato and
Arabidopsis (Xin et al., 2013). The genome of Pst DC3000 was sequenced in 2003; it has

one circular chromosome and two plasmids, with an estimated 5% of the genome
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consisting of genes related to pathogenesis (Buell et al., 2003). Pst produces the
phytotoxin coronatine, an analog of jasmonic acid conjugated to isoleucine, (JA-Ile; the
bioactive form of JA), which activates JA signalling pathways to antagonize SA-mediated
defense signalling. Coronatine also plays a role in producing the characteristic chlorosis
observed in infected tissue (Moore et al., 1989; reviewed in Mittal and Davis, 1995). Pst
DC3000 is less epiphytic than other pathovars of P.syringae, as demonstrated by the
death of inoculum sprayed onto tomato leaves after 48 hours, while other pathovars
remain alive on leaf surfaces for up to 96 hours post-spray inoculation (Hirano and
Upper, 2000). Boreau et al. (2002) hypothesized that this strain is highly specialized for
endophytic colonization of the intercellular space of leaf tissue relative to other pathovars,
quickly colonizing leaves and causing disease symptoms upon access to the intercellular
space (Boreau et al., 2002). Biofilms consist of aggregates of bacterial cells along a
surface, embedded in an extracellular matrix consisting of polysaccharides, proteins, and
extracellular DNA (reviewed in Mann and Wozniak, 2012; Whitechurch et al., 2002). Pst
forms biofilm-like aggregates in the intercellular space perhaps creating a protective
environment for bacteria against plant-produced antimicrobials (Wilson et al., 2017) and
the water-limited environment of the intercellular space (Chang et al., 2007; Renzi et al.,

2012).
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1.1.4 Host-Pathogen Interactions in the Intercellular Space

The air-filled leaf intercellular space (apoplast) is composed of the area between adjacent
plant cells (including the cell wall) and fluids that accumulate along the plant cell wall
(O’Leary et al., 2014). This dynamic environment is the site of many plant-microbe
interactions. Transcriptome studies of the bean pathovar, P. syringae pv. syringae (Pss),
during infection of beans provided evidence of enhanced expression of osmotic stress-
related genes in the pathogen during intercellular compared to epiphytic growth,
suggesting that water limitation is a factor in colonization of the intercellular space (Yu et
al., 2013). Alkalinisation of intercellular fluids collected from barley resistant to Blumeria
graminis (powdery mildew) was observed (Felle et al., 2005), as well as in bean
responding to P. syringae pv. phaseolicola (Psp). The pH of the intercellular space is
estimated to be between 4.5 to 6.5 based on apoplastic pH measurements in several plant
species (maize, sunflower, tomato, bean, Arabidopsis roots, rapeseed, pea, barley,
spinach, sugar beet leaves) (Felle et al., 1998; Dannel et al., 1995; Jia and Davies, 2007;
O’Leary et al., 2016; Cramer and Jones, 1996, Husted and Schjoerring, 1995; Lohaus et
al., 2001). Slightly acidic conditions are generally favoured across plant species during
healthy conditions to facilitate transportation of sugars and amino acids from the apoplast
into the cell (Felle H, 2006; O’Leary et al., 2014, 2016). Intercellular alkalinisation (pH
increases) was observed during incompatible interactions and acidification (pH decreases)
was observed during compatible interactions (O’Leary et al., 2016). Upon pathogen
detection, conditions in the intercellular space of bean responding to Psp change within 4

to 6 hours including changes to pH and Mg?* and Ca®" flux (O’Leary et al., 2016).
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Evidence also shows that plants may sequester nutrients into intracellular areas to limit
their availability to pathogenic bacteria (O’Leary et al., 2016; Naseem et al., 2017). The
intercellular space also contains proteins as demonstrated in several proteomics studies in
which IWFs collected from Arabidopsis, bean, and other plants were examined. Several
proteins were identified including LRR domain proteins, RLKSs, cysteine-rich motifs,
peroxidases and other antioxidant proteins, galactosidases, xylanases, glucosidases, cell-
wall remodelling proteins, and SA-dependent PR proteins that are involved in defense
(reviewed in Delaunois et al., 2014). In addition to proteins, specialized metabolites with
antimicrobial activity (phytoalexins) are released into the intercellular space and may be
incorporated into the plant cell wall (O’Leary et al., 2014, 2016; Wilson et al., 2017;
Forcat et al. 2010; Soylu et al., 2005; Garcia et al., 2013; Agrawal et al., 2010).

Virulence mechanisms in P. syringae provide protection from the harsh intercellular
environment and alter plant defense and metabolism. Virulent Pst may thrive in the
intercellular space by increasing sugar transport into the bacterial cell, producing biofilm-
like aggregations along the plant cell wall, degrading host cell walls, synthesizing
phytotoxic metabolites and phytohormone analogues, producing siderophores for iron
acquisition, and assembly of a type III secretion system pilus for translocation of effector
proteins into the host cell (Buell et al., 2003; reviewed in Biittner and He, 2009; Kloek et

al., 2001; Wilson et al., 2017).

10
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1.2 Age-Related Resistance

Age-related resistance (ARR) refers to developmentally-regulated resistance observed in

several economically important plants against herbivores and a variety of pathogens

(reviewed in Develey-Riviere and Galiana, 2007; Whalen M., 2005; Table 1). During

ARR, plants become more resistant to a pathogen that they were susceptible to when

younger, and this can occur throughout all vegetative tissue or in a specific part of the

plant such as the fruit (reviewed in Develey-Riviere and Galiana, 2007). ARR may occur

suddenly at a specific stage of development or develop gradually over time (reviewed in

Whalen M., 2005) and occurs without previous pathogen exposure.

Table 1. Examples of ARR observed in agricultural systems

Crop Pathogen Observed in

Pepper Powdery mildew Leaves (Jeun and Hwang, 1991)
(Phytophthora capsici)

Grape Oomycetes and fungi Berries (Hoffman et al., 2002;
(Guignardia bidwellii, Uncinula | Gadoury etal., 2003)
necator)

Apple Scab (Venturia inaequalis) Leaves and fruit (Schwa W., 1979;

Li and Xu, 2002)

Hops Powdery mildew Flowers (Twomey et al., 2015)
(Podosphaera macularis)

Soybean Phytophtora Leaves (Lazarovits et al., 1981)

Rice Xanthomonas campestris Whole plant (Koch M., 1991)

Wheat Puccinia recondite Whole plant (Pretorius et al., 1988)

Strawberry Powdery mildew Leaves and berries (Asalf et al.,
(Podosphaera aphanis) 38133 2016; Carisse and Bouchard,

Tobacco Phytophthora infestans, tobacco | Leaves (Shibata et al., 2010; Hugot
mosaic virus et al., 1999; Yalpani et al., 1993)

Maize Common rust (Puccinia sorghi) | Leaves (Abedon et al., 1996)

European corn borer
(Ostrinia nubilalis)

Legumes, cabbage, broccoli

Downy mildew

Whole plants, leaves (Coelho et al.,
1997; Farinho et al., 2004)

Cucumber

Phytophthora capsica

Fruit (Mansfield et al., 2017)

Pumpkin, squash

Phytophthora capsica

Fruit (Ando et al., 2009)

11
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Arabidopsis displays ARR in response to P. syringae, with mature plants supporting 10-
to 100-fold lower bacterial levels and fewer disease symptoms relative to young plants
(Kus et al., 2002). Arabidopsis also displays ARR to the biotrophic oomycete that causes
downy mildew, Hyaloperonospora arabidopsis (Rusterucci et al., 2005; Carviel et al.,
2009), and cabbage looper larvae (Trichoplusia ni) (Tucker and Avila-Sakar, 2010).
Although ARR in Arabidopsis occurs at the same time as the switch from vegetative to
reproductive phase, late-flowering mutants are ARR-competent and early flowering does
not induce early ARR in wild-type plants (Wilson et al., 2013, 2017). Furthermore,
mutants for the SHORT VEGETATIVE PHASE (SVP) transcription factor are ARR-
defective despite their early-flowering phenotype, suggesting that ARR and flowering are
not directly related (Wilson et al., 2017). Senescence causing re-allocation of resources
from older leaves to younger leaves does not appear to be involved in the ARR response
in Arabidopsis (Kus et al., 2002, Carella et al., 2015). Additionally, Arabidopsis ARR
does not involve the hypersensitive response, suggesting that ARR is not a form of ETI
(Kus et al., 2002, Carviel et al., 2014).

ARR may involve changes in specialized metabolites known as phytoalexins.
Phytoalexins are synthesized de novo in response to stressors, which can include heavy
metals, salt, UV radiation, and fungal and bacterial pathogens. Generally, a phytoalexin is
considered a specialized metabolite induced by stress (not constitutively produced) and
displaying biological activity (e.g., inhibiting growth, virulence, or biofilm formation of
microbes, acting as a toxin to herbivores or insect pests) (Pedras et al., 2011; VanEtten et

al., 1994). In contrast, phytoanticipins are constitutively produced antimicrobial or

12
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deterrent compounds that are found in healthy plants, although their levels may increase
upon exposure to stress. Specialized metabolites contributing to defense accumulate
within hours to days after pathogen exposure (Pedras et al., 2011; Darvill and
Albersheim, 1984) and have been implicated in ARR responses (Mansfield et al., 2017;
Shibata et al., 2010; Carviel et al., 2009; Kus et al., 2002; Wilson et al., 2017). In
cucumber, the fruit of the ‘Vlaspik’ hybrid cultivar displays ARR, such that mature fruit
at 10 to 12 days post pollination display resistance to the oomycete Phytophthora capsici.
Mansfield et al. (2017) used non-targeted metabolomics to show that terpenoids and
flavonoids in fruit peels are a major contributor to cucumber ARR. Similarly, Datura
species produce tropane alkaloids as they age, which are thought to contribute to
developmental resistance against herbivores. (Kariftho-Betancourt et al., 2015). In
Arabidopsis, intercellular washing fluids from mature ARR-competent plants exhibit
antimicrobial activity against Pst in vitro (this activity is not present in IWFs from young
plants) and evidence strongly suggests that intercellular salicylic acid (SA) is largely
responsible for this antimicrobial activity during ARR (Kus et al., 2002; Cameron and
Zaton 2004, Wilson et al., 2017). Tryptophan-derived indolic compounds may have an

important role to play as well (Carviel et al., 2009).
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1.2.1 Salicylic acid and ARR

Salicylic acid (SA; 2-hydroxybenzoic acid) is a phenolic metabolite produced in plants
and animals. In plants, SA acts as a phytohormone regulating growth and cellular
homeostasis, a signaling molecule in immunity and abiotic stress responses, and evidence
suggest it also acts as a phytoalexin during ARR against Pst in Arabidopsis (Rivas-San
Vicente and Plasencia 2011; Klessig D., 2017; Cameron and Zaton, 2004; Wilson et al.,
2017). Basal SA levels in healthy, uninfected, unstressed plants differs between species;
in Arabidopsis, leaf intercellular SA levels range from ~10 to 500 ng/ml while SA levels
in whole leaves range from ~ 50 to 500 ng/g FW (Cameron and Zaton, 2004; Wilson et
al., 2017). SA is synthesized from chorismate via isochorismate synthase 1 (ICS1) or
phenyalanine ammonia-lyase (PAL) (Figure 1). The isochorismate synthase (ICS)
pathway appears to be the main contributor to SA accumulation from defense-initiated
responses in Arabidopsis (Dempsey et al., 2011). SA originating from ICS1-mediated
biosynthesis occurs in the chloroplasts and is transported out via EDS5 (a multi-drug and
toxin extrusion (MATE)-family transporter) (Fragniere et al., 2011; Serrano et al., 2013).
The icsI mutant (also known as sid2 or eds6) accumulates significantly less SA than
wild-type plants in response to bacterial infection, is highly susceptible to P. syringae, and
is ARR-defective (Wildermuth et al., 2001; Kus et al., 2002). NahG is a transgenic line of
Arabidopsis that expresses a bacterial salicylate hydroxylase (converts SA to catechol),
and therefore can synthesize but not accumulate SA in response to pathogens (Delaney et
al., 1994). NahG mutants are also more susceptible to Pst and are ARR-defective due to

the inability to accumulate SA (Wildermuth et al., 2001, Kus et al., 2002). Interestingly,
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mutants that accumulate SA but are defective for SA-mediated signaling pathways
display a wild-type ARR phenotype (e.g., nprl), suggesting that ARR may occur
independently of SA-mediated defense signalling (Carella et al., 2015, Kus et al., 2002).
Rather, evidence strongly suggests that intercellular SA contributes to ARR by directly
inhibiting growth and biofilm-like aggregation of Pstz. Wilson et al. (2017) showed that >
2 uM (~276 ng/ml) SA reduces biofilm formation and > 100 uM (~ 14 pg/ml) inhibits the
growth of Pst in vitro, with 1 mM (14 mg/ml) having a bactericidal effect. Furthermore,
exogenous application of 100 uM (~14 pg/ml) SA four hours prior to inoculation with Pst
restores ARR in sid2-2 (defective in SA biosynthesis) and svp (defective in intercellular
SA accumulation) mutants (Cameron and Zaton, 2004; Wilson et al., 2017). Although SA
is required for ARR, the sid2 mutant occasionally displays an ARR-like response (small
but significant difference in bacterial levels between young and mature plants; see Figure

S3), which may indicate a role for other compounds in the Arabidopsis ARR response.
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1.2.2 Indolic metabolite biosynthesis and role in plant defense

Tryptophan-derived indolic metabolites accumulate in Arabidopsis during infection with
P. syringae (Forcat et al., 2010; Zhou et al., 1999; Rajniak et al., 2015) and contribute to
defense as indole glucosinolates (Bednarek et al., 2011). The indolic pathway in
Arabidopsis was implicated in ARR in a study by Carviel et al. (2009) using significance
analysis of microarrays to identify genes that were differentially expressed between
mature wild-type Col-0 12 hours after Pst or mock inoculation. The indolic biosynthesis
gene CYP71A13 was the most highly upregulated (3.5-fold compared to the mock-
inoculated control). CYP71A413 is an oxidative dehydrogenase that produces a reactive
form of indole-3-acetonitrile from indole-3-acetaldoxime (Figure 1). Carviel et al. (2009)
hypothesized that a specialized metabolite produced by, or downstream of, CYP71A413
was contributing to ARR. CYP71A413 is at a metabolic branchpoint, producing indole-3-
acetonitrile (IAN) from indole-3-acetaldoxime (IAOx) which is shuttled into indolic
carboxylic acid, camalexin, indolic cyanonitrile, and indirectly affects auxin and indole
glucosinolate pathways. These pathways are still being elucidated, with a new indole
cyanonitrile pathway recently discovered by Rajniak et al (2015). A brief introduction to

the indolic alkaloid pathways of Arabidopsis is outlined below.

Camalexin: CYP71A13 has been extensively studied for its role in camalexin (3-thiazol-
2’-yl-indole) production, a well-studied phytoalexin in Arabidopsis induced by stressors
such as heavy metal salts (AgNO3, CuCl2), reactive oxygen species, UV, severe

mechanical wounding, and in response to bacterial and fungal pathogens (Glawischnig et
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al., 2004; Miiller et al., 2015; Saga et al., 2012; Frerigmann et al., 2015; Zhou et al.,
1999). Camalexin and indole glucosinolates share a common precursor (Figure 1), with
both pathways branching from IAOx produced by CYP79B2/CYP79B3. For camalexin
biosynthesis, IAN is conjugated to glutathione (Nafisi et al., 2007; Bottcher et al., 2009)
and a cysteine-conjugate of IAN is formed through y-glutamyl peptidase and/or y-
glutamyl transpeptidase activity (Geu-Flores et al., 2011; Su et al., 2011; Meldrup et al.,
2013). Cys(IAN) cyclizes non-enzymatically to form dihydrocamalexic acid (DHCA) and
is also the substrate for the multifunctional enzyme CYP71B15/PAD3 that sequentially
converts Cys(IAN) to DHCA and then to camalexin (Zhou et al., 1999; Shuhegger et al.,

2006; Bottcher et al., 2009).

Indole-3-carboxylic acid (ICOOH) and indole-3-carbaldehyde (ICHO): IAN
produced by CYP71A412 and CYP71A13 or from indole glucosinolate breakdown is a
precursor to ICHO and ICOOH. Béttcher et al. (2014) identified CYP71B6 and AAO1 as
having a role in biosynthesis of ICHO and ICOOH through non-targeted metabolite
profiling of silver nitrate (AgNO3)-treated leaves of knock-out and overexpression lines
for these genes. Labelling experiments demonstrated that ICOOH and ICHO can be
synthesized via IAN (Bdéttcher et al., 2009), in vitro CYP71B6 can utilize IAN as a
substrate to produce both ICOOH and ICHO, and AAO1 oxidizes ICHO to ICOOH
(Bottcher et al., 2014). CYP71A412 is likely more effective at producing the IAN
intermediate channeled to ICOOH derivatives (Figure 1), as cyp71al2 produces less

indole-3-carboxylic acid (including glycosylated derivatives and the methyl esters) but
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these levels are not further reduced in the cyp7lal2 cyp71al3 double mutant (Bottcher et

al., 2014; Miiller et al., 2015).

Indole cyanonitriles: Rajniak et al. (2015) examined publicly available NASCArrays for
cytochrome P450 genes upregulated during biotic stress and identified CYP82C2 as a
gene of interest. Metabolite profiling of cyp82¢2 T-DNA insertion mutants compared to
wild-type seedlings responding to Pst, revealed a new indolic compound, indole-3-
carbonylnitrile (ICN) in cyp82c2. This compound was not present in wild-type plants or
cyp79b2/cyp79b3 mutants, indicating IAOx is a precursor. ICN is unstable, so it rapidly
degrades to ICOOH in aqueous solutions. CYP82C2 converts ICN to 4-hydroxy-ICN
(also degraded to 4-OH-ICOOH in aqueous solutions). Upstream of CYP82C2, the
flavin-dependent oxidoreductase, FOX1, produces the ICN substrate for CYP82C2 from a
reactive IAN intermediate preferentially made by CYP71A12 and also thought to be

shuttled to ICOOH production via CYP71B6 (Béttcher et al., 2014).

Indole glucosinolates: Indole glucosinolates are precursors to antiherbivory and
antimicrobial defense compounds produced in Brassicaceae. They contain a thioglucose
group, sulfonated oxime, and tryptophan-derived indole side-chain. 1-methoxy and 4-
methoxy indole-3-methyl glucosinolates are phytoanticipins in Arabidopsis (Senderby et
al., 2010; Pedras et al., 2011). Indole-3-methylglucosinolates are stored in the vacuole
and specialized cells; they are released by cellular damage and hydrolyzed to indole-3-
methylisothiocyanates. Tissue damage may also result in indolic glucosinolates coming

into contact with thioglucosidases (myrosinases stored in specialized idioblast cells) and
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nitrile specifier proteins, resulting in cleavage of the thio-linked glucose and formation of

IAN (Wittstock and Burow, 2010; Andréasson et al., 2001).

Indole-3-acetic acid (IAA): Auxin (IAA; indole-3-acetic acid) is a phytohormone
involved in regulation of plant growth. Recent evidence shows that IAA-produced by Pst¢
interferes with SA-mediated defense signaling (McClerklin et al., 2018). Microbes
synthesize [AA via several biosynthetic pathways and precursors, but as in plants, these
pathways originate from L-tryptophan (Spaepen and Vanderleyden, 2011).
CYP79B2/CYP79B3 were initially thought to contribute to IAA biosynthesis via IAN
produced by CYP71A13 (Kutz et al., 2002; Park et al., 2003). CYP79B2/CYP79B3 is
also a branching point for biosynthesis of the same compounds as
CYP71A12/CYP171A13; the main difference is IAOx is also a precursor for the
biosynthesis of indole glucosinolates (Glawischnig et al., 2004; Zhao et al., 2002). High-
auxin phenotypes observed in indole glucosinolate mutants and sulfur-starved plants were
initially hypothesized to involve IAN. However, recent evidence suggests high-auxin
phenotypes in these plants are caused by blocks in indole glucosinolate biosynthesis
resulting in IAOx overflow to IAA biosynthesis, or from the breakdown of indole
glucosinolates during stress to produce IAN (Halkier and Gershenzon, 2006; Nafisi et al.,
2006). IAN-derived IAA likely originates from IAN produced during the breakdown of

indole-3-methyl glucosinolates (I3M) (Malka et al., 2017).
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1.2.3 CYP71A12 and CYP71A413

CYP71A412 and CYP71A413 (Carviel et al., 2009) are upregulated in response to pathogens
and stressors like heavy metal salts (Glawischnig et al., 2004). CYP71412 and CYP71A413
are in tandem location on chromosome 2 and are 89% identical at the amino acid level
(Nafisi et al., 2007). Both contribute to camalexin biosynthesis, although CYP71A13
preferentially produces the IAN derivative that is shuttled into camalexin biosynthesis
(Klein et al., 2013). CYP71A12 can compensate for the loss of CYP71A13 and vice versa
(Klein et al., 2013; Miiller et al., 2015). The cyp71al3 mutant produces significantly less
camalexin when induced with silver nitrate, and fungal pathogens (Nafisi et al., 2007). In
heterologous systems, CYP71A12 has been shown to functionally compensate for
CYP71A13 (Klein et al., 2013; Mgldrup et al., 2013). Klein et al. (2013) showed that in
vitro the primary product of CYP71A13 is IAN along with ~ 3 % ICHO and the primary
product of CYP71A12 is ICHO along with 3% IAN. They hypothesized that oxidation of
IAN results in the loss of the hydrogen cyanide moiety and formation of an aldehyde
(ICHO). Based on in vitro results and metabolic profiling of cyp7lal2 and cyp71al3
mutants, CYP71A12 is more efficient that CYP71A13 at oxidizing IAN. The CYP71A13
product is a reactive form of AN (dehydro-IAN; Figure 1) that is conjugated with
glutathione, an intermediate in camalexin biosynthesis. These results are supported by in
vitro studies measuring Cys(IAN) when either enzyme is incubated with L-cysteine
(Klein et al., 2013). Multifunctional sequential reactions such as those hypothesized to
produce TAN derivatives are prevalent in cytochrome P450 enzymes of indolic pathways.

For example, CYP79B2/CYP79B3 likely catalyzes two oxidation reactions, and
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CYP71B15 cyclizes Cys(IAN) to DHCA resulting in hydrogen cyanide loss, then an
oxidative decarboxylation reaction to produce camalexin. To study the contribution of
CYP71A12 to camalexin biosynthesis, Miiller et al. (2015) developed a double mutant
through transcription activator-like effector nuclease (TALENSs) resulting in a five base
pair deletion in CYP71A412 in the cyp71al3-1 (T-DNA insertion) background. The five
base pair deletion results in loss of the Asp-488 residue, which is a conserved feature of
CYP71A12 hypothesized to be required for protein function (Miiller et al., 2015). The
cyp7lal2 cyp71al3 mutant produces trace amounts of camalexin, and ICOOH derivative
accumulation matches that of cyp71al?2. Interestingly cyp71lal2/cyp71al3-1 produces
wild-type levels of ICHO, suggesting other enzymes contribute to the production of
ICOOH/ICHO (Miiller et al., 2015, Agerbirk et al., 2008). Initially we hypothesized that
indole-3-acetonitrile produced by CYP71A13 was contributing to ARR; however, AN
was not detected in rosette leaves of Arabidopsis treated with silver nitrate, UV
irradiation, Phytophthora capsici, or P. syringae (Bottcher et al., 2009, Bottcher et al.,
2004, Shuhegger et al., 2006; Miiller et al., 2015; Table S2). If CYP71A413 is contributing
to ARR resistance in mature plants, it may be through one or more downstream indolic

pathways (Figure 1).

1.3 Non-targeted metabolomics
Non-targeted metabolomics integrates high resolution mass spectrometry-based
metabolite profiling with ‘omics’ bioinformatics tools to interrogate changes in biological

systems (Sawada and Hirai, 2013). Metabolites are a direct readout of gene expression
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and gene product activity; by using a non-targeted approach insight is gained into how
metabolism is contributing to a biological question (e.g., which metabolites differentially
accumulate in an ARR-defective mutant). Samples containing complex mixtures of
metabolites can be extracted in solvent, separated by polarity, and ionized. Ionization is
essential for forming charged molecules (losing or gaining an electron) for detection by
mass spectrometry. Samples can be subjected to positive electrospray ionization (ESI+) or
negative (ESI-); some compounds only ionize in one mode, therefore analyzing samples
with ESI+ and ESI- gives wider metabolic coverage. In the mass spectrometer, ions
collide with argon gas and the energy from this process breaks bonds in each molecular
ion to produce smaller fragments called product (or daughter) ions. Fragmentation
information for each molecular ion can then be used to elucidate structural components
for identification. The instrument used in this work is a quadrupole time-of-flight (QTof)
mass spectrometer capable of filtering and detecting exact mass of each ion within 5
parts-per-million (ppm) of its actual mass. Exact mass is essential for downstream
identification in non-targeted approaches, as these values are used to estimate the
elemental composition of parent and product ions. Collectively, mass spectral features
provide information on hundreds to thousands of metabolites in each sample.

The cheminformatics tools used to find metabolic features of interest are analogous to
bioinformatics tools used in transcriptomics, employing multivariate statistics to
putatively identify differentially accumulating metabolites (mass features) instead of
genes (Figure 2). Exact mass measurement and fragmentation information are used to

estimate the elemental composition and structural components of a metabolite of interest
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identified through multivariate statistics. Chemical databases are useful for identifying
metabolites of interest; however, it is important to remember that “identifications” are
based on mass and the database entries screened. For example, pharmaceuticals with a
similar mass as a natural product in plant extracts will come up as an identification in
most database searches. Additionally, if a compound expected in a model system is not a
database entry, it will not be returned as an identification, so it is important to use caution
when relying on database searches.

Non-targeted metabolomics in this work was used to test the hypothesis that a
CYP71A12/CYP71A13-derived indolic metabolite is involved in ARR. These datasets
are also hypothesis generating since all detectable metabolites differentially accumulating
incyp’7lal2/cyp71al3-1 compared to wild-type plants can be observed, potentially
identifying new pathways of interest in ARR. For example, downstream indolic
compounds are likely to be affected by the loss of CYP71A12 and CYP71A13, but it is
not known whether they contribute to the ARR-defect in a cyp7lal2/cyp71al3-1 mutant.
A non-targeted approach makes it possible to profile indolic compounds in samples, as
well as all other detectable semi-polar compounds that may be affected by loss of
CYP71A412 and CYP71A13. These metabolites can then be linked back to pathways and
genes of interest. Since this study has identified a biosynthetic pathway producing indolic
metabolites as potentially contributing to ARR, metabolite profiling is ideal as some
aspect of metabolism is involved. All analyses and mass feature identifications in this
work were completed within recommended guidelines set by the Metabolomics Standards

Initiative (Kind and Fiehn 2006; Fiehn et al. 2007) and all metabolite identifications
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remain putative unless confirmed with a known reference standard matching retention

time, exact mass, and fragmentation experiments.
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Figure 2. Workflow for non-targeted metabolomics experiments. See Materials and Methods for details on
workflow. Intercellular washing fluids (IWFs); ultra-performance liquid chromatography (UPLC); electrospray
ionization mass spectrometry (ESI-MS); Principal component analysis (PCA); Orthogonal projections to latent
structures discriminant analysis (OPLS-DA). Images of UPLC BEH C18 column and Xevo G2-XS qTOF from Waters
Corporation. Diagram of chromatogram and mass spectra from Shimadzu Corporation.

1.4 Hypotheses and objectives
Hypothesis 1: Indolic compounds derived from CYP71A12 and CYP71A13 accumulate
in the intercellular space and inhibit growth and biofilm formation of virulent
Pseudomonas syringae.
Objectives:

e Determine the ARR phenotype of the cyp71al2/cyp71al3 double mutant

¢ Identify indolic compounds that may contribute to ARR by profiling semi-polar

compounds in intercellular washing fluids of cyp71al2/cyp71al3-1 and cyp71b15

using non-targeted mass spectrometry-based profiling.
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e Test the antimicrobial activity of indolics accumulating in mature plants during
ARR by testing their ability to limit P. syringae growth and biofilm formation.
Hypothesis 2: Antimicrobial compounds or levels in the intercellular space or leaf tissue
of mature plants differ from those in young plants and are important for Age-Related
Resistance in Arabidopsis.
Objectives:
¢ Identify small molecules important for ARR using non-targeted metabolite
profiling by comparing young ARR-incompetent with mature ARR-competent
intercellular washing fluids and whole leaf tissue.
Hypothesis 3: An indolic compound or indolic compounds derived from CYP71412 and
CYP71A13 contributes to the small but significant ARR-like response occasionally
observed in sid2 and together these compounds act additively or synergistically to inhibit
growth of P. syringae
Objectives:
e Assess the contribution of indolic pathways to the ARR-like response observed in
the sid2 SA biosynthesis mutant by crossing cyp7lal2/al3 with sid2-2 to create a
triple mutant
e Test the ARR phenotype of the cyp7lal2/al3 sid2-2 triple mutant compared to
the sid2-2 single mutant
e Assay for synergistic or additive interactions of indolics and SA by testing the

antimicrobial activity against P. syringae in vitro
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1.5 Research contributions not otherwise discussed

In addition to the work outlined in this thesis, I contributed to a number of other projects
in the Cameron lab.

Enhancing resistance in Cucumber & Tomato (collaboration with Drs. Liscombe &
Poleatwich, Vineland Research and Innovation Centre)

I completed high-resolution mass spectrometry metabolite profiling of cucumber and
tomato leaves responding to powdery mildew to 1) identify compounds that accumulate in
resistant plants during early stages of the infection and ii) identify metabolites affected by
chemical inducers of defense to protect against powdery mildew. Resistance was only
observed in cucumber and tomato plants pre-treated with the salicylic acid analog,
benzothiadiazole (BTH), so I analyzed these samples and putatively identified a few
metabolic compounds associated with metabolism of BTH. I also performed preliminary
experiments with young cucumber plants to determine optimal timing for pipecolinic acid
root drench prior to inoculation with Pseudomonas syringae pv. lachrymans (Psl) and
observed cucumber cultivar-dependent differences in induction of resistance to Psl.

SAR Experiments

I worked with Dr. Phil Carella to understand the contribution of LTP1 and LTP2 during
SAR by examining the SAR phenotype of mutant lines, collecting petiole exudates, and
performing protein immunoblots to assess potential effects of LTP1 or LTP2 on
movement of the LTP Defective in Induced Resistance 1 (DIR1) (published in Carella et
al., 2016). I contributed to understanding the importance of DIR1 functional domains for

SAR, by transiently expressing DIR1 domain variants in the SAR-defective dir/-1 mutant
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to determine if the variants restored SAR. I contributed to creating a stable dir/-1 dirl-
like double mutant line by performing Agrobacterium-mediated transformation using the
floral dip method with an estrogen-inducible DIR1-Like RNAi construct (developed by
Dr. Marissa Isaacs) in the dirl-2 (Col-0 background). Seeds were screened to the T2
generation.

Salicylic acid during ARR

I also worked with Dr. Dan Wilson and contributed to a publication in Molecular Plant-
Microbe Interactions on the direct antimicrobial activity of SA against P. syringae and the
role of SVP in ARR (Wilson et al., 2017). I assisted with imaging of Pst in the
intercellular space with epifluorescence microscopy by preparing epidermal peels and
assessing bacterial aggregation, in vitro biofilm and growth assays with SA and Pst,
disease resistance assays and intercellular washing fluid collection of the sid2 and svp
mutant. SA quantification by UPLC-MS in an estrogen-inducible SVP line showed this
line was not the best to use for gene expression analysis due to variability in SA
accumulation.

ARR Metabolomics

Three additional non-targeted metabolomics studies were completed during my graduate
work: whole leaf tissue of mature cyp7lal2/cyp71al3-1 compared to wild-type and
profiling of young and mature wild-type IWFs and whole leaf tissue. Somewhat lower
bacterial densities supported by young plants and high levels of SA in Ps¢-inoculated
young IWFs and whole leaf tissue indicated potential defense priming of plants used in

these experiments. Results from these experiments are not discussed here due to possible
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priming hypothesized to be from unintended exposure to resistance-inducing volatiles
from other studies occuring at the time. As ARR was observed, but was not as robust as
in other experiments (~ 15-fold), analyses were completed but require follow-up studies
(e.g., using mutant lines) to examine the role of putatively identified compounds in ARR
vs. as induced/primed defense compounds. Analyses are outlined in a separate document

provided with raw data.
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CHAPTER 2 - MATERIALS AND METHODS
Plant Growth Conditions: Seeds were surface sterilized (70% ethanol for 1 min
followed by seed sterilization solution of 30% bleach and 0.1% Tween 20 in sterile water
with shaking for 10 min), rinsed with ddH2O five times, and suspended in 0.1%
phytoblend. Seeds stratified for 2-3 days at 4°C and then plated on Murashige and Skoog
(MS) basal salt medium (Murashige and Skoog, 1962). Seedlings germinated under
continuous light (22°C, light intensity ~90 pmol/m?/s, ~45% humidity). At 6 to 7 days,
seedlings were transplanted in soil (Sunshine Mix No. 1 — JUIC Ltd.) prepared with 2 L
of 1g/L of 20-20-20 fertilizer. To maintain high humidity, seedlings were covered with a
plastic transparent dome for 48 hours and grown at 22°C — 24° C at ~80% relative
humidity under a nine-hour photoperiod (long-night conditions, average light intensity
~150 umol/m?/s). Plants were fertilized with 1g/1 of 20-20-20 fertilizer at 3 weeks post-
germination (wpg) and 5 wpg. Arabidopsis thaliana ecotypes and mutant lines are
summarized in Table S1. All mutant lines are in the Col-0 accession background.
Sequence data for these genes can be found using the following Arabidopsis Genome
Initiative Identifiers: Sequence data for these genes can be found using the following
Arabidopsis Genome Initiative Identifiers: 4401 (At5g20960), CYP71412 (At2g30750),
CYP71A413 (At2g30770), CYP71B15 (At3g26830), CYP71B6 (At2g24180), CYP79B2
(At4g39950), CYP79B3 (At2g22330), CYPS82C2 (At4g31970), FOXI (At1g26380), ICS1
(Atlg74710).
Pathogen Culture and Inoculation: Bacterial inoculations for all ARR and in vitro

assays utilized virulent Pseudomonas syringae pv. tomato (Pst) DC3000 (pVSP61)
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(Whalen et al., 1991). Cultures were prepared in King’s B (KB) media supplemented with
50 pg/ml kanamycin (plasmid resistance) and grown overnight with agitation at 200 rpm
for ~16 hours at 22-25°C to mid-log phase (ODsoo = 0.2 to 0.6). Cultures were re-
suspended and diluted to 10° colony forming units (cfu) per ml of 10mM MgCl,. Diluted
culture was pressure infiltrated into the abaxial (underside) of leaf tissue using a needless
1 ml syringe.

In planta bacterial density quantification: Leaf discs were removed at 3 days post-
inoculation (dpi) using a cork-borer (6 mm diameter) for a total of three replicates of
eight leaf discs each (maximum two leaf discs per leaf). Pst was isolated from tissue by
submersing leaf discs in sterile 0.1% Silwet L-77 in 10 mM MgCl: on an orbital shaker
(Lab-Line) at 200 rpm for 1 hour. In planta bacterial levels were quantified by plating 10
ul of dilution series on King’s B with kanamycin (50pg/ml) and rifampicin (100 pg/ml).
Antibacterial growth assays (in vitro): Virulent Pst overnight cultures (ODgoo = 0.2 to
0.6) were centrifuged (Beckman GS-15R) and the bacterial pellet was washed twice by
centrifugation in Hrp-inducing minimal (HIM) liquid media (Huynh et al. 1989) to
remove nutrient-rich KB media, then resuspended in HIM. Serial dilutions of compounds
were prepared in 95% ethanol (IAN, ICOOH, ICHO, SA, camalexin) or DMSO (SA,
DHCA). Sterile non tissue-culture treated 96-well plates were used under aseptic
conditions. For antibacterial growth assays, each well contained a total of 163 ul: 160 ul
of media/bacterial culture, 3 pl of compound, for a total of three wells per concentration.
For checkerboard synergy antibacterial growth assays, each well contained a total of 163

uL: 160 uL of media/bacterial culture and 1.5 uL of each respective compound for a total
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of 3 uL compounds in DMSO. HIM media with equal percentage solvent (EtOH or
DMSO) was used as a blank and the average of three wells at each time point subtracted
from absorbance (OD600) values of experimental wells for analysis. Solvent was added
to HIM with Pst as a control for solvent contributing to growth inhibition in the absence
of either compound. Plates were taped at edges to prevent contamination and spillage and
incubated at room temperature in a plate reader with shaker (Tecan Sunrise). Optical
density (ODsoo) was measured every 15 minutes for 72 hours. After 72 hours, three wells
per concentration were pooled, centrifuged at 1000 x g for 7 min, resuspended in 10 mM
MgCl and plated on non-selective KB plates. Blank controls were plated to check for
bacterial/fungal contamination. Minimal bactericidal concentration (MBC) was
determined by the lowest concentration that killed all bacteria (no lawn after pooling and
plating). Minimal inhibitory concentration (MIC) was determined as the lowest
concentration that inhibited exponential growth during log phase (relative to control) at
approximately 24 to 48 hours but did not kill bacteria (lawn present after pooling and
plating).

DHCA metabolism bacterial growth assays (in vitro): To test for the ability of Pst to
utilize dihydrocamalexic acid (DHCA) as a carbon source or as a nitrogen and sulfur
source, bacteria were grown in Hrp-inducing minimal media with DHCA as outlined in
“Antibacterial growth quantification (in vitro)” with the following alterations. To test for
ability of Pst to use DHCA as a carbon source, bacteria were incubated with DHCA in

HIM without a carbon source (lacking fructose). To test for ability of Pst to use DHCA as
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a nitrogen and/or sulfur source, bacteria were incubated with DHCA in HIM without a
nitrogen and sulfur source (lacking ammonium sulfate).

Biofilm quantification (in vitro): Biofilm formation of surface-adherent Pst cells was
quantified using the method developed by O’Toole (2011). Virulent Pst overnight
cultures (ODgoo = 0.2 to 0.6) were centrifuged (Beckman GS-15R). The bacterial pellet
was washed twice in Hrp-inducing minimal media (HIM) liquid media. Sterile non-tissue-
culture treated 96-well plates were prepared under aseptic conditions; non-tissue-culture-
treated plates were used to prevent bacteria from having a pre-formed matrix that could
encourage biofilm formation. Each well contained a total of 183 ul of solution: 180 ul of
media/bacterial culture, 3 pl of compound (SA or DHCA), for a total of six wells per
concentration. Plates were left stationary at room temperature to allow for biofilm
formation. At 24, 36, 48, 60 and 72 hours, plates were rinsed thoroughly in water to
remove planktonic bacteria, then incubated with 0.1% crystal violet for 10 minutes for
staining of biofilm, rinsed to remove extra strain and any planktonic bacteria remaining
and left overnight to dry. To de-stain for biofilm quantification, plates were incubated
with 30% acetic acid (200 pl) for 15 minutes. Optical density (ODs70) was recorded on a
plate reader (Biotek Synergy 2).

Exogenous chemical rescue assays: Mature (7 wpg) Arabidopsis rosette leaves were
inoculated with Pst (see “In planta bacterial density quantification”). At 4 hours post-
inoculation (hpi), DHCA (30 ug/ml, 100 mM or 70 ng/ml, 0.2 mM) or IAN (39 ug/ml,
100 mM) and 24 hpi (DHCA concentrations previously listed) was infiltrated into

inoculated leaves. Mock control inoculum consisted of 10 mM MgCl, with equivalent
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amount of 95% ethanol (IAN) or DMSO (DHCA) added. Once thoroughly dried (~ 1
hour), plants were returned to chambers. Bacterial growth was quantified as outlined in
“In planta bacterial density quantification”.

Intercellular washing fluid extraction: The infiltration-centrifugation method in Wilson
et al. 2017 and developed by O’Leary et al 2014 was used with slight modifications.
Plants were watered approximately 1 hr before collecting leaves to ensure similar turgor
pressure in all plants (O’Leary et al., 2014). Detached fully expanded rosette leaves at the
petiole with a razor blade. Leaves were weighed to 2 g fresh weight (FW) total (~ 24
young leaves or ~12 mature leaves). Leaves were separated into three sets of
approximately 667 mg and rinsed for 5 seconds in chilled, distilled water to remove
surface contamination. Leaves were placed in 60 ml syringe filled with 30 ml of chilled,
distilled water. Using a gloved finger, negative pressure was created in the syringe by
pulling the plunger out to the 60 ml mark and slowly releasing. This was repeated
approximately three times per set until leaves were thoroughly infiltrated (darkened
transparent colour, no light patches, sink in water). Leaves were blotted dry with a
Kimwipe and weighed to calculated infiltration volumes. Infiltrated leaves were
sandwiched between two — three pieces of Parafilm and rolled around a 1000 pl pipette
tip. The parafilm sandwiched leaf roll was secured around the tip with a plastic twist tie
gently so as not to leave any marks in the Parafilm/leaves. The pipette tip with rolled
leaves was placed in a cut 20 ml syringe bottom with the tip placed in a 1.5 ml microfuge
tube (petioles facing upward) and centrifuged for 6 minute at 600 x g in a swinging rotor

bucket at 4°C, resulting in 150 to 200 ul of IWF collected. IWFs were weighed and stored
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in ice until all samples collected. Leaves were visually examined after collection to ensure
intercellular washing fluids were removed from all leaves (dark patches indicate
intercellular washing fluids are uncollected and still present in leaves). For some
experiments, 150 mg (approx. 6 to 3 leaves) were rolled in to a 2 ml microfuge tube with
3 to 5 glass beads and flash frozen in liquid nitrogen (represents the intracellular
contents). Cytoplasmic contamination was assayed by measuring chlorophyll and
turbidity. IWFs were spun at 21 000 x g for 5 min at 4°C. Supernatant was transferred to a
new tube, and chlorophyll pellet (if present) were resuspended in 1 ml anhydrous ethanol.
Chemical standards: Indole-3-acetonitrile (IAN), indole-3-carboxylic acid (ICOOH),
indole-3-carbaldeyhde (ICHO), indole-3-acetic acid (IAA), camalexin, salicylic acid
(SA), L-tryptophan, L-phenylalanine, L-tyrosine, camalexin were purchased from Sigma-
Aldrich, all > 95% purity. Indole-3-carbonitrile and D-Cysteine were purchased from
Toronto Research Chemicals.

Synthesis of dihydrothiazole carboxylic acids: (-)-(45)-dihydrocamalexic acid was
synthesized according to the method outlined in Shuhegger et al. (2006) with slight
modifications; all other enantiomers and structural analogues were synthesized and
confirmed by the McNulty Lab (McMaster University, Dept Chem and Chem Bio).

IWF preparation for UPLC-mass spectrometry: IWFs were diluted (100 pul IWF) in 60
ul of 5% acetonitrile in water (w/ 0.1% formic acid). Samples were sonicated with ice for
15 minutes and vortexed twice then centrifuged at 20 000 x g for 3 minutes. The
supernatant was filtered with 0.2 micron GHP filters (Acrodisc) and transferred to LC

vials (Waters) with 250 uL glass insert (Chromatography Specialty Inc). A quality control

35



M.Sc. Thesis — Christine Kempthorne; McMaster University - Biology

pool consisting of equal amounts of individual extracted samples was prepared for
column equilibration and injected every six runs to assess for unusual variation over time
(e.g., shifts in retention time, analytical equipment malfunction) that could affect
downstream analyses. The quality control chromatograms are homogenous mixture of all
samples, so variation between the 10 — 15 quality control injections may indicate
equipment malfunction.

Whole leaf tissue preparation for UPLC-mass spectrometry: Flash frozen whole
rosette leaves were ground with glass beads using Geno/Grinder tissue homogenizer
(SPEX). Ground tissue was extracted in 1 ml of acidified 50:50 acetonitrile/water (0.1%
formic acid), sonicated with ice for 15 minutes and vortexed twice then centrifuged at 20
000 x g for 3 minutes. The supernatant was filtered with 0.2 micron GHP filters
(Acrodisc) and transferred to LC vials (Waters). A quality control pool consisting of
equal amounts of individual extracted samples was prepared for column equilibration and
to assess for unusual variation over time between runs (e.g., every 2 hrs from first to last
run) that could affect downstream analyses. The quality control chromatograms are
homogenous mixture of all samples, so variation between the 10 — 15 quality control
injections may indicate equipment malfunction.

UPLC-qTOF MSF and MS/MS: Chromatographic separation was performed on an
Acquity UPLC Class I (Waters, Manchester, UK) equipped with an Acquity UPLC BEH
C18 1.7 um column (Waters) using a binary solvent mixture consisting of solvent A (5%
acetonitrile in water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic

acid), with 1 ul (leaf) or 5 ul (IWFs) sample injection at infusion flow rate of 0.3 ml/min.
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Gradient was set for solvent B at 0-40% for 0.0-22.5 min, 100% over 23.0-24.5 min,
decreasing to 0% over 25.0-26.0 min. Analytic data were acquired on a Xevo G2-XS
QTOF (Waters) with a capillary voltage of 3 kV (ESI+) or 2.5 kV (ESI-) and sample cone
voltage of 40 eV. MSE data were acquired in positive and negative electrospray ionization
(ESI) modes, in ESI+ for dihydrocamalexic acid MS/MS. A survey scan time of 0.25 sec
in continuum data format with an acquisition mass range of 50 to 1200 Da was used for
MSE was 100°C, desolvation temperature 500°C, cone gas flow of 50 L/hr and
desolvation gas flow 800 L/hr. For MS® low energy collision energy was 6 eV and high
energy ramp collision energy 15-35 eV. Leucine enkephelin (200 pg/ul in 50:50
acetonitrile/water with 0.1 % formic acid) was used as a reference calibrant with
LockSpray ion source (Waters; infusion flow rate 10 pl/min) for exact mass
measurement. MS/MS data for DHCA was acquired over 5-10 min at a mass range of 50-
250 Da and set mass of 247.0537 Da [M+H] using a scan time of 0.25 sec in continuum
format at 25 eV collision energy.

Non-targeted metabolomics data analysis: High resolution UPLC-qTOF-MS data was
analyzed with multivariate statistics and cheminformatics software (Progenesis QI and
Metaboanalyst 3.1; Xia et al., 2015). Peak alignment, quality control (pooled runs of each
sample), peak picking, pseudomolecular ion (adduct) composition, and normalization to
all mass features was performed in Progenesis QI (Non-Linear Dynamics). Suitability of
data for downstream analysis was assessed by ensuring tight clustering of quality control
pooled samples in principal component analysis considering all samples. Mass features

were filtered based on manual examination of each dataset to remove low
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abundance/background features and datasets saved as .csv files for further analysis.
Putative metabolite identification was completed by: establishing fragmentation patterns
(fragmentation in mass spectra for low and high energy (first and second function),
adducts, neutral loss); estimating elemental composition (Range C0-100, HO-100, NO-5,
00-30, S0-3, unsaturation, 5 ppm > m/z 300, 8 ppm < m/z 300, 15 ppm < 200); putative
identification from publicly available and in-house customized natural products
databases. Principal component analysis, mass feature abundance plots, T-tests (P < 0.05),
and ANOVA (P <0.05, Tukey’s HSD) statistical analyses performed in and figures
generated with Metaboanalyst 3.1 (Xia et al., 2016). Mass error calculated by (observed
m/z — theoretical m/z)/(theoretical m/z * 10°). Theoretical m/z calculated in Mass Lynx
3.1

Production of Arabidopsis double and single mutants: The sid2-2 mutant was crossed
with cyp71al2/cyp71al3-1 from the main bolt. The first few flowers (usually sterile)
were cut. Under dissection microscope, all siliques and flowers (all stages) were cut.
Using fine tweezers, the pollen (stamen) and sepals were gently peeled away from the
stigma, being careful not to get pollen on stigma. The detached stamen with pollen of
cyp7lal2/cyp71al3-1 was thoroughly applied to the stigma of sid2-2 for approximately
3-4 stigmas per plant. Plastic stakes and a balloon holder covered in plastic wrap were
tied around crossed bolts to create a high humidity environment and placed in growth
chambers set to long day (12 hr light) photoperiod. Yellow siliques were removed and
dried in microfuge tubes with labels. After one week, seeds were collected from siliques

and planted for F2 generation. Twenty-two F3 lines were screened for homozygous sid?2-
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2 cyp7lal2/cyp71al3-1 and two putative homozygous lines found. The line labelled AJS8
was used for this work and confirmed with PCR and sequencing.

DNA Extraction and Amplification by PCR: Leaf tissue was harvested from the T2
generation of cyp7lal2/cyp71al3-1 sid2-2 crosses and immediately flash frozen in liquid
nitrogen and stored at -80°C. After grinding frozen tissue over liquid nitrogen, DNA
extraction buffer (200 mM tris-HCI pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS)
was added and samples were homogenized by vortex. DNA was purified using phenol-
chloroform extraction and precipitated with isopropanol (1:1 v/v). After centrifugation
and ethanol wash (70%), the DNA pellet was re-suspended in 50 pl of nuclease-free water
and stored at -20°C. Individual T2 plants homozygous for the cyp7lal3-1 T-DNA
insertion were identified using PCR as described in Nafisi et al. (2007). Gene-specific
primers designed to identify absence of wild-type CYP71A413 in cyp7lal3-1:5’-
GTAAGAGAAGACGAGGTAAATGC-3’ (forward) and 5°-
CTTCTGATCAGTTCCGTCATCG-3’ (reverse). The primer used to identify the T-DNA
left border was 5’-GGAACAACACTCAACCCTATCTCG-3’ (LBe). The deletion in
exon 9 in sid2-2 was confirmed using primers designed to expand the deleted area in
ICS1 5;- GACATACATCTTTGTGAAACAGCC-3’ (forward) and 5°-
GCCCCAAGACCCTGTAAATC-3 (reverse). The TALENs-mediated 5 base pair
deletion in CYP71A12 was confirmed with sequencing using primers 5’-
TGACATTCCGCAATCTGAAAACC-3’ (forward) and 5°-

GGGAGAAGGATTTGTCCAGGG-3°.
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RNA isolation, cDNA synthesis, and RT-PCR analyses: Whole rosette leaves (4 and 7
wpg) were flash frozen in liquid nitrogen and stored at -80 °C. Total RNA was isolated
from frozen tissue using Sigma TRI-reagent (Sigma, St Louis, MI, USA). Turbo DNA-
free (Life Technologies, Carlsbad, CA, USA) was used to degrade DNA following
manufacturer’s instructions. cDNA synthesis was performed with Sigma M-MLV reverse
transcriptase (Sigma) using 2 pug of RNA and following the manufacturer protocol.
CYP71A13 expression was confirmed using the following primers:

5’- TGATCAGTTCCGTCATCGTCC-3’ (forward) and

5’- AGGCGAGTAACGATAAAGCGG-3’ (reverse).

Statistical Analyses: ANOVA was used to determine statistically significant differences
in bacterial densities for in vivo assays. Means for cfu/leaf disc with unequal variances
were log-transformed prior to analysis. Tukey’s HSD post hoc test was used for
comparisons (p <0.05). All non-metabolomic statistical tests were completed in R or

Prism 6.0 and 7.0 (GraphPad).
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CHAPTER 3 — RESULTS
3.1 The cyp7lal2/cyp71al3-1 double mutant is ARR-defective
As mentioned (see Introduction), CYP71A12 can compensate for the loss of CYP71A413
(Klein et al., 2013; Miiller et al., 2015). Results from my undergraduate work
demonstrated that the ARR phenotype of the cyp7/al3-1 mutant varied between a partial
ARR-defect and wild-type ARR to Pst (Figure S1). Similar variability in ARR was
observed for the single cyp7/al2 mutant (Figure S2). A double mutant for both
CYP71A412 and CYP71A413 was obtained from Miiller et al. (2015) to test the contribution
of CYP71A413 to ARR. The ARR phenotype of this mutant was compared to the wild-type
(Col-0) accession by measuring bacterial levels in plants at three days post-inoculation
(dpi) with virulent P.syringae pv. tomato DC3000 (Pst; the strain used throughout this
work). The cyp71al2/cyp71al3-1 double mutant consistently displayed a partial ARR
defect (Figure 3), with cyp71al2/cyp71al3-1 supporting higher bacterial levels compared
to wild-type Col-0 (~ 7 weeks post-germination; wpg). The cyp71lal2/cyp71al3-1 line
did not exhibit enhanced susceptibility when young, with both wild-type and the double
mutant supporting similar levels of bacterial growth (Figure 3). These results suggest that

CYP71A412 and CYP71A13 contribute to ARR.

Indole-3-acetaldoxime (IAOX) is the substrate for CYP71A12 and CYP71A13, and IAOx
is synthesized by CYP79B2 and CYP79B3. A cyp79b2/cyp79b3 double mutant was
generated by Zhao et al. (2002) by crossing cyp79b2 and cyp79b3 T-DNA insertion lines.

The insertion occured upstream of the heme-binding site in both mutants, therefore, they
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are likely to be null mutants (Zhao et al., 2002). As expected if CYP71A412 and
CYP71A13 are contributing to ARR, the cyp79b2/cyp79b3 double mutant displayed a

partial ARR-defect (similar to cyp7lal2/cyp71al3-1) (Figure 3).

- Young (3 wpg)
l:l Mature (7 wpg)

Bacterial levels (cfu/leaf disk)

Figure 3. CYP71A412 and CYP71A413 contribute to ARR in Arabidopsis. ARR assays were performed by quantifying
bacterial levels of Pst (3 dpi) in young (3 wpg) and mature (7 wpg) Col-0 and indolic biosynthesis mutants
cyp79b2/cyp79b3 and cyp7lal2/cyp7lal3-1. Values represent the mean +/- standard deviation of three sample
replicates. Each genotype was tested at least 5 times with similar results. Different letters indicate statistically
significant differences (ANOVA, Tukey’s honestly significant difference [HSD], P < 0.05, n=9 plants / treatment).

3.2 The cyp71b15 (pad3-1) camalexin biosynthesis mutant is ARR-competent
CYP71A13 is an upstream component of the camalexin biosynthesis pathway, so a
cyp71b15 camalexin biosynthesis mutant (downstream of CYP71A12 and CYP71A13)
was examined to confirm previous studies demonstrating that it is ARR competent (Kus
et al., 2002). The cyp71b15 mutant used in this work (pad3-1) is an ethyl methane
sulfonate-mutagenesis line in the Col-0 background with a nucleotide deletion in
CYP71B15 that results in a frameshift (early stop codon) and produces trace amounts of
camalexin (Zhou et al., 1999; Glazebrook and Ausubel, 1994). If cyp71b15 shows a
similar ARR-defect to cyp7lal2/cyp71al3-1, this would suggest a role for camalexin in
ARR. However, the cyp71b15 (pad3-1) mutant consistently displayed a wild-type ARR

phenotype (Figure 4), confirming previous work by Kus et al., (2002). The wild-type
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ARR phenotype of camalexin-deficient cyp71b15 suggests that camalexin is not required
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Figure 4. The cyp71b15 (pad3-1) mutant has a wild-type ARR phenotype. ARR assays were performed by
quantifying bacterial density of virulent Pst DC3000 (3 dpi) in young (3 wpg) and mature (7 wpg) Col-0 and indolic
biosynthesis mutants cyp7lal2/cyp71al3-1 and cyp71b15 (pad3-1). Values represent the mean +/- standard deviation
of three sample replicates. All experiments were performed at least 3 times with similar results. Different letters
indicate statistically significant differences (ANOVA, Tukey’s honestly significant difference [HSD], P <0.05, n=9
plants / treatment).

3.3 The cyp71b6 and aaol indolic biosynthesis mutants are ARR-competent

The understanding of indole metabolism in Arabidopsis is still evolving, and recent
evidence has shown that CYP71A12 and CYP71A13 form a metabolic branch-point for
several indolic pathways implicated in plant defense (Rajniak et al. 2015, Miiller et al.
2015, Bottcher et al. 2014). As a camalexin biosynthesis mutant was not defective for
ARR and did not exhibit enhanced susceptibility to P. syringae when young, CYP71A12
and CYP71A13 were initially hypothesized to contribute to ARR via an indole-3-
carboxylic acid-dependent pathway rather than a camalexin-dependent pathway (Figure
1). To test this hypothesis, homozygous T-DNA insertion mutants were obtained from the
Arabidopsis Biological Resource Centre (Ohio State University) in genes identified by
Bottcher et al. (2014) to be involved in indole-3-carboxylic acid biosynthesis. The ARR

phenotypes of these mutants were examined to test the hypothesis that indole-3-

43



M.Sc. Thesis — Christine Kempthorne; McMaster University - Biology

carboxylic acid derivatives contribute to ARR.

Both cyp71b6 and aaol were tested as Bottcher et al. (2009) showed a partial reduction in
ICOOH and ICHO derivatives in these mutants. ARR assays of these mutants
demonstrated that loss of CYP71B6 or AAO1 did not negatively affect ARR (Figure 5),
however as discussed above, it is not possible to rule out a role for indole carboxylic acid
derivatives in ARR since ICOOH and ICHO derivatives were only partially reduced in

both mutants (Bottcher et al., 2009).
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Figure 5. Indole carboxylic acid pathway mutants display wild-type ARR responses. ARR assays were performed
by quantifying Pst levels (72 hpi) in young (3 wpg) and mature (7 wpg) plants. Values represent the mean +/- standard
deviation of three sample replicates. Different letters indicate statistically significant differences (ANOVA, Tukey’s
honestly significant difference [HSD], P < 0.05, n=9 plants / treatment).

3.4 Indolic and SA pathway interaction in planta

Salicylic acid (SA) is required for ARR and has antimicrobial activity against Pst (Kus et
al., 2002; Cameron and Zaton, 2004; Wilson et al., 2017). However, the SA biosynthesis
mutant sid2-2 occasionally has a residual ARR-like response, in which a small, but
significant reduction (2- to 5-fold) in bacterial populations was observed in mature

compared to young leaves (Figure S3). Therefore, it is possible that this ARR-like
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response in sid2 may be due to the activity of other antimicrobial compounds in the
intercellular space during ARR, and these compounds may interact synergistically or
additively with SA. The indolic biosynthesis mutant cyp7lal2/cyp71al3-1 has been
observed to be partially ARR-defective (this work), thus an indolic compound or indolic
compounds derived from CYP71A12 and CYP71A13 may contribute to the sid2-2 ARR-
like response. To test for potential synergistic or additive effects between SA and indolic
pathways during ARR, the double cyp7lal2/cyp71al3-1 mutant was crossed with sid2-2
and homozygous cyp71al2/cyp71al3-1 sid2-2 triple mutants were identified (see
Methods; Figure S4). If CYP71A12/CYP71A13-mediated pathways are involved in the
residual ARR-like response observed in sid2, then the triple mutant should display a full
ARR-defect consistently across experiments. In three assays performed to date, the partial
ARR-like response was not observed in sid2-2 or the triple mutant and instead both
mutant lines were fully ARR-defective making it impossible to answer this question

(Figure 6).
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Figure 6. The SA and indolic biosynthesis triple mutant cyp71al2/cyp71al3-1 sid2-2 is fully ARR-defective.

ARR assays were performed by quantifying Pst levels (72 hpi) in young (3 wpg) and mature (7 wpg) plants. Values
represent the mean +/- standard deviation of three sample replicates. All experiments were performed at least 3 times
with similar results. Different letters indicate statistically significant differences (ANOVA, Tukey’s honestly significant
difference [HSD], P < 0.05, n=9 plants / treatment).

3.5 Identification of CYP71A12 and CYP71A13-derived compounds contributing to
ARR

CYP71A12 and CYP71A13 are involved in several indolic biosynthesis pathways,
therefore, to identify which compound(s) may contribute to ARR in addition to SA, a
non-targeted mass spectrometry-based approach was used to profile metabolites affected
by the cyp71al2/cyp71al3-1 mutation. Differentially accumulating metabolites identified
using this approach may be relevant for ARR and these techniques make it possible to
probe overall indolic metabolism to see which CYP71A12/CYP71A13-derived
compounds are affected by the mutation in the corresponding genes. All metabolomic
studies in this work were completed in collaboration with Dr. David Liscombe

(Biochemistry, Vineland Research and Innovation Centre).
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3.5.1 Non-targeted metabolomics of intercellular washing fluids during ARR
Ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) was used to
profile semi-polar metabolites of the intercellular space where Pst thrives and where
compounds of interest are hypothesized to accumulate during ARR. Intercellular washing
fluids (IWFs) were collected from Psz-inoculated leaves at 24 hpi. The 24 hpi time-point
was chosen based on expression of CYP71412, CYP71413,and CYP71B15 in response to
Pst (Figure S5) or silver nitrate (AgNO3) (Rajniak et al., 2015; Nafisi et al., 2007). The
contents of IWFs represent the intercellular fluid (which contains plant and bacterial
metabolites), and components of the exterior of the plant cell wall (for example, esterified
indole-3-carboxylic acids) (O’Leary et al., 2014, 2016; Soylu et al., 2005). Since the
inoculation procedure could result in accumulation of wound-induced compounds, IWFs
were collected from mock-inoculated leaves to prevent erroneous identification of
wound-induced compounds as contributing to ARR. Cytosolic contents may appear to
accumulate in the intercellular space if cellular damage occurred during IWF collection.
Therefore, chlorophyll and turbidity (indicators of contamination from organelles and
sub-cellular structures) was measured by absorbance (OD664 and OD700 respectively) to
assay for intracellular contamination in IWFs (Figure S6). The cyp71b15 mutant was
included in the IWF metabolite profiling since it is an indole biosynthesis mutant
impaired downstream of CYP71A12/CYP71A13, but it is not ARR-defective. As
cyp7lal2/cyp71al3-1 has a block in biosynthesis for several indolic compounds, the
cyp71b15 mutant should aide in elucidating which indolic compounds contribute to ARR.

For example, compounds absent or reduced in both cyp7lai2/cyp71al3-1 and cyp71bl15
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are less likely to be involved in ARR and interest in compounds absent or reduced in
cyp7lal2/cyp71al3-1 only would be of greater interest. ARR assays of plants grown with
and inoculated at the same time as those used in IWF metabolomics assays showed that at
three dpi cyp71al2/cyp71al3-1 supported 4.7- and 7.6-fold higher bacterial density

compared to mature wild-type and cyp71b15 respectively and were ARR defective

(Figure 7).
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Figure 7. Bacterial quantification assays of young and mature of plants during IWFs metabolomics studies.
Bacterial quantification assays of young and mature (ARR assays) of Col-0 and indolic biosynthesis mutants
cyp7lal2/cyp71al3-1 and cyp71b15 (pad3-1). ARR assays were performed by quantifying Pst levels (3dpi) in young
(3 wpg) and mature (7 wpg) plants. Values represent the mean +/- standard deviation of three sample replicates.
Different letters indicate statistically significant differences (ANOVA, Tukey’s honestly significant difference [HSD], P
<0.05, n=9 plants / treatment).

Principal component analysis (PCA) is a multivariate statistical method used to visualize
variance in samples based on clustering and separation of groups while considering
hundreds of mass spectral features. It is an unsupervised method, meaning variation
between samples is identified without knowledge of sample identity; PCA is useful for
identifying anomalies in large datasets (e.g., outliers, potentially mislabeled samples).
PCA score plots for mass spectral features measured in IWFs showed clustering of QC

samples (Figure 8). The QC is a homogenous mix of all samples injected approximately
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every six runs during data acquisition to check for variance between runs and analytical
instrument performance. Low variation between QC runs (clustering) indicates high
reproducibility (Fiehn et al., 2008). Since IWFs from two biosynthetic mutants compared
to wild-type plants were profiled, only a subset of metabolites is expected to be affected
intracellularly, and only those compounds that are transported to or synthesized in the
intercellular space would be detected in these experiments. Minimal separation of all
samples was observed for all detectable semi-polar compounds for both positive (Figure
8A) and negative (Figure 8B) ionization modes (947 and 737 normalized mass spectral
features respectively). Genotypic variation in IWFs was minimal as the scores for IWFs
cluster by genotype. Low variance (minimal separation) was observed between mock-
and Pst-inoculated plants of the same genotype, or between IWFs from ARR-defective
and ARR-competent plants. Biologically these results tell us only a small subset of
metabolites (e.g., CYP71A12/CYP71A13-derived indolics) were observed to be
significantly different between the genotypes and treatments, so perhaps minor changes in

metabolite composition in the intercellular space affect disease outcomes during ARR.
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Figure 8. Principal component analysis scores plots for all mass spectral features for intercellular washing fluids
from Pst- and mock-inoculated plants. Treatment and genotype represented by symbol with (A) representing IWFs
run in positive electrospray ionization mode and (B) representing IWFs run in negative electrospray ionization mode.
QC (quality control); WT (wild type Col-0); 1213 (cyp71al2/cyp71al3-1); bl5 (cyp71b15). Percentage in brackets
shows explained PCs. Analyzed with Metaboanalyst using prcomp package in R.

Unsupervised PCA is useful for exploring the global changes in IWF metabolites, but to
answer the question of which compounds may be contributing to ARR, mass spectral
features that were statistically different between an ARR-defective (cyp7lal2/cyp71al3-
1) compared to ARR-competent plants (Col-0 and cyp71b15) needed to be identified.
Analysis of variance (ANOVA) testing of normalized abundance values was used to
identify which of the hundreds of features detected were significantly changing between
treatment groups and genotypes. In positive ESI mode, the most significantly different
feature was a peak at 7.34 minutes with a nominal mass of 247 [M+H]. This feature was
abundant in Pst-inoculated wild type and cyp71b15 but was not detected in Ps¢-inoculated
cyp7lal2/cyp71al3-1 mutants (Figure 10A). Using elemental composition (seven

possible molecular formulae within 8 ppm) and abundance patterns in the biosynthesis
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mutants, this feature was putatively identified as dihydrocamalexic acid (DHCA;
C12H10N20,S). DHCA has been shown to accumulate in cyp71b135, likely due to non-
enzymatic cyclization of accumulating Cys(IAN) to DHCA and the mean relative
abundance of this compound between samples was highest in Ps¢-inoculated cyp71b15
IWFs. To confirm the putative identification of DHCA, synthetic standards were obtained
from Dr. Erich Glawischnig (Technische Universitidt Miinchen) and via collaboration
with Dr. Jim McNulty (Dept. of Chemistry and Chemical Biology, McMaster University).
Based on the retention time and fragmentation of these two independently synthesized
DHCA standards, the peak at 7.34 minutes with a nominal mass of 247 was confirmed to
be DHCA ([Ci2H10N202S+H]), with fragmentation producing peaks at m/z 201.0520
([C11HgN2S+H], loss of carboxylic acid), and m/z 143.0604 (|CoH7N>+H], thiazole ring

opening or fragmentation) (Bottcher et al., 2009; Zandalinas et al., 2012; Figure 9).
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Figure 9. Extracted ion chromatogram and mass spectra for dihydrocamalexic acid (m/z 247.0540,
[C12H10N202S+H]). Samples were run in positive electrospray ionization mode. The fixed y-axis shows relative

intensity for synthetic standard compared to Psz-inoculated Col-0 and cyp71al2/cyp71al3-1.n.d. indicates compound
not detected.

In total, 5 mass spectral features were significantly different between IWF samples in
positive ESI mode and 146 mass spectral features were significantly different between
IWF samples in negative ESI mode. Of these significantly different features for all
treatments, only 5 were significantly different between ARR-defective
(cyp71al2/cyp71al3-1) and ARR-competent (Col-0 and cyp71b15) IWFs and therefore
may of biological significance for ARR. Putative identificationsof these features suggest
that indolic and sinapic acid derivatives were accumulating differentially in IWFs from

these plants (Table 2; Figure S7).
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Table 2. Classification of mass spectral features from biochemical profiling of Arabidopsis intercellular washing
fluids from wild type (Col-0), cyp71b15 and cyp71al2/cyp71al3-1 indolic biosynthesis mutants (UPLC-ESI+ or
ESI- MS).

Mass
Elemental Retention Observed Theoretical error
Label Identification Classification Composition time (min) mlz m/z (ppm)
Dihydrocamalexic . 247.0554  247.0540
A acid* Indolic C12H11Nzozs 73 [M+H] [M"FH] 5.7
Sinapic acid 399.0932
B derivative Phenylpropanoid -—- 5.0 [M+H] - -
. . 385.1140 385.1135
1-O-sinapoyl- Phenylpropanoid
C beta-D-glucose  glucoside Ci7H21010 6.2 [M-H] [M-H] 1.3
Indole-3- . 322.0931 322.0927
. Indolic
D carboxylic acid . -—- 7.0 [M-H] [M-H] 1.2
o glucoside
derivative
732.3930
E Unidentified - 16.6 [M-H] - -

Asterisk (*) indicates identification confirmed by synthetic standard retention time and fragmentation, mass error < 8
ppm. [M+H] indicates m/z detected in positive ionization mode; [M-H] indicates m/z in negative ionization mode. Data
normalized to all compounds in Progenesis QI. One-way ANOVA (False discovery rate-adjusted p-value threshold
0.05, Tukey’s HSD).

DHCA and the putatively identified derivative of indole carboxylic acid (compound D)
show the greatest differences between cyp7lal2/cyp71al3-1 and the ARR-competent
genotypes (Figure 10A, D). The indole-3-carboxylic acid derivative is accumulating in
wild type and cyp71b15 in response to Pst and is present but significantly lower in all
mock-inoculated IWFs and cyp71al2/cyp71al3-1. The unidentified mass feature at m/z
732 (compound E) shows an inverse accumulation pattern, with mock-inoculated wild
type and Pst-inoulated cyp71al2/cyp71al3-1 IWFs having significantly higher
abundance, and Pst-inoculated ARR-competent plants having significantly lower

accumulation (Figure 10E).
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Putatively identified 1-O-sinapoyl-beta-D-glucose is lowest in all mock-inoculated IWFs
and Pst-inoculated cyp71al2/cyp71al3-1 IWFs (Figure 10C). Although the abundance
plot for this sinapic acid glucoside shows accumulation in Ps#-inoculated ARR-competent
IWFs, the difference is not significant because of high variation in accumulation for wild-
type IWFs. Compound B appears to be a sinapic acid derivative as one of the fragments
associated with the peak at m/z 399 has an exact mass similar to that of sinapic acid, but it
isn’t clear what it is conjugated to or what modifications exist on this molecule if it is
related to sinapic acid (Figure S7B). Regardless, compound B is significantly higher in
Pst-inoculated cyp71al2/cyp71al3-1 IWFs compared to wild type (Figure 10B).
However, ARR-competent cyp71b15 also accumulates significantly higher levels of
compound B in Pst-inoculated IWFs compared to wild type (and levels are not
significantly different from cyp71al2/cyp71al3-1 IWFs). Compound B is therefore
probably not contributing to ARR, and rather the differences in accumulation between
genotypes are reflective of perturbations of indolic biosynthesis in cytochrome P450
mutants. The potential role of sinapic acid and indolic derivatives in defense and ARR is

further explored in the Discussion (Chapter 4).
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Figure 10. Normalized abundance values for significantly different features detected in intercellular washing
fluids (listed in Table 2). Y-axis represents relative peak integration area (normalized to all compounds using
Progenesis QI — original and normalized concentrations). All significant differences based on ANOVA (p value < 0.05,
FDR-adjusted, Tukey’s HSD). Boxes represent maximum and minimum values; middle line represents median.
Headings show retention time nominal mass. Each letter is matched to the feature listed in Table 2.
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3.5.2 Quantification of DHCA in IWFs during ARR

DHCA accumulates in IWFs from Pst-inoculated plants and is not detected in ARR-
defective cyp71al2/cyp71al3-1. To quantify the amount of DHCA accumulating in
IWFs, standard curves were prepared using synthetic DHCA (2 pg to 6000 ng/ul; Figure
S8). At 24 hpi with Pst, DHCA accumulated at ~370 ng/ml in wild-type IWFs, ~2405
ng/ml in the cyp71b15 IWFs, and was not detected in cyp7lal2/cyp71al3-1 (Figure 11).
Mock-inoculated wild-type plants did not produce detectable levels of intercellular
DHCA, and as expected, mock-inoculated cyp71b15 accumulated DHCA (~90 ng/ml)
due to a block in camalexin biosynthesis whereby the Cys(IAN) precursor accumulated
and could have non-enzymatically cyclized to DHCA. Camalexin was not detected in the

IWFs regardless of treatment or genotype (Table S2).
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Figure 11. DHCA accumulates in IWFs in response to Pst. DHCA levels in the IWFs of Col-0, cyp71lal2/cyp71al3-
1, and cyp71b15 (pad3-1) mature plants (7 wpg) 24 hpi with Pst DC3000 inoculation or 10 mM MgCl2 (mock)
measured by UPLC-MS (ESI+). Boxes represent maximum and minimum values; middle line represents median.

IAN was not expected to accumulate in plants as Pst induced expression of genes

involved in camalexin biosynthesis, so any IAN produced would likely be used to
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produce camalexin and other indolic metabolites. During non-targeted metabolite
profiling, IAN was not detected (checked against authentic standard) in IWFs regardless

of treatment and genotype (Table S2).

Intercellular SA accumulation is required for ARR and can therefore serve as an
metabolic indicator of ARR. SA levels in IWFs were quantified using a commercially
available standard and confirmed by retention time, exact mass (< 5 ppm mass error) and
fragmentation (Figure S8). At 24 hpi with Pst, SA accumulated in IWFs at ~4 to 5 pg/ml
for all genotypes at (Figure 12). These results agree with unpublished work by Dr.
Marissa Isaacs showing cyp71al2/cyp71al3-1 accumulated wild-type levels of SA in

response to Pst.
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Figure 12. Salicylic acid accumulation in the intercellular space 24 hpi with Pst. SA levels in IWFs of Col-0,
cyp7lal2/cyp71al3-1, and cyp71bl5 (pad3-1) mature plants (7 wpg) 24 hpi with Pst DC3000 inoculation or 10 mM
MgClz (mock) measured by UPLC-MS (ESI+). Boxes represent maximum and minimum values; middle line represents
median.
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3.6 Testing the contribution of DHCA to ARR

3.6.1 Accumulation of intercellular DHCA in young and mature plants

If DHCA is contributing to ARR against Pst then it may accumulate differentially
between young and mature in intercellular spaces. Since young plants support higher
bacterial density compared to mature plants, IWFs collected from young plants should
contain less DHCA than mature IWFs. To examine DHCA accumulation in young plants
compared to mature, IWFs were collected for UPLC-MS analysis from young and mature
wild-type Col-0 leaves at 24 hpi with Pst. In 2 independently grown and collected
experiments an ARR response was observed, with young plants supporting 12-fold

(Figure 13A) and 15-fold (Figure 13B) higher bacterial density compared to mature

plants.

Il Young (4 wpg)

D Mature (7 wpg)

Bacterial levels (cful/leaf disk)
Bacterial levels (cfu/leaf disk)

T T
Young Mature Young Mature
(4 wpg) (7 wpg) (4 wpg) (7 wpg)

Figure 13. Bacterial quantification of young and mature Col-0 (wild type) from experiments collected for
intercellular washing fluids metabolomics analysis. ARR assays were performed by quantifying bacterial density of
Pst (72 hpi) in young (4 wpg) and mature (7 wpg) wild type (Col-0). Experiment A was completed June 2017 (A) and
experiment B was completed July 2017 (B). Values represent the mean +/- standard deviation of three sample
replicates. Asterisk (*) indicate statistically significant differences (t-test, p < 0.05, n=9 plants / treatment).

Intercellular DHCA was significantly lower in young Pst-inoculated IWFs (~91 ng/ml)
compared to mature IWFs (~154 ng/ml) from experiment B (Figure 14B). In experiment

A, the levels of DHCA between young (~123 ng/ml) and mature (~ 187 ng/ml) IWFs did
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not differ significantly (Figure 14A). DHCA was not detected in mock-inoculated plants

of either age.
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Figure 14. Quantification of DHCA in intercellular washing fluids from young and mature Col-0 (wild type) in
response to Pst. DHCA levels in IWFs of young (4 wpg) and mature (7 wpg) wild type Col-0 24 hpi with Pst measured
by UPLC-MS (ESI+). Asterisk (*) indicate statistically significant differences (t-test, p < 0.05, n=9 plants / treatment).
Boxes represent maximum and minimum values; middle line represents median.

As previously mentioned, intercellular SA accumulation is required for ARR, so SA was
quantified in IWFs as an additional assessment of ARR. Unexpectedly, SA levels in
young IWFs was not significantly different from SA levels in mature IWFs in both
experiment A and B (Figure 15). SA levels were 464 to 4025 ng/ml in young IWFs and
mature IWFs had 2677 to 3815 ng/ml SA. In this experiment SA accumulation at 24 hpi
between young and mature Psz-inoculated IWFs was not significantly different, in
contrasts to data from Cameron and Zaton (2004), where intercellular SA was
significantly lower in young Ps¢-inoculated plants (75 £ 45 ng/ml SA in young and 461 +
257 ng/ml SA in mature). SA in mock-inoculated IWFs in these experiments range from
404 to 907 ng/ml, while in previous research, SA accumulated to 50 to 150 ng/ml in

mock-inoculated IWFs (Cameron and Zaton 2004, Carivel et al. 2009; Wilson et al.,
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2017). The high accumulation of SA in IWFs from young plants may indicate defense
priming so DHCA accumulation in young plants may reflect levels after priming.
However, the overall trend is that intercellular DHCA levels were lower in young plants
compared to mature for these experiments (Figure 14). Potential defense priming of these

experiments due to SA accumulation in young IWFs is addressed in the Discussion

(Chapter 4).
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Figure 15. Quantification of SA in intercellular washing fluids from young and mature Col-0 (wild type) in
response to Pst. SA levels in IWFs of young (4 wpg) and mature (7 wpg) wild type Col-0 24 hpi with Pst DC3000
measured by UPLC-MS (ESI+). Boxes represent maximum and minimum values; middle line represents median.

3.6.2 Antigrowth activity of DHCA against P. syringae in vitro?

The cyp71al2/al3-1 mutant was defective for accumulation of DHCA in IWFs in
response to Pst, and was partially ARR-defective, suggesting that DHCA plays a role in
ARR. These data plus the fact that SA-deficient mutants occasionally exhibit a modest
ARR response, led to the hypothesis that like SA, DHCA may act as an intercellular
antimicrobial compound to inhibit bacterial growth or biofilm-like aggregation during

ARR in mature plants. To examine the growth inhibitory activity of DHCA, bacteria were
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incubated with concentrations of 50 ng/ml to 1 mg/ml DHCA for ~72 hours at room
temperature and bacterial growth was measured. Virulence genes (e.g., Hrp genes for
pilus assembly that deliver effectors into plant cell) may not be expressed in nutrient-rich
media like LB and KB and these media are not representative of the conditions that
bacteria experience in the intercellular space (Kim et al., 2009; Wilson et al., 2017).
Therefore, Hrp-inducing minimal medium (HIM) was used for all in vitro assays because
this media provides a nutrient availability and pH similar to the intercellular space and
induces virulence genes in P. syringae (Huynh et al., 1989; Rahme et al., 1992; Kim et al.
2009).

DHCA displayed low growth inhibitory activity against Pst, with a minimal inhibitory
concentration (MIC; bacteria are alive but little to no growth measured) between 500
pg/ml and 1 mg/ml (Figure 16). The minimal bactericidal (lethal) concentration of DHCA
was ~1 mg/ml (Figure 16A). In contrast, SA inhibited Pst growth at 250 ug/ml and was

bactericidal at 500 pg/ml (Figure 16B).
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Figure 16. Growth of Pst in the presence of DHCA or SA. Dose-dependent effect of dihydrocamalexic acid (A) and
salicylic acid (B) on Pst growth in Hrp-inducing minimal media as measured by turbidity (ODsoo) after incubation for
68 hours at room temperature (24 to 26 °C). Each data point is the mean + SD of three wells per concentration from a
96-well non-tissue-culture-treated plate. C and D. To test for bactericidal activity, wells with cultures displaying little to
no growth after 68 hours were spun down and the bacterial pellet was resuspended in 10 mM MgClz and plated on non-
selective KB media.

3.6.3 Ability of P. syringae to utilize DHCA as a nutrient source

Plant metabolites can be utilized by bacteria as a nutrient source and some of these
metabolites are antimicrobial only when they are present at sufficiently high
concentrations that they cannot be metabolized quickly enough by bacteria (e.g., GABA)
(O’Leary et al., 2014). Wilson et al. (2017) showed that Pst is unable to grow with SA as
a sole carbon source, suggesting that Pst is unable to metabolize SA. Howden et al.
(2009) tested the ability of P. syringae to metabolize IAN and found that Pst was unable
to hydrolyze IAN for use as a nitrogen source; however, IAN did not accumulate in the
intercellular space regardless of treatment in this study (Table S2). As DHCA may be
used as a carbon, nitrogen, or sulfur source, the ability of Pst to grow with DHCA (32
pg/ml to 1pg/ml) as the sole carbon source or as the sole nitrogen and sulfur source in
minimal media was investigated. These concentrations were chosen because they showed

little to no growth inhibition relative to the 0 pg/ml controls, so any growth inhibition of
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bacteria was likely to result from the lack of nutrient source rather than the bioactivity of
DHCA. In minimal media with DHCA as the carbon source (in place of fructose) or as
the sole nitrogen and sulfur source (in place of ammonium sulfate), Pst did not grow
(Figure 17). In both scenarios bacteria survived, but no growth was observed, similar to
controls with bacteria incubated in HIM media without fructose or without ammonium
sulfate (Figure 17). These results suggest that DHCA is not a significant source of carbon,

or nitrogen and sulfur, and that Pst is unable to utilize DHCA as a source of nutrients.
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Figure 17. DHCA is not a significant source of carbon or nitrogen and sulfur for Pst. Growth assays of Pst
incubated in Hrp-inducing minimal media without a carbon source (A), or without a nitrogen and sulfur source (B) and
DHCA (1 pg/ml). Pst growth was measured by turbidity (ODsoo) over 72 hours of incubation with shaking at room
temperature (24 to 26 °C). Each data point is the mean + SD of three wells per concentration from a 96-well non-tissue-
culture-treated plate. To test for bactericidal activity, wells with cultures displaying little to no growth after 72 hours
were spun down and the bacterial pellet was resuspended in 10 mM MgClz and plated on non-selective KB media.

3.6.4 Examining structure-activity relationships with DHCA analogues

The McNulty group (McMaster University, Chem. and Chem. Bio. Dept) synthesized
DHCA and four additional dihydrothiazole carboxylic acids for use in these studies.
These compounds are synthetic analogues of DHCA in which the indole ring is replaced
by a phenyl group (derived from phenylalanine) or a phenol group (derived from
tyrosine). These compounds and camalexin were assayed for growth inhibitory effects

against Pst to examine how the structure of DHCA relates to its antimicrobial activity.

63



M.Sc. Thesis — Christine Kempthorne; McMaster University - Biology

Using these compounds, modifications to the indole ring and the thiazole ring of DHCA
and their affects antimicrobial activity were compared providing information on whether
these structural components contribute to antimicrobial activity of DHCA

Of all compounds tested, camalexin and the S-enantiomer of the phenyl DHCA analogue
were the only compounds that inhibited growth of Pst. The S-phenyl DHCA analogue
was more effective at inhibiting growth of Pst compared to DHCA, with an MIC of ~250
ug/ml (Figure 18B) compared to ~500 to 1000 ug/ml for DHCA (Figure 18A).
Interestingly, the S-phenyl DHCA analogue was less bactericidal than DHCA, as 1 mg/ml
(the MBC of DHCA; Figure 18 A) completely inhibited Pst growth but was not lethal

(Figure 18B).
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Figure 18. R- and S-enantiomers of phenylalanine-derived dihydrothiazole carboxylic acids have different
bioactivity against growth of Pst. Dose-dependent effect of R-enantiomer (A) and S-enantiomer (B) on Pst growth in
Hrp-inducing minimal media as measured by turbidity (ODseoo) after incubation 68 to 72 hours at room temperature (24
to 26 °C). Each data point is the mean = SD of three wells per concentration from a 96-well non-tissue-culture-treated
plate. (C) To test for bactericidal activity, wells with cultures displaying little to no growth after 72 hours were spun
down and the bacterial pellet was resuspended in 10 mM MgClz and plated on non-selective KB media.

Camalexin structurally differs from DHCA in that it lacks a carboxylic acid functional

group on carbon 4 of the thiazole ring. The antimicrobial activity of DHCA is similar to
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that reported for camalexin incubated with P. syringae pv. maculicola in rich media or in
camalexin-spiked IWFs (MIC of ~ 500ug/ml; Rogers et al. 1996) and as shown in this
work when camalexin was incubated with Ps¢ in HIM media (MIC ~500 pg/ml; Figure
19). Although both DHCA and camalexin have an MIC of ~500 pg/ml, camalexin
showed more potent growth inhibitory effects against Pst¢ at 250 ug/ml compared to
DHCA (Figure 16A). Both camalexin and DHCA are natural products produced by
Arabidopsis in response to P. syringae, however camalexin was not detected in IWFs

regardless of genotype and treatment (Table S2).
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Figure 19. Growth of Pst DC3000 in the presence of camalexin. (A) Dose-dependent effect of camalexin on Ps¢
growth in Hrp-inducing minimal media as measured by turbidity (ODsoo) after incubation with shaking for 68 hours at
room temperature (24 to 26 °C). Each data point is the mean = SD of three wells per concentration from a 96-well non-
tissue-culture-treated plate. (B) To test for bactericidal activity, wells with cultures displaying little to no growth after
68 hours were spun down and the bacterial pellet was resuspended in 10 mM MgClz and plated on non-selective KB
media.

There was a complete loss of growth inhibitory activity for the R- and S- enantiomers of
the phenol-derived DHCA analogues (Figure 20) and the R-enantiomer of the phenyl-
derived DHCA analogue (Figure 18A). At 500 ug/ml Pst growth matched that of controls

incubated without compounds. These results indicate that the indolic ring contributes to
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inhibition of Pst growth, and replacement with a phenol moiety causes a loss of
antimicrobial activity regardless of stereochemistry. Interestingly, with the phenyl-
derived analogue of DHCA, stereochemistry had a marked effect on antimicrobial
activity, as the S-enantiomer inhibited Pst growth (Figure 18B) but the R-enantiomer
lacked antimicrobial activity (as measured by growth) against Pst (Figure 18A).
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Figure 20. R- and S-enantiomers of phenol (tyrosine)-derived dihydrothiazole carboxylic acids have no effect on
growth of Pst. Dose-dependent effect of R-enantiomer (A) and S-enantiomer (B) on Pst growth in Hrp-inducing
minimal media as measured by turbidity (ODsoo) after incubation 52 hours at room temperature (24 to 26 °C). Each data
point is the mean £ SD of three wells per concentration from a 96-well non-tissue-culture-treated plate.

3.6.5 Antibiofilm activity of DHCA against P. syringae in vitro?

Biofilms are composed of adherent bacterial cells embedded in a matrix of
polysaccharides, DNA, and proteins that provides a protective environment for microbes
along surfaces. The formation of biofilm involves bacterial response to environmental
cues and bacteria in biofilms have different metabolic and gene expression profiles
compared to free-swimming planktonic bacteria (De Kievit et al., 1999; Masak et al.,
2014). Biofilm-like aggregation has been reported for P. syringae pv. actinidiae and pv.
phaseolicola in the intercellular space of kiwifruit and beans (Ghods et al., 2015;

Manoharan et al., 2015) and for Ps¢ in the intercellular space of Arabidopsis leaves using
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GFP-expressing bacteria (Wilson et al., 2017). Wilson et al. (2017) also showed that SA
inhibited biofilm formation of Pst in vitro at concentrations as low as 2 uM (~270 ng/ml),
which is within the range of SA detected in IWFs of ARR-competent plants responding to
Pst (Cameron and Zaton, 2004; Carviel et al., 2009). DHCA does not inhibit Pst growth
in vitro, therefore it may instead act to inhibit biofilm-like aggregation of Pst during
ARR. To test for the ability of DHCA to interfere with biofilm formation, a
spectrophotometric 96-well plate biofilm assay was used (see Materials and Methods;
O’Toole G., 2011). Concentrations of DHCA that do not reduce bacterial growth were
chosen (18 pg/ml to 300 ng/ml) based on the results of Pst growth inhibition assays and
the amount quantified in IWFs (Figure 11, 16A) to ensure that these tests would reflect
reduced biofilm formation rather than inhibition of growth. These assays do not support
the hypothesis that DHCA inhibits biofilm-like aggregates of Pst in mature ARR-
competent plants. SA inhibited biofilm formation starting at 48 hours (Figure 21B);
however, DHCA had no significant effect on biofilm formation at any concentrations or
time points tested (Figure 21A). Similar results were observed in another experiment
(Figure S9). Overall, these results suggest that DHCA does not inhibit biofilm formation

of Pst in vitro.
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Figure 21. DHCA does not inhibit biofilm formation of Pst in vitro. Dose-dependent effect of (A) SA and (B)
DHCA on Pst biofilm formation in vitro in HIM media as measured by crystal violet staining of surface-adherent cells
and destaining in acetic acid (ODs70) after incubation on stationary bench for 24 to 60 hours at room temperature (~26
°C). Each data point is the mean + SD of five wells per concentration from a 96-well non-tissue-culture-treated plate.

3.6.6 Assaying additive or synergistic interactions between DHCA and SA in inhibit
growth of P. syringae

SA is required for ARR and has antimicrobial activity against Psz, however, the SA
biosynthesis mutant sid2-2 occasionally displays a residual ARR-like response (Figure
S3). The combined effect of several compounds with mechanisms of action that are
similar or complementary may enhance antimicrobial activity, resulting in additive or
synergistic activity (Lewis and Ausubel, 2006; Bednarek P., 2012). It was hypothesized

that the ARR-like response observed in sid2-2 may be due to the activity of other
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intercellular antimicrobial compounds during ARR. In this work, metabolomics studies
revealed a potential role for intercellular DHCA in ARR, as it does not accumulate in
IWFs of ARR-defective cyp7lal2/cyp71al3-1. DHCA alone did not exhibit strong
growth inhibitory activity against Pstz (> 500 pg/ml MIC) and accumulated at 200 — 400
ng/ml in IWFs from ARR-competent wild-type plants. However, if DHCA is involved in
synergistic or additive interactions with SA, then in vitro studies of DHCA alone do not
capture this activity. To test for synergistic or additive effects of DHCA and SA against
Pst, a 96-well plate in vitro assay was used with each well containing a different
concentration of DHCA and SA ranging from 32 pg/ml to 1 pg/ml (1:1 combined) along
with DHCA or SA alone at the same concentrations to assess synergistic, additive, or
antagonistic activity for inhibition of Ps¢ growth (Doern C., 2014).

SA enhanced the antimicrobial activity of DHCA, but not more than SA alone at the same
concentration (32 pg/ml) (Figure 22). At 16 ug/ml of SA or DHCA alone compared to in
combination, there was similar growth inhibitory activity against Psz. Overall, at 32 pg/ml
DHCA and SA may have additive effects against growth of Pst, but synergistic activity

was not observed.
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Figure 22. DHCA and SA do not display synergistic antimicrobial activity against growth of Pst. Tested DHCA
and SA individually and in combination to inhibit Ps¢ growth in Hrp-inducing minimal media as measured by turbidity
(ODs0o) after incubation 72 hours at room temperature (24 to 26 °C). Each data point is the mean + SD of three wells
per concentration from a 96-well non-tissue-culture-treated plate.
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3.6.7 Exogenous application of DHCA restored ARR to cyp71al2/cyp71al3-1
Results from ARR assays (bacterial quantification in planta) and metabolomics
demonstrated that cyp71al2/cyp71al3-1 was partially ARR-defective and was defective
for accumulation of intercellular DHCA. If DHCA contributes to ARR, then the addition
of DHCA to the intercellular space of cyp71al2/cyp71al3-1 is expected to enhance
resistance in this mutant potentially restoring ARR.

DHCA (70 ng/ml) was pressure-infiltrated into the intercellular space of rosette leaves of
mature plants (7 wpg) 24 hpi with Pst. The concentration of 70 ng/ml was used based on
limited availability of synthetic DHCA and the levels that accumulated in mature wild-
type ARR-competent plants (Figure 11, 14). In one experiment exogenous infiltration of
DHCA enhanced the ARR response in cyp7lal2/cyp71al3-1 from 7-fold (mock) to 12-
fold (exogenous DHCA) (Figure 23B). In another experiment, a 2-fold reduction in
mature cyp7lal2/al3-1 bacterial density (compared to young) was restored to wild-type
levels (21-fold compared to young) after exogenous DHCA application.

Interestingly, DHCA infiltration 4 hpi with Ps¢ abolished ARR responses in both wild
type and cyp7lal2/cyp71al3-1, causing both genotypes to become more susceptible to
Pst. Wild-type plants had a 10-fold ARR response, but with DHCA infiltration at 4 hpi
ARR was fully negated and the bacterial levels supported by mature plants increased to
1.3-fold higher than young plants (Figure S10). Similarly, cyp71al2/cyp71al3-1 had a
small but significant reduction in bacterial density when mature (2-fold) but a full ARR-

defect was observed after DHCA infiltration at 4hpi.
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Figure 23. Exogenous application of DHCA enhances resistance in mature ARR-defective cyp71al2/cyp71al3-1.
Exogenous application of DHCA was applied to Col-0 and cyp71lal2/cyp71al3-1 by pressure infiltration of 70 ng/ml
DHCA at 24 hpi with virulent Pst or mock treatment (0.06% DMSO in 10 mM MgCl). Bacterial density was
quantified at 3 days post-inoculation in young (3 wpg) and mature (7 wpg) plants for all treatments. Values represent
the mean +/- standard deviation of three sample replicates. Different letters indicate statistically significant differences
(ANOVA, Tukey’s honestly significant difference [HSD], P < 0.05).

71



M.Sc. Thesis — Christine Kempthorne; McMaster University - Biology

CHAPTER 4 — DISCUSSION, CONCLUSION AND FUTURE DIRECTIONS
4.1 CYP71A412 and CYP71A13 contribute to ARR in Arabidopsis
CYP71A413 was initially hypothesized to be involved in ARR because it was upregulated
in mature wild-type plants at 12 hpi with Ps¢ in comparison to mock-inoculated plants
(Carviel et al., 2009). CYP71A12 is 89% identical to CYP71A13 at the amino acid level
and can functionally compensate for the loss of CYP71413 (Klein et al., 2013; Miiller et
al., 2015). Functional compensation of CYP71A13 activity by CYP71A12 was
demonstrated using in vitro and heterologous pathway reconstitution and indolic
metabolite profiling of mutants with UPLC-MS (Nafisi et al., 2007; Béttcher et al., 2009;
Klein et al., 2013; Miiller et al., 2015). CYP71A412 was upregulated in the Carviel et al.
(2009) study in mature Pst-inoculated plants; however, at 12 hpi it was not significantly
upregulated compared to mock-inoculated plants. The cyp71al2 and cyp71al3-1 single
mutants were observed to be fully ARR-defective in one out of three experiments and
partially ARR-competent in one out of three experiments, while the cyp7lal2/cyp71al3-
I mutant was consistently partially ARR-defective (12 of 12 experiments), providing
support that both enzymes contribute to ARR. The ARR response of cyp7lal2/al3-1 is
considered partial because these plants were more susceptible to Pst when mature
compared to wild type, but a significant reduction in bacterial levels was observed in
mature cyp7lal2/cyp71al3-1 compared to young plants of the same genotype.
The involvement of CYP71A412 and CYP71A13 in camalexin biosynthesis has been well
studied (Nafisi et al., 2007; Bottcher et al., 2009; Klein et al., 2013; Mgldrup 2013b;

Miiller et al., 2015; Rajniak et al., 2015). The camalexin pathway begins with CYP79B2
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and CYP79B3 which produce IAOx, followed by CYP71A12 and CYP71A13-mediated
conversion of [AOx to IAN (Zhao et al., 2002; Nafisi et al., 2007). IAN is then
conjugated to glutathione (GSH(IAN)) and catabolized to a cysteine conjugated form
(Cys(IAN)). CYP71BI15 catalyzes formation of both DHCA and camalexin from
Cys(IAN) through two sequential reaction steps. Mutants for these cytochrome P450
(cyp79b2/b3, cyp71al2/cyp7lal3-1, cyp71b15) all produce trace amounts of camalexin
(Zhou et al., 1999; Bottcher et al., 2009; Miiller et al., 2015) yet they differ in their ARR
phenotypes. As expected, the cyp79b2/cyp79b3 mutant displayed a similar partial ARR-
defective phenotype as cyp71al2/al3-1, which supports the hypothesis of a CYP71A12
and CYP71A13 derived compound being involved in ARR, since cyp79b2/cyp79b3 does
not produce the IAOx substrate for cyp71al2/cyp71al3-1 (Zhao et al., 2002).

Results from this work support a previous study (Kus et al., 2002) suggesting that
camalexin is not required for ARR, since cyp71b15 (pad3-1) does not produce camalexin
(Zhou et al., 1999) but has a wild-type ARR phenotype. Rajniak et al. (2015) reported
that cyp71b15 (pad3-1) exhibited enhanced susceptibility to Pst at 4 to 5 wpg compared
to wild-type plants. The contrast in results likely stems from differences in

inoculation and bacterial quantification methods used by different research groups.
Rajniak et al. (2015) spray-inoculated (10® CFU/cm? leaf area) leaves, which were
detached and incubated in 0.8% agar plates for four days prior to extracting bacteria from
whole leaves using steel beads. All assays in this work were completed using pressure
infiltration (10° CFU/ml) of bacteria directly into the intercellular space of attached leaves

followed three days later by in planta bacterial quantification.
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The ARR phenotypes of cyp79b2/cyp79b3, cyp71al2/cyp71al3-1, and cyp71b15 suggest
arole in ARR for intermediates and enzymes involved downstream of CYP71A12 and
CYP71A13 enzyme activity but upstream of CYP71B15-mediated camalexin production.
This part of the camalexin pathway is not fully elucidated largely due to functional
redundancy in enzyme families and in vitro substrate promiscuity of the enzymes
hypothesized to produce these intermediates (Geu-Flores et al., 2011; Su et al., 2011;
Moldrup et al., 2013a,b; Figure 1).

Another cytochrome P450 homolog, CYP71A18, is 87% identical to CYP71A12 and
shares 85% identity with CYP71A13 (at the amino acid level) (Miiller et al., 2015).
CYP71A18 expression is weakly induced in response to Botrytis cinerea, Pst, and
Phytophtora infestans (Miller et al., 2015; Rajniak et al. 2015;

http://bar.utoronto.ca/efp arabidopsis/cgi-bin/efpWeb.cgi); however, functional
characterization of this enzyme has not been performed. The CYP71A418 gene was not
upregulated in the ARR microarray performed by Carviel et al. (2009), and the cyp71al8
mutant is not deficient for production of indole-3-carboxylic acid and indole-3-carbonyl
nitrile derivatives downstream of CYP71A12 and CYP71A13 activity, so it is not likely
to be significantly contributing to DHCA biosynthesis. Importantly, the
cyp7lal2/cyp71al3-1 mutant does not produce detectable levels of DHCA, so it is
unlikely that CYP71A18 is contributing to biosynthesis of this compound. The
cyp7lal2/cyp71al3-1 mutant produces wild-type levels of SA in IWFs when mature, so
the partial ARR-defect in this mutant may be due to wild-type accumulation of

intercellular SA that inhibits bacterial growth.
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4.2 DHCA accumulation in IWFs of Arabidopsis during ARR

As previously mentioned, CYP71A12 and CYP71A13 form a metabolic branch point
producing IAN that serves as a substrate for camalexin biosynthesis and for other indolic
pathway enzymes. Intercellular washing fluids were collected for non-targeted high-
resolution metabolite profiling of the intercellular space. These IWF samples are
representative of the intercellular space and were used to identify which compounds
differentially accumulated in ARR-defective (cyp71al2/cyp71al3-1) compared to ARR-
competent plants (Col-0 and cyp71b15). The cyp71b15 mutant was included as it is
defective for camalexin biosynthesis downstream of CYP71A12 and CYP71A13 but is
ARR-competent. Since indolic metabolism is disrupted in cyp71lal2/cyp71al3-1, non-
targeted metabolic datasets from cyp71b15 were helpful to elucidate compounds
important for ARR rather than focusing on differentially accumulating compounds that
are changing due to blocks in indolic biosynthesis. DHCA was identified as accumulating
in IWFs collected from plants during ARR (wild-type and cyp71b15) but was not
observed in the cyp7lal2/cyp71al3-1 ARR-defective mutant. The accumulation pattern
of DHCA during ARR suggests that it may be a candidate phytoalexin since it was not
present in IWFs from mock-inoculated plants. It’s absence in IWFs collected from
cyp7lal2/cyp71al3-1 inoculated with Pst also suggests that DHCA in IWFs is not of
bacterial origin. DHCA accumulated to ~ 300 ng/ml and ~2400 ng/ml in IWFs from ARR
responding wild-type and cyp71b15 plants, respectively). DHCA accumulates in
cyp71b15 whole leaves (~5-fold greater DHCA in cyp71b15 than wild type) after AgNO3

treatment or inoculation with fungal pathogens (Bednarek et al., 2005; Bottcher et al.,
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2009). Bottcher et al. (2009) hypothesized that the block in camalexin biosynthesis in
cyp71b15 results in accumulation of Cys(IAN), which is converted to DHCA through
non-enzymatic thiazole ring closure. DHCA originates from IAN, so loss of CYP71A412
and CYP71A413 is expected to perturb DHCA biosynthesis. DHCA does not readily
degrade to other products (Bottcher et al., 2009), so in the absence of CYP71B15 in a
localized area like the intercellular space, it could accumulate without being converted to
camalexin (camalexin was not detected in IWFs from these experiments; Table S2).
CYP71A12, CYP71A13, and CYP71B15 are associated with the endoplasmic reticulum,
with their catalytic domains facing out towards the cytosol. DHCA may be directly
transported to the intercellular space, but for this to happen, release of DHCA from
CYP71B15 would have to occur during the sequential conversion of Cys(IAN) to DHCA
and then to camalexin (Shuhegger et al., 2006; Figure 24C). It is also possible that
Glu(IAN), Cys(IAN), or intermediates formed during catabolism of Glu(IAN) to
Cys(IAN) are transported to the intercellular space where they could be converted to
DHCA (Figure 24B). Peaks corresponding to IAN and IAN conjugates were not detected
in IWFs in these experiments, but these compounds may have been converted to DHCA
before IWF samples were collected at 24 hpi. Moreover, if Glu(IAN) is transported to the
intercellular space, it may be converted to Cys(IAN) by GGT activity, as some GGTs are
localized to the apoplast, followed by non-enzymatic cyclization to DHCA (Figure 24A).
In camalexin biosynthesis, y-glutamyl peptidase 1 (GGP1) and 3 (GGP3) are generally
accepted to be the enzymes involved in catabolism of Glu(IAN) to Cys(IAN), but Su et

al. (2011) reported that y-glutamyl transpeptidase 1 (GGT1) and 2 (GGT2) are the
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enzymes responsible for catabolism of Glu(IAN) to Cys(IAN). Meldrup et al. (2013)
disagreed with the Su et al. (2011) findings because a GGT enzyme inhibitor that may
also inhibit GGP activity was used. Moldrup et al (2013) also pointed out that GGTs
localize to the apoplast while the Glu(IAN) substrate is present in the cytosol. Despite
these shortcomings the work of Su et al (2011) provides evidence that GGTs could
contribute to the formation of Cys(IAN), and as apoplastic proteins they may be
catabolizing IAN conjugates to Cys(IAN) in the intercellular space during ARR (Figure
24A). Finally, canonical camalexin pathway-independent precursors may be involved in
intercellular DHCA biosynthesis. Bednarek et al. (2005) reported that constitutive
accumulation of raphanusamic acid in roots may contribute to camalexin biosynthesis via
alternative pathways (e.g., raphanusamic conjugation to indolic compound) but later work
showed IAN was the intermediate in camalexin biosynthesis. It is possible that
intermediates and enzymes not part of canonical DHCA biosynthesis in the cell contribute

to the accumulation of DHCA biosynthesis in the intercellular space during ARR.
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Figure 24. Proposed model of intercellular DHCA accumulation during ARR. Outlined arrows indicate potential
non-enzymatic reactions. Solid arrows indicate biosynthetic steps. Dashed arrows indicate multiple reaction
steps/simplified for presentation. Green circles with solid arrows indicate transport out of the cell to the intercellular
space. Solid arrows indicate enzymatic conversion.IAOx: indole-3-acetaldoxime, IAN: indole-3-acetonitrile, GGP:
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4.3 Intercellular DHCA accumulation in young plants

In two experiments profiling the metabolome of IWFs collected from young and mature
wild-type plants, a modest ARR response was observed in two experiments with a 12-
and 15-fold reduction in Pst levels in mature compared to young plants. A modest
increase of DHCA in IWFs of mature plants was observed (1.7-fold statistically
significant and 1.5-fold not statistically significant). SA was quantified in IWFs from
young and mature plants as a metabolic indicator of a successful ARR response. SA
levels were similar in IWFs collected from young and mature plants responding to Pst,
which contrasts with data from previous work. Cameron and Zaton (2004) showed SA is

significantly lower in young Ps¢-inoculated IWFs compared to mature Psz-inoculated
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IWFs. Mock-inoculated control IWFs contained the expected basal levels of DHCA and
SA suggesting that a resistance response was not unintentionally induced prior to Pst-
inoculation or that the mock solution used was not contaminated with Pst. Since the ARR
response was not as robust as in other experiments (> 50-fold difference), we speculate
that high SA levels observed in young IWFs may be due to unintentional exposure of
these plants to volatiles from resistance-inducing compounds used in other Cameron lab
studies over the course of this work, resulting in enhanced resistance to Pst in young
plants and accounting for the < 20-fold ARR response observed in both experiments.
Therefore, we cannot definitively report that DHCA is lower in young plants using these

data since levels quantified here may reflect prior defense priming.

4.4 Exogenous DHCA restores ARR in mature cyp7lal2/cyp71al3-1

The absence of DHCA in IWFs from cyp71al2/cyp71al3-1 could have been due to a
blockage in the camalexin pathway and not contribute to the ARR-defect in this mutant.
In vitro assays demonstrated that DHCA displayed weak inhibition of Pst growth and did
not inhibit biofilm activity against Pst. However, in vitro studies do not fully replicate the
complex metabolic and physiological changes occurring in plants during the ARR
response to Pst (Bednarek and Osbourn, 2009). Exogenous application of DHCA 24 hpi
with Pst restored ARR in mature cyp71al2/cyp71al3-1, indicating DHCA is involved in
ARR. The concentration of 70 ng/ml DHCA for infiltration was chosen to allow several
replicates of these experiments to be performed. However, this concentration is lower
than the levels observed in IWFs collected from wild-type ARR-competent plants (200-

300 ng/ml), therefore full restoration of ARR was not expected to occur in all
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experiments. Application of 70 ng/ml DHCA was sufficient to fully restore ARR in
cyp7lal2/cyp71al3-1 in one experiment and partially restore ARR in a second
experiment.

Unexpectedly, exogenous application of DHCA to the intercellular space at 4 hpi with Pst
resulted in enhanced susceptibility in mature cyp7lal2/cyp71al3-1 and abolished ARR in
wild-type plants. These results may indicate DHCA interacts with another mechanism
during ARR that isn’t present at 4 hpi or exogenous application of DHCA interferes with
host-pathogen interactions in mature plants to enhance susceptibility when infiltrated at 4
hpi. Expression of CYP71A412, CYP71A413, and CYP71B15 is induced at ~ 9 hpi with P.
syringae (Nafisi et al., 2007), so DHCA may not yet be produced and accumulating in the
intercellular space at 4 hpi during ARR; therefore, exogenous application at this time

point may have negatively affected other defense mechanisms.

4.5 Potential mechanisms of DHCA bioactivity during ARR

4.5.1 Synergistic and additive effects of SA and DHCA

The combined action of two or more antimicrobials can have a greater inhibitory effect on
growth or virulence, therefore testing antimicrobial compounds in isolation may not
reveal the actual antimicrobial contribution of a compound (Lewis and Ausubel, 2006;
Bednarek and Osbourn, 2009). This may explain why DHCA was observed to minimally
inhibit Pst growth in vitro. Moreover, exogenous infiltration of DHCA restored ARR in
cyp7lal2/cyp71al3-1. Taken together, these data suggest that there may be synergistic or

additive effects between DHCA and other metabolites accumulating in the intercellular
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space of mature plants. Accumulation of intercellular SA and DHCA during ARR may
have synergistic or additive antimicrobial activity against Pst. However, in vitro assays
did not reveal synergistic activity between SA and DHCA in term of Pst growth
inhibition. At higher concentrations, DHCA was less effective at inhibiting Pst growth,
but more effective if mixed with SA in a 1:1 ratio, yet not as effective as SA alone at the
same concentration. Taken together, these data suggest that there may be a weak additive
effect between DHCA and SA. This led to the hypothesis that SA and DHCA may
interact to inhibit biofilm-like aggregation of Pst in Arabidopsis during ARR; however,
DHCA did not inhibit biofilm formation of Pst in vitro.

To test the hypothesis that CYP71412 and CYP71A13 contribute to the small but
significant ARR-like response sometimes observed in sid2 mutants, and that indolic
metabolite and SA pathways may have additive effects in plants, cyp7lal2/cyp71al3-1
was crossed with sid2-2 to produce a triple mutant. Since sid2-2 was fully ARR-defective
in all experiments, it was not possible to evaluate the impact of mutations in CYP71A412,
CYP71A413, and ICS1 on the ARR-like response of sid2. The ARR-like response in sid?2
was significant but small and not consistently observed. It is possible this response is a
result of experimental variation between bacterial levels supported by plants in different
assays. Volatile compounds used in neighbouring growth chambers at the time of these
experiments may have induced a priming response making it impossible to observe an
ARR-like response in sid2-2. Additional ARR assays with the triple mutant are needed to

determine if SA and DHCA have additive effects during ARR.
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4.5.2 Weak antimicrobial activity of DHCA

In vitro assays indicated that DHCA exhibits weak antimicrobial activity with an MIC
similar to camalexin (~500 pg/ml; Rogers et al., 1996; this work). In vitro studies
demonstrated that camalexin rapidly disrupts membrane integrity in P. syringae and due
to its lipophilic nature, it doesn’t dissociate from dying cells such that any surviving
bacterial cells continue to grow (Rogers et al., 1996). DHCA has a similar structure to
camalexin and may have a similar mode of action. To examine this further, the lipophilic
nature of DHCA was compared to camalexin and SA by estimating molecular physical
properties such as LogP and LogD. LogP values estimate the solubility of a compound in
two immiscible solvents by the partition coefficient of its neutral form (i.e., differential
solubility in an organic or aqueous phase). LogD (distribution coefficient) factors in pH-
dependent changes in solubility. Camalexin has a predicted LogD of 2.97 at pH 5.5 while
DHCA’s predicted LogD is -0.67 at pH 5.5. The lipophilicity of DHCA is closer to that of
SA (predicted LogD of -0.56 at pH 5.5). These values show how the carboxylic acid
group of DHCA contributes to the less lipophilic nature of DHCA relative to camalexin.
To examine further how structural components of DHCA may affect its antimicrobial
activity, enantiomers of phenylalanine and tyrosine derived analogues of DHCA were
used in structure-activity relationship studies. These assays examined how the indole ring
contributds to growth inhibition against Pstz. Calculated logP values (c LogP) are
theoretical calculations based on molecular structure that can be used to predict
lipophilicity of neutral compounds. The synthetic phenyl and phenol analogues of DHCA

have a ¢ LogP of 0.91 £ 0.69 and 0.17 £ 0.98 respectively. The ¢ LogP for DHCA is 0.84
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+ 0.98 and camalexin has a ¢ LogP of 3.16 £ 0.79. Since DHCA is less lipophilic than
camalexin and contains a carboxylic acid functional group, it is less likely to be
permanently associated with bacterial membranes; however, lipophilicity estimates do not
necessarily correlate with molecular behaviour (e.g., lipophilicity doesn’t predict
membrane permeability). Both enantiomers of the phenol analogue of DHCA were not
observed to inhibit Pst growth at the concentrations tested. Interestingly, the S-enantiomer
of the phenyl DHCA analogue inhibited Pst growth but not the R-enantiomer. An R-
enantiomer of DHCA was unavailable for testing, but if it exhibited an inability to inhibit

Pst growth, this would suggest that stereochemistry is a factor in DHCA bioactivity.

4.5.3 Inhibition of Pst virulence gene expression or enzymes during ARR
Anti-virulence compounds can affect bacterial pathogenicity without affecting growth.
Targeting virulence factors instead of affecting growth can be advantageous because it is
less likely to result in selection for resistance; antigrowth compounds can result in
selection pressure for resistant strains that are minimally unaffected, whereas
antivirulence compounds reduce pathogenicity of bacteria with fewer affects on bacterial
survival (Lee et al., 2011; Totsika M., 2016). It is possible that DHCA or other indolic
compounds act as anti-virulence compounds during ARR. This idea is supported by
studies that demonstrate that indolic compounds exhibit anti-virulence activity. For
example, IAN has been shown to inhibit several anti-virulence activities including biofilm
formation, expression of virulence genes for iron acquisition, detoxification enzymes, and

motility in human pathogenic E. coli O157:H7 and P. aeruginosa (Lee et al., 2011) ICHO
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was shown to inhibit biofilm formation of these pathogens as well (Lee et al., 2011). In
vitro studies with camalexin demonstrated that mycelial growth of 4. brassicicola and
glycolysis and TCA pathway gene expression was inhibited in the presence of camalexin
(Pedras et al., 2014). Camalexin has also been shown to inhibit fungal detoxification
enzymes involved in detoxification of brassinin and cyclobrassinin produced by canola
and brown mustard (examined in fungal isolates) (Pedras et al., 2017). DHCA may
interfere with Pst virulence genes or proteins during ARR. If this is the case, this may
explain why the DHCA concentration that restores ARR in cyp71al2/cyp71al3-1, does
not inhibit bacterial growth in vitro. In vitro Pst biofilm formation was not affected by
DHCA. Therefore, DHCA may be affecting Pst pathogenicity via other mechanisms (e.g.,

by inhibiting enzyme activity).

4.5.4 DHCA and other defense mechanisms

Receptors involved in defense may be differentially regulated during plant development,
resulting in different disease outcomes for young and mature plants. Developmentally
regulated PR proteins are thought to contribute to ARR against fungal pathogens in
tomato (Panter et al., 2002), rice (Cao et al., 2007; Zhao et al., 2009), and cucumber
(Mansfield et al., 2017). In Arabidopsis, nprl mutants display ARR despite lower
expression of PR-1, PR-2, and PR-5 compared to wild-type plants (Cao eta al., 1994) and
mature plants have lower PR gene expression compared to young plants, suggesting PR
gene expression is not involved in Arabidopsis ARR (Kus et al., 2002). Nonetheless,

DHCA may interact with other receptors or proteins not yet known for their role in ARR
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to directly or indirectly affect plant-pathogen interactions in mature plants. One could
speculate that if intercellular DHCA levels do not differ between young and mature
plants, it is because DHCA interacts with proteins or other compounds that are expressed
or present in mature plants. In this scenario, young plants remain susceptible to Pst
despite accumulating intercellular DHCA. Results from exogenous rescue assays with
DHCA may support a role for DHCA in interacting with other defense mechanisms in
plants or against bacteria, since DHCA infiltration wasn’t sufficient for restoration of

ARR at 4 hpi but was sufficient for ARR restoration at 24 hpi.

4.5 Non-targeted metabolomics of IWFs during ARR

Non-targeted metabolomics identified indolic and sinapic acid derivatives as
differentially accumulating in IWFs collected from ARR-defective (cyp71lal2/cyp71al3-
1) and ARR-competent (Col-0 or cyp71b15). As mentioned earlier, it is important to
consider that all identifications (except for DHCA) are putative since they have not been
confirmed with an authentic reference standard. Identification of a sinapic acid derivative
(compound B) and an indole-3-carboxylic acid derivative (compound D) were made
based on product ions in mass spectral data but the associated parent ion could not be
identified, so the identity of the parent molecule is unknown, only putative components of
its structure are known, therefore the compound may be something completely different
with a similar mass. For instance, SA has a monoisotopic mass of 138.0317 and elemental
composition of C7HsO3. There are 138 entries in a publicly available chemical database

with elemental composition of C7HsO3, each with a different structure. If a mass feature is
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detected for an m/z corresponding to SA, any molecule with an elemental composition
within 5 ppm is a potential candidate. Candidate molecule lists can be reduced using mass
fragmentation to predict structures and by considering biological and biosynthetic context
(i.e., the structure is a possibility as a natural product in plants or bacteria and could be
produced via biosynthetic pathways in the organism(s) profiled). Occasionally non-
targeted datasets have mass spectral features that are challenging to identify. Compound
E in this work is an unknown compound that accumulates to a significantly higher degree
in IWFs from Pst-inoculated cyp71al2/cyp71al3-1 compared to wild-type and cyp71b15
IWFs. The mass spectrum for this unknown compound lacks associated fragment ions,
making it difficult to predict its structural components. Molecular formulae calculated
using exact mass (m/z 732.3930) within 5 ppm returned 27 potential elemental
compositions without matches in natural products databases or literature searches. The
difference in normalized abundance of this unknown compound between IWFs collected
from Pst-inoculated wild type and cyp71al2/cyp71al3-1 is relatively small (1.8-fold). It
is possible this compound is a contaminant (e.g., from plastics or Parafilm used in the
IWF collection process) or contains elements (e.g., Br, CI, formate) not considered in
molecular formula calculations for adducts or as natural products from Arabidopsis and
Pst. Importantly, the differentially accumulating compounds (other than DHCA)
identified in this work may not have a role in ARR; blocks in biosynthesis of indolic
compounds in mutant lines may change metabolic flux without an affect on the ARR

response.
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4.6.1 Indolic and sinapic acid pathways in ARR

Cross-talk between indolic and phenylpropanoid biosynthesis pathways has previously
been reported in Arabidopsis. Alterations in [AOx and downstream indolic metabolite
levels have been shown to have a negative regulatory effect on early phenylpropanoid
bioynthesis (Hagemeier et al., 2000; Tan et al., 2004; Kim et al., 2015). Sinapic acid (3,5-
dimethoxy-4-hydroxycinnamic acid) can be esterified to sugars and is a precursor in
lignin biosynthesis (Lim et al., 2001). The sinapic acid ester 1-O-sinapoyl-beta-D-glucose
(compound C) is one of the main sinapic acid derivatives in Brassicaceae (Niciforovi¢
and Abramovic et al., 2014) and was putatively identified in IWFs. It was low in all
mock-inoculated samples, and lower in cyp71lal2/cyp71al3-1 compared to Col-0 and
cyp71b15, but the difference was not significant in these experiments, probably due to
large variation in normalized abundance in wild-type IWFs. Nevertheless, it is possible
that sinapic acid derivatives contribute to ARR based on in vitro studies demonstrating
that free sinapic acid has antimicrobial activity against E. coli, Enterobacter aerogens,
Salmonella enteritidis, and Pseudomonas flurescens with MICs of 200 to 600 pg/ml
(Nowak et al., 1992; Barber et al., 2000; Tesaki et al., 1998; Engels et al., 2012).

IWFs from ARR-defective cyp71al2/cyp71al3-1differentially accumulated two putative
phenylpropanoid compounds and two indolic compounds in comparison to IWFs from
ARR-competent plants in response to Pst (Col-0 and cyp71b15). A putative
phenypropanoid that may be related to sinapic acid (compound B) was significantly
higher in cyp71al2/cyp71al3-1 IWFs compared to wild-type IWFs. Since this compound

is higher in ARR-competent cyp71b15 and in ARR-incompetent cyp7lal3/cyp71al3-1
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compared to wild-type IWFs, this compound is probably not required for a successful
ARR response.

Changes in sinapic acid derivatives in cyp7lal2/cyp71al3-1 may be caused by blocks in
indolic metabolite pathways without producing an effect on ARR, but it may be worth
testing the ARR response of mutants in the sinapic acid pathway. Hagemeier et al. (2000)
investigated the accumulation of ICOOH and sinapic acid derivatives in resistance to Pst.
They tested resistance to Ps¢ in a mutant for ferulic acid 5-hydroxylase 1 (F5H]I, also
known as CYP84A41). This mutant does not produce sinapoyl malate and other sinapic
acid derivatives (Figure 25). The f5h1-7 mutant displayed a wild-type response to Pst and
was not defective for other indolic compounds at 5 to 6 wpg, but this study was not

examining ARR.
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Figure 25. Sinapic acid biosynthesis pathway. Simplified version of sinapic acid biosynthesis. Modified
from Humphreys et al. (1999). PAL: phenylalanine ammonia lyase; C4H: cinnamate-4-hydroxylase; C3H:
coumarate-3-hydroxylase; COMT: caffeic acid-O-methyl transferase; FAH: ferulate-5-hydroxylase.
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Compound D has a fragment ion with an exact mass matching the molecular formula for
a glucose ester of ICOOH (mass error -3 ppm), but the parent ion couldn’t be identified
based on fragmentation patterns (see Figure S7D). It is possible that this is an [COOH
derivative that associated with the cell wall and was solubilized during the IWF collection
process or it is a glycoside conjugate of ICOOH. It may be involved in ARR as it was
elevated in IWFs from ARR-competent plants (Col-0 and cyp71b15) compared to IWFs
from mock-inoculated ARR-defective cyp71al2/cyp71al3-1 plants. ICOOH and ICHO
have been linked to plant defense as these compounds accumulated after pathogen
challenge in cruciferous vegetables (Hagemeier et al., 2001; Bednarek et al., 2005; Iven et
al., 2012). ICOOH was esterified to the cell wall in Arabidopsis in response to P.
syringae and has been hypothesized to prevent bacterial aggregation along the cell wall or
act as an antimicrobial compound by intercalating into the bacterial membrane (Forcat et
al., 2010; Soylu et al., 2005). Assaying the contribution of ICOOH and ICHO pathways
in ARR is challenging due to redundancy in these biosynthetic pathways, the complexity
of downstream derivatives (e.g., glycosylated and amino acid conjugates, indole-ring
hydroxylations), and the fact that the genes involved in producing these compounds are
not fully known (Béttcher et al., 2014; Tan et al., 2004). The role of ICOOH derivatives
produced from CYP71A412 and CYP71A13 was examined using T-DNA insertion mutants
in CYP71B6 and AAO]I. Results from this work show loss of CYP71B6 or AAO1 was not
sufficient to disrupt ARR. Although both cyp71b6 and aaol displayed wild-type ARR
responses, they also still produced ICOOH and ICHO derivatives (Bottcher et al 2014).

Cell wall preparations of CYP71B6 and AAO1 T-DNA insertion and overexpression lines
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displayed no significant changes in cell wall esterified ICOOH compared to wild type and
this may explain why these lines are ARR-competent. Based on metabolic profiling done
by Bottcher et al. (2014) cyp71b6 is defective in producing ICOOGlIc and 6-GlcO-
ICOOH and aaol is defective for 6-GlcO-ICOOGIc after AgNO3 treatment. This may
rule out ICOOGIc, 6-GlcO-ICOOH, and 6-GlcO-ICOOGIc as contributing to ARR.
Compound D may be related to ICOOH and was higher in IWFs from ARR-competent
plants, but it may also be a degradation product of compounds derived from indole
carbonylnitrile products. These ICN compounds are unstable and rapidly degrade to
ICOOH during extraction in aqueous solutions like IWFs (Rajniak et al., 2015; see Figure

1), therefore it is possible that the ICN pathway contributes to the ARR response.

4.7 Future Directions

ARR assays: The contribution of CYP71A418 to ARR could be examined by obtaining a
cyp71al8 mutant from TAIR and creating a triple mutant (cyp7lal2/cyp71al3-
1/cyp71al8) and its ARR phenotype compared to cyp7lal2/cyp71al3-1. If it is involved,
it may exhibit a more extreme ARR-defect than the double mutant. To assess the role of
GGTs, GGP1, and GGP3 in ARR, mutants could be obtained and the ARR phenotype
examined. Double or quadruple mutants may need to be created because GGPs and GGTs
exhibit substrate promiscuity and redundancy (Meldrup et al., 2013). Metabolomics
results from this work suggest sinapic acid derivatives are differentially accumulating in
cyp7lal2/cyp71al3-1, so an f5h1 mutant and mutants for other genes in sinapic acid

biosynthesis could be tested for ARR-defects. To assess the role of the ICN pathway in
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ARR (and given that compound D could be an ICN degradation product), the ARR
phenotypes of cyp82c2 and fox1 (see Figure 1) could be examined. Two T-DNA insertion
lines for fox1 and cyp82c2 have already been obtained from TAIR. T-DNA homozygosity
should be confirmed before testing the contribution of this pathway to ARR. Additional
ARR assays with cyp71al2/cyp71al3-1/sid2-2 should be performed to test the hypothesis
that CYP71A412 and CYP71A13 contribute to the ARR-like response in sid2-2. If mutants
for ICOOH cell wall esterification genes could be identified, these would be ideal
candidates for additional ARR studies.

Metabolite-profiling: Understanding how DHCA accumulates in the intercellular space
or the fate of exogenously added DHCA may shed light on DHCA’s role in ARR.
Exogenous DHCA experiments to measure intercellular and intracellular DHCA and
camalexin (since CYP71B15 expression in cells may convert DHCA to camalexin) may
clarify the effects of exogenous DHCA application and tell us how ARR is restored after
exogenous DHCA application.

Examining the effect of DHCA on Pst virulence gene expression and metabolites may
provide evidence that DHCA has anti-virulence activity that is important for ARR. Non-
targeted metabolite profiling is a powerful approach for testing and generating new
hypotheses, but polar metabolites, lipids, or proteins may be contributing to ARR and will
not be detected with chromatography methods used to profile semi polar compounds in
this work. Polar metabolites change in IWFs in response to P. syringae may be involved
in ARR. O’Leary et al. (2016) reported widespread changes to polar metabolites like

GABA, citrate, and -L-cyanoalanine in IWFs collected from virulent and avirulent Psp-
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inoculated bean (Phaseolus vulgaris) leaves. This work examined changes to specialized
metabolites in intercellular space-enriched IWFs; future ‘omics’ experiments could
examine metabolic changes in whole leaf tissue to capture changes in the cell and
intercellular space during ARR.

Antimicrobial mechanisms: To form hypotheses about the antimicrobial mechanisms of
DHCA, UPLC-MS analyses of bacterial pellets and media supernatant during growth
assays of DHCA and analogues could be examined to test where DHCA accumulates
(associated with bacterial cells vs remains soluble in media). Results obtained from these
types of experiments may provide ideas about the mechanism of DHCA antimicrobial
activity by revealing both where these compounds are associating and if they are being
metabolized to other forms by Pst.

Synergy testing: Future work could include replicating in vitro synergy assays using
higher concentrations of DHCA and SA to better test for weak additive effects. The
fractional inhibitory concentration index (FIC) is used in pharmacodynamics to quantify
positive and negative interactions between drugs and antibiotics in combination therapy
(Hall et al., 1983; Meletiadis et al., 2010). Compounds are tested at concentrations
spanning their MIC and in different ratios using a 96-well plate checkerboard method
(Balouri et al., 2016). The MICs of compounds incubated together vs individually are
assessed based on bioactivity (e.g. growth inhibition, reduction in biofilm formation) and
a number between 0.5 and 4 is mathematically generated. These numbers correspond to
antagonistic, indifferent, additive, or synergistic effects. Given the limited availability of

DHCA and its high MIC for Pst growth inhibition (> 500 pg/ml), concentrations of
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DHCA and SA that are above the range of biologically relevant concentrations would
need to be used to confirm weak additive effects in vitr, therefore these assays were not
completed in this work.

DHCA mode of action during ARR: More replicates of DHCA rescue assays are
required to confirm that DHCA abolishes ARR at 4 hpi with Pst, since it was only tested
once in this work. A transcriptomics study of young vs mature wild-type plants (mock-
and Pst-inoculated) paired with ARR metabolomics data from this work would be
valuable to elucidate genes involved in ARR and reveal putative interactions with

specialized metabolism.

4.8 Conclusion

My work suggests a novel role for DHCA in ARR against bacterial pathogens and serves
as a reminder of the importance of knowing about the localization of key metabolites in
defense. Taken together, the data in this thesis provides compelling evidence that
CYP71A412 and CYP71A13 contribute to ARR via DHCA accumulation in intercellular
space. Exogenous infiltration of DHCA into the intercellular space restored ARR in
cyp7lal2/cyp71al3-1 at 24 hpi. DHCA did not exhibit antibiofilm activity in vitro and
DHCA was shown to be weakly antimicrobial against Pst growth in vitro, suggesting the
mechanism for DHCA during ARR is not through direct antimicrobial activity. DHCA
has not been previously studied in ARR and accumulation of DHCA in IWFs is a novel
finding. Moreover, finding DHCA in the IWFs suggests that transportation of DHCA or

precursors to the intercellular space is important for ARR. DHCA and camalexin are not
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common to all Brassicaceae species so reconstitution of DHCA and camalexin
biosynthesis in other cruciferous vegetables and crop systems may offer protection
against fungal and bacterial pathogens. Overall, research into the mechanisms of ARR is
an important but often overlooked component of plant disease outcomes. Understanding
how mature plants become resistant to pathogens they were susceptible to when younger
could allow us to fine-tune broad-spectrum resistance to protect agricultural crops and

protect young, susceptible plants from pathogens.
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APPENDIX

Table S1. List of accession and genotypes used in this work

Name

Columbia (Col-0)

sid2-2

cyp79b2 cyp79b3
cyp7lal3-1

cyp7lal2/cyp7lal3-1

cyp71bl5 (pad3-1)
cyp7lal2/cyp71lal3-1 sid2-
2

aaol
cyp7lal2
cyp71b6
cyp82c2

foxl

Allele

Wild type

Deletion (~ 68 bp) in exon 9 of
ICS] Wildermuth2001

T-DNA insertion in both genes

T-DNA insertion in cyp7lal3
SALK 105136

TALEN-mediated insertion in
cop 71a12Muller2015
T-DNA insertion in cyp7lal3

Deletion (nonsense) in cyp71b15Nafisi2007

(Refer to respective single mutants)

Homozygous T-DNA insertion
SALK 126349C

Homozygous T-DNA insertion
GABI_127H03

Homozygous T-DNA insertion
SALK 115336C

Homozygous T-DNA insertion
GABI_261D12

Homozygous T-DNA insertion
GABI _813E08
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Figure S1. The cyp71al3-1 single mutant has a variable ARR phenotype. Bacterial quantification assays of young
and mature (ARR assays) of Col-0 and cyp7Ial3-1. ARR assays were performed by quantifying bacterial density of
virulent Pst DC3000 (72 hpi) in young (3 wpg) and mature (7 wpg) plants. Values represent the mean +/- standard
deviation of three sample replicates. Different letters indicate statistically significant differences (ANOVA, Tukey’s
honestly significant difference [HSD], P < 0.05, n=9 plants / treatment).
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Figure S2. The cyp71al2 single mutant has a variable ARR phenotype. Bacterial quantification assays of young and
mature (ARR assays) of Col-0 and cyp71al2. ARR assays were performed by quantifying bacterial density of virulent
Pst DC3000 (72 hpi) in young (3 wpg) and mature (7 wpg) plants. Values represent the mean +/- standard deviation of
three sample replicates. Different letters indicate statistically significant differences (ANOVA, Tukey’s honestly
significant difference [HSD], P < 0.05, n=9 plants / treatment).
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Figure S3. The SA biosynthesis mutant, sid2-2, occasionally displays a residual ARR-like response. Bacterial
quantification assays of young and mature (ARR assays) of Col-0 and SA biosynthesis mutant sid2-2. ARR assays were
performed by quantifying bacterial density of virulent Pst DC3000 (72 hpi) in young (3 wpg) and mature (7 wpg)
plants. Values represent the mean +/- standard deviation of three sample replicates. All experiments were performed at
least 3 times with similar results. Asterisks indicate statistically significant differences (T-test P < 0.05, n=9 plants /
treatment).
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_ pTLaLTONA _ o

Col-0

G AT CTAACTGAAGCTTTT|GGT CTCBATGTTTGCC

CYP71A12

A8
(cyp71a12/a13-1 G AT CTAACTGAAGCTTTTIGGT C ===== GTTTGC C
sid2-2)

Figure S4 PCR screening and sequencing results for homozygous cyp71al2/cyp71al3-1 sid2-2. Primers are listed in
Chapter 2 — Materials and Methods. The five base pair TALENs-mediated CYP71412 allele was confirmed by

sequencing.

Col-0 cyp7lal B Col-0 cyp7lal2

4 7 4 7 4 7 4 7 4 7 4 7
Mock Pst Mock Mock Pst Mock Pst
cyp71lal3-1 cyp71a12/a13-1 cyp71a13-1 cyp71a12/a13-1
= = >- -
4 7 4 7 4 7 4 7 4 7 4 7 4 7 4 7
Mock Pst Mock Pst Mock Pst Mock Pst

cyp71b15 cyp71b15

4 7 4 7 4 7 4 7

Mock Pst Mock Pst

Figure S5. CYP71A413 is expressed in response to P. syringae DC3000 at 24 hpi. RT-PCR of CYP71413 (B) in
young (4 wpg) and mature (7 wpg) mock and Psz-inoculated leaves of indolic biosynthesis mutants. ACTIN expression
(A) used to confirm cDNA synthesis and reactions and prescence of genomic DNA contamination (indicated by higher
weight molecular band in addition to lower weight molecular band for cDNA).
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Figure S6. Chlorophyll contamination of intercellular washing fluids as measured by optical density (ODe64).
IWFs were centrifuged post-collection at 4°C, re-suspended in 1 ml anhydrous ethanol. Each point represents average
of 6 wells from 96-well plate for each replicate of IWF collected. (A) shows results from experiments comparing
mature Col-0 and the indolic biosynthesis mutant cyp7lal2/cyp71al3-1. (B) shows results from young and mature
wild type Col-0 from ARR experiments. IWFs from both experiments used for UPLC-MS metabolomics studies.
Dashed line indicates threshold for intracellular contamination as measured by chlorophyll concentration.
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Figure S7. Mass spectra and theoretical fragmentation for significantly different features detected in
intercellular washing fluids (listed in Table 2). Each letter is matched to the feature listed in Table 2. Theoretical
fragmentation for compounds based on calculated elemental compositions from exact mass for parent ions and neutral
loss to produce product ions in low energy (function 1) and high energy (function 2) spectra. Lock-mass corrected with
leucine enkephalin in Waters MassLynx 4.1
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Scheme 1. Synthesis of phenyl enantiomers of 2-aryl-4,5,-dihydrothiazole-4-carboxylic acid
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Scheme 2. Synthesis of phenol and indolic enantiomers of 2-aryl-4,5,-dihydrothiazole-4-carboxylic acid
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Figure S8. Dihydrocamalexic acid and salicylic acid standard curves. Standard curves of authentic standard at
known concentrations for quantification of DHCA (positive ESI mode; xx to xx) and SA (negative ESI mode; 100 to
5000 ng on column).
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24 hours 36 hours 48 hours

Optical Density (ODs5)
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Figure S9. Dihydrocamalexic acid does not inhibit biofilm formation of Pst DC3000. Dose-dependent effect of
DHCA Pst biofilm formation in vitro in Hrp-inducing minimal media as measured by crystal violet destaining in acetic
acid (ODso0) after incubation on stationary bench for 24 to 48 hours at room temperature (~26 °C). Each data point is
the mean + SD of five wells per concentration from a 96-well non-tissue-culture-treated plate. Due to equipment
malfunction after staining, these values had to be measured at ODsoo.

Il Young

[ Mature (Mock)

Mature (DHCA)
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Figure S10. Exogenous application of DHCA at 4 hpi with Pst perturbs ARR in mature plants. Exogenous
application of DHCA was applied to Col-0 and cyp7lal2/cyp71al3-1 by pressure infiltration of 70 ng/ml DHCA at 4
hpi with virulent Pst DC3000 or mock treatment (0.06% DMSO in 10 mM MgCl). Bacterial density quantified at 3
days post-inoculation in young (3 wpg) and mature (7 wpg) plants for all treatments. Values represent the mean +/-
standard deviation of three sample replicates. Different letters indicate statistically significant differences (ANOVA,
Tukey’s honestly significant difference [HSD], P < 0.05).
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Table S2. Indolic compounds with peak corresponding to theoretical m/z calculated for [M+H] or [M-H] in mature

wild-type IWFs.

Compound

L-Tryptophan
Indole-3-acetaldoxime
Indole-3-acetonitrile
Indole-3-carbonyl nitrile
Indole-3-carboxylic acid
Indole-3-acetaldehyde

Indole-3-carboxylic acid glucose
conjugate

4-OH-indole-3-carboxylic acid
4-OH-indole-3-carbonyl nitrile
Glutathione IAN

Glutathione IAN derivatives
Cysteine IAN
Dihydrocamalexic acid
Camalexin

Camalexin hexoside
Indole-3-acetic acid

1- or 4-methoxy indole-3-
methylglucosinolate

n.d. indicates not detected.

Pst IWFs

Confirmed
n.d.
n.d.
n.d.
n.d.
n.d.

Putatively
detected

n.d.
n.d.
n.d.
n.d.
n.d.
Confirmed
n.d.
n.d.
n.d.

n.d.

Mock IWFs

Confirmed
n.d.
n.d.
n.d.
n.d.
n.d.

Putatively
detected

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
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Notes

Confirmed with authentic standard

Confirmed with authentic standard

Confirmed with authentic standard
Confirmed with authentic standard

Based on exact mass (< 5 ppm),
fragmentation, elemental composition

Confirmed with synthesized standard

Confirmed with authentic standard



