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Résumé

Au cours de I’évolution, les plantes ont développé des mécanismes de défense
sophistiqués contre les pathogeénes. L’une des premiéres lignes de défense se base sur la
reconnaissance par la plante de motifs moléculaires trés conservés associés aux pathogenes
(PAMP/MAMP). Cette reconnaissance active divers mécanismes de défense, en particulier le
dépot de callose au niveau de la zone infectée. Malgré 1’abondance des interactions racine-
microbes, la réponse aux MAMPs dans cette partie de la plante reste largement inexplorée. Nous
avons développé un systéme de culture hydroponique qui nous a permis d’étudier cette réponse
chez Arabidopsis thaliana en se basant sur 1’étude de lignées promoteur:GUS ainsi que sur le
dépot de callose Nous avons trouvé que les racines répondent fortement aux MAMPs dans des
régions bien spécifiques, en particulier dans la zone d’¢élongation. Cette réponse dépend de la voie
de signalisation de 1’éthyléne, du facteur de transcription MYBS51, du cytochrome P450 CYP81F2
ainsi que de la myrosinase PEN2. En outres, nous montrons que Pseudomonas syringae et
Pseudomonas fluorescens sont capables de bloquer ce mécanisme de défense. En particulier, dans
le cas de P. syringae, cette suppression s’effectue grace a la production de coronatine (COR).
L’action de la COR est dépendante de I’E3 ligase COIl et du facteur de transcription
JINI/MYC2. Un screen génétique m’a permis d’isoler de nouveaux mutants incapables de
bloquer la réponse aux MAMPs, dans le but d’identifier de nouveaux génes impliqués dans la
réponse a la COR. Enfin, ma thése a porté sur 1’étude du cytochrome P450 CYP76C2, fortement
induit par les pathogénes. CYP76C2 est activé localement lors d’une infection par P. syringae ou
Botrytis cinerea ainsi que lors des mécanismes de mort cellulaire. Je démontre que 1’activation de
CYP76C2 est particllement dépendante de la voie de signalisation de 1’acide salicylique et que ce

gene est potentiellement impliqué dans le controle du stress oxydatif.

Mots clés: plante, racines, pathogénes, PAMP, callose, coronatine, cytochrome P450, stress

oxydatif.

Laboratoires: Institut de Biologie Moléculaire des Plantes du CNRS
Laboratoire de génomique fonctionnelle des cytochromes P450
28, rue Goethe, 67083 Strasbourg cedex, France.

Massachusetts General Hospital, Department of Molecular Biology
185 Cambridge St, Simches research building, Boston, MA 02114, USA.
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Abstract

Over the course of evolution, plants developed sophisticated defense mechanisms against
bacterial and fungal pathogens. One of the first layers of plant defense is called PAMP triggered
immunity (PTI) and is based on the recognition of conserved epitopes of pathogen-derived
molecules called PAMPs/MAMPs (Pathogen/Microbe Associated Molecular Patterns). This
recognition activates defense responses including the deposition of callose at the site of pathogen
attack. Despite the fact that roots are the organs most subject to microbial interactions, MAMP
signaling in roots remains largely unexplored. I developed an Arabidopsis thaliana seedling assay
to study PTI in roots based on the detection of callose and the activation of promoter:GUS
reporters of MAMP-responsive genes. I found that MAMPs trigger a strong response in roots
dependent on ethylene signaling, the MYBS51 transcription factor, the cytochrome P450
CYP81F2, and the PEN2 myrosinase, but independent of salicylic acid signaling. In addition, I
show that the bacteria Pseudomonas syringae and Pseudomonas fluorescens suppress this
response and that P. syringae is doing so by producing the phytotoxin coronatine. I found that
coronatine acts via the E3 ligase COIl and the transcription factor JIN1/MYC2. I performed a
forward genetic screen to isolate mutants impaired in COR-mediated suppression in an attempt to
identify new players involved in COR signaling. In this thesis, I also present data concerning
CYP76C2, a gene encoding a cytochrome P450 that is highly induced by MAMPs and pathogens
in Arabidopsis leaves. 1 confirmed that CYP76C?2 is activated during pathogen infection and
various cell death elicited scenarios. Furthermore, I demonstrate that CYP76C2 is partially
dependent on SA signaling and may be involved in controlling oxidative damage during

infection.

Keywords: plant, roots, pathogens, PAMP, callose, coronatine, cytochrome P450, oxidative

stress.

Laboratories: Plant Molecular Biology Institute, CNRS
Laboratory of Functional Genomics of Plant Cytochromes P450
28, rue Goethe, 67083 Strasbourg cedex, France.

Massachusetts General Hospital, Department of Molecular Biology
185 Cambridge St, Simches research building, Boston, MA 02114, USA.
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Chapter 1. Introduction

The constant increase of the world population, especially in developing countries,
is raising concerns about the sufficiency of the food supply. Therefore, agriculture
constantly needs to improve its productivity, sometimes at the expense of the protection
and conservation of our environmental resources. A challenge agriculture is facing to
improve its yields is pathogens (bacterial or fungal). A significant portion of major crops
ranging from 3 to 33% is lost worldwide before and after harvest depending on the crop
and where it is grown due to pathogen infections (Oerke, 2006). Some pathogens have
caused some of the deadliest famines in history such as the great Irish famine (1845-
1850) caused by the late blight of potato (Phytophtora infestans). Over the years, the war
against pests and pathogens have led us to use more and more pesticides every year with
deleterious consequences on the environment, in particular on the soil microflora, and on
public health, especially among agricultural workers. This situation, coupled with the
appearance of pathogens with increased resistance against pesticides, highlights the need
for new strategies to contain pathogens. These include classical pathogen containment
practices such as crop rotation, use of resistant varieties, biological control, and scouting
programs for early detection, as well as the development of genetically modified crops
etc. Understanding how plants defend themselves against pathogens, how pathogens
successfully attack plants, and the ecological consequences of such interactions, will be
key to improve existing strategies for pathogen control, developing new ones, and

assessing their potential risks to the environment and public health.
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I. The plant defense mechanisms against pathogens

Unlike most animals, plants are sessile, and have therefore developed very
efficient mechanisms enabling them to adapt to various environmental stresses. One of
the most important aspects of the ability of a plant to survive is its capacity to resist
pathogen attacks. Despite the fact that plants are constantly challenged by microbes, only
a small fraction of these attacks result in a successful infection. This is due to the highly
sophisticated defense mechanisms that plants developed during evolution. This section
of the Introduction briefly describes the multiple layers of immune responses that plants
have developed.

The boy-scout motto, “be prepared”, well describes the first layer of plant
defense, called pre-invasion defense (PID). PID is conferred by constitutive physical and
chemical barriers that prevent microbes from entering host tissues. One of the most
important components of this defense is the cell wall. The many structural polymers
constituting the cell wall such as lignin, cellulose or suberin provide the plant with an
extremely robust and efficient physical barrier (Huckelhoven, 2007). Another line of
defense is provided by the constitutive production of non-specific antimicrobial
compounds. The secretion of these secondary metabolites in the apoplast creates a
hostile environment for potential pathogens (Huckelhoven, 2007).

A second layer of plant defense is called PAMP-triggered immunity (PTI).
Potential pathogens can be detected by pathogen recognition receptors (PRRs)
recognizing conserved epitopes of pathogen-derived molecules called PAMPs (for
Pathogen Associated Molecular Patterns) (Figure 1A) (Schwessinger and Zipfel, 2008).

PAMPs are microbe-derived molecules such as flagellin, elongation factor Tu,
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Figure 1. Model of plant innate immunity.
(A) Activation of PTI by recognition of PAMPs/MAMPs and/or DAMPs by PRRs during

microbial infection. This activation is regulated by positive and/or negative feedback loops.
(B) Suppression of PTI by pathogen effectors.

(C) Activation of ETI by recognition of pathogen effectors.
Adapted from Chisholm et al., 2006.
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peptidoglycan (PGN) or chitin. PAMPs do not necessarily come from pathogens and will
therefore be designated as microbe associated molecular patterns (MAMPs) in this thesis.
During PTI, plants can also recognize endogenous elicitors produced upon infection such
as oligogalacturonides (OGs) (Hahn et al., 1981), sugar polymers released from the
pectin component of the plant cell wall or the MAMP-inducible AtPepl, a small
endogenous peptide synthesized in response to pathogens and recognized by the plant to
amplify PTI through a positive feedback (Huffaker and Ryan, 2007; Yamaguchi et al.,
2006). Molecules such as OGs and AtPepl are referred as danger associated molecular
patterns (DAMPs). The mechanisms responsible for the resistance against pathogens as a
consequence of PTI are not well understood. PTI is described in more detail in the next
section. PID and PTI are non-specific defense mechanisms generally sufficient to protect
the host against potential pathogens and are usually referred to as “basal resistance”.
Successful pathogens have evolved strategies to overcome this basal resistance by
secreting proteinacious effectors into plant cells to suppress PTI and PID (Figure 1B)
(Block et al., 2008). In return, plants developed resistance proteins (R-proteins), encoded
by resistance genes (R-genes), that recognize pathogen-encoded effectors or detect the
changes of the host targets induced by those effectors (the latter referred to as the “guard
hypothesis™) (Figure 1C) (Chisholm et al., 2006). Recognition of effectors or effector
action by R-proteins leads to a strong and rapid defense response known as the
hypersensitive response (HR). In particular, HR is characterized by programmed cell
death (PCD) that restricts pathogen growth (Greenberg and Yao, 2004). This “scorched
earth” strategy, based on the recognition of specific pathogen effectors, is referred as

effector-triggered immunity (ETI), R-gene mediated immunity, or race-specific
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resistance.

ETI also triggers the accumulation of salicylic acid (SA), a major plant defense
hormone against biotrophic pathogens (Loake and Grant, 2007). SA signaling confers
local resistance as well as an increased resistance in systemic tissue known as the
systemic acquired resistance (SAR) (Vlot et al., 2008). The biggest class of plant R-
genes is an extensive family of intracellular proteins containing a nucleotide-binding site
and N-terminal leucine rich repeats (NBS-LRR) (DeYoung and Innes, 2006). A central
component of ETI mediated by TIR-NBS-LRRs, a sub-class of the NBS-LRRs carrying
an N-terminal TIR domain (for Toll Interleukine Receptor), is the protein EDSI1
(Wiermer et al., 2005). EDSI is required for both HR and SA accumulation mediated by
these receptors. In addition to ETI, EDS/ has been shown to play an important role in
basal resistance against biotrophic pathogens in the absence of R-gene mediated
recognition of bacterial effectors. Indeed, eds/ mutants are defective in basal resistance
against virulent Peronospora parasitica, Erysiphe, and Pseudomonas syringae. In both
cases, ETI and basal resistance, EDS1 and its interacting partner PAD4 are required for
SA accumulation and SA-mediated resistance (Aarts et al., 1998; Parker et al., 1996;
Xiao et al., 2005). EDS1 and PAD4 share some level of homology with eukaryotic
lipases and could potentially metabolize lipids that play an important role in signaling.
Unfortunately, no evidence has proven this hypothesis so far and the exact role of EDS1
and PAD4 in signaling is still not fully understood. However, increasing evidence
suggest that EDS1 and PAD4 may be involved in transducing redox signaling (Wiermer
et al., 2005).

In addition to SA, two additional plant hormones are involved in basal defense

18



against pathogens, jasmonate (JA) and ethylene (ET). Unlike SA signaling, conferring
resistance against biotrophic pathogens, genetic studies have shown that JA and ET
signaling are more effective against necrotrophic pathogens (Kunkel and Brooks, 2002).
However, ET functions more like a modulator of JA and SA signaling than a defense
hormone conferring resistance per se. Indeed, It was shown that ET potentiates SA
signaling during an attack by a biotroph (De Vos et al., 2006; Lawton et al., 1994) and
modulates crosstalk between SA and JA signaling pathways (Leon-Reyes et al., 2009).
Finally, it is well known that many JA-dependent defense genes are also regulated by ET-

signaling (Broekaert et al., 2006).

I1. The PAMP-triggered immunity (PTI)

The first evidence that PRRs are an essential part of innate immunity in animals
came from the discovery of the Toll receptor in Drosophila. It appeared that the toll
mutant, initially found to show abnormal dorsal-ventral embryonic development, was
also greatly impaired for its resistance against fungal pathogens (Lemaitre et al., 1996).
This led to the discovery of the Toll-like receptors (TLRs) in mammals (Medzhitov et al.,
1997). TLRs constitute a superfamily of transmembrane proteins sharing a high
homology in their intracellular domain called the TIR domain (for Toll Interleukine
Receptor). The extracellular domain of TLRs is composed of large LRR domains that
bind directly or indirectly to a specific MAMP. MAMP recognition triggers the binding
of intracellular adaptors to the TIR domain of TLRs and the subsequent activation of a
signaling cascade leading to the activation of various transcription factors. This can

induce the production of antimicrobials, signaling molecules such as cytokines and
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chemokines, and an inflammatory reaction (O'Neill, 2008).

Plants have developed a similar system to recognize potential invaders. Various
MAMPs can be recognized by plants. Pepl3, a short peptide derived from a
transglutaminase of Phytophtora sojae, was the first clearly defined MAMP (Nurnberger
et al.,, 1994). The MAMPs described in plants so far come from bacteria or fungi. No
MAMP from a virus has been identified so far. MAMPs from bacteria include Flg22,
EIf18 (or EIf26) and csp22, small peptides respectively derived from the bacterial
flagellin, the bacterial elongation factor Tu and the bacterial cold shock protein CSP.
Lipopolysaccharides (LPS) and PGN are two other well-described bacterial MAMPs.
The MAMPs from fungi include Pepl3, cell-wall components such as chitin and (-
glucan, and ergosterol. In addition to MAMPs, plants also recognize different DAMPs
including OGs and AtPep peptides. Table 1 provides a non-exhaustive list of known
MAMPs and DAMPs.

PRRs have been identified for only a small fraction of these MAMPs and are, in
most cases, receptor-like kinases (RLKs). It was shown that Arabidopsis mutants
corresponding to these PRRs are more susceptible to pathogens demonstrating the
importance of PTI in plant defense (Zipfel et al., 2006; Zipfel et al.,, 2004). In
Arabidopsis, only two PRRs have clearly been identified, the leucine-rich repeat (LRR)
RLKs FLS2 and EFR, respectively binding to flagellin and EF-Tu. The Arabidopsis
LysM-RLK CERKI1 has been shown to be required for the response to chitin, suggesting
that CERK1 is the PRR for chitin. However, it has not been demonstrated that CERK1
specifically binds to chitin. MAMP recognition triggers many responses including an

oxidative burst mediated by the NADPH oxidase ATRBOHD, an increase in intracellular
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Ca®" concentration, and ethylene and nitric oxide production (Gomez-Gomez and Boller,
2002; Nuhse et al., 2007). The roles of those early events are still poorly understood but
may play a role in signaling.

FLS2 is by far the best studied PRR in plants and its orthologs in tomato and
tobacco have been identified (Hann and Rathjen, 2007; Robatzek et al., 2007). FLS2 has
been shown to be internalized after binding to Flg22, similarly to what was found in
mammals with TLRs (Robatzek et al., 2006). This endocytosis is dependent on its kinase
activity and its PEST motif, believed to be ubiquitinated upon internalization. The role
and mechanism of internalization is not well understood but is believed to be required for
signaling. FLS2 has also been shown to bind to another LRR-RLK, BAKI, after binding
to Flg22 (Chinchilla et al., 2007). This interaction is required for signaling but not for
Flg22 binding, suggesting a role of BAK1 in transducing the signal.

MAMP recognition by PRRs activates a complex network of MAPKs (Figure
1A). This aspect of PTI is still not fully understood but some components have been
identified. The MAPKKK AtMEKK]1 was shown to initiate the Flg22 MAPK cascade
and to activate the MAPKKs AtMKK4 and AtMKKS. Those two MAPKKs activate the
MAPKs AtMPK3 and AtMPKG®6 leading to the activation early defense genes (Asai et al.,
2002). However, we are far from completely understanding the various mechanisms
taking place during this step of PTI, because even though several MAMPs appear to
signal through this same cascade, the downstream gene activation patterns are MAMP-
specific. Another aspect complicating the these studies is the involvement of these
MAPKSs in various processes other than PTI, including hormone signaling and the

response to different abiotic stresses.
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Downstream of the MAPKSs network is the activation of a number of transcription
factors including WRKYs, MYBs, ERFs (Figure 1A). The roles of those transcription
factors is, for the most part unknown, but are believed to either control the expression of
defense genes involved in PTI, or negatively regulate PTI itself. For example, MYB51
has been shown to be required for callose deposition in cotyledons after Flg22 treatment
and is a major regulator of indole glucosinolate biosynthesis (Clay et al., 2009;
Gigolashvili et al., 2007). WRKYI1, 17, 18 and 40, all activated by Flg22, were shown to
be negative regulators of basal resistance suggesting a negative feedback regulation of
PTI after MAMP signaling, probably to fine tune the response (Journot-Catalino et al.,
2006; Xu et al., 2006). However, none of the mutants in these latter transcription factors
are impaired for PTL

It is still unclear what are the actual effectors leading to PTI. Callose deposition,
a well-known response to MAMPs, is believed to play a role by strengthening the cell
wall and preventing pathogen penetration, but can not account for the entire resistance
triggered by MAMPs. For example, Arabidopsis mutants that cannot synthesize callose
in response to MAMPs are only marginally more susceptible to P. syringae (Clay et al.,
2009). Antimicrobial production after MAMP elicitation takes place in Arabidopsis
seedlings as shown in unpublished work in the Ausubel lab by postdoctoral fellow
Cristian Danna, however the identification of the antimicrobial compounds has not been
determined. Finally, the level of SA has been shown to increase during PTI, and mutants
in the SA signaling pathway are partially compromised for their PTI-induced defense
(Mishina and Zeier, 2007; Tsuda et al., 2008). A lot of work still needs to be done to

clarify the actual importance of those different responses for PTI and to understand their

23



regulation.

III. Virulence strategies of pathogens

Pathogens have evolved extremely diverse strategies to become successful
invaders. Pathogens can secrete toxins, inject effectors into the plant cell to promote
disease, secrete cell wall degrading enzymes or manipulate plant hormone signaling
pathways to deregulate defense mechanisms. This section briefly describes examples
illustrating these strategies.

Many pathogens secrete phytotoxins to increase their virulence. These low
molecular weight toxins can directly damage host tissue or manipulate plant metabolism
to facilitate the infection process. The two kind of lipodepsipeptide toxins produced by
P. syringae, syringomycins and syringopeptins, are examples of the first class of toxins.
They form small pores in the plasma membrane of host cells resulting in ion leakage and
eventual to cell death (Bender et al., 1999). P. syringae is believed to benefit from the
nutrients released from the plant cells during this process. An example of the second
class of toxins is the chlorosis inducing phytotoxin coronatine (COR) that is also
produced by P. syringae (Bender et al., 1999). COR acts as a mimic of JA (Feys et al.,
1994; Weiler et al., 1994). It is known that JA signaling antagonizes SA signaling, a
major component of the resistance against P. syringae (Kunkel and Brooks, 2002). COR
is believed to take advantage of this antagonism to repress SA-mediated plant defense
mechanisms. The mode of action of COR is described in more detail in the next section.

Many plant gram-negative pathogens are also able to directly inject virulence

proteins, known as type III effectors (T3Es), directly into the plant cell through their type
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IIT secretion system (TTSS) (Block et al., 2008). In general, plant pathogenic bacteria
defective in TTSS are unable to successfully infect their host, demonstrating the
importance of the TTSS for pathogenicity. T3Es promote disease in a number of ways.
T3Es have been shown to suppress plant defense, trigger water and nutrients release from
plant cells, or facilitate T3Es secretion into the cells. However, the function and target of
only a fraction of the known T3Es have been identified. This work is complicated by the
fact that some T3E have multiple targets and can interfere with plant defense mechanisms
at different level. For example, the kinase inhibitor AvrPto from P. syringae pv. tomato
has been shown to suppress PTI by binding to the FIg22 receptor FLS2 and inhibiting its
autophosphorylation, which is necessary for activation of the downstream MAPKSs
(Xiang et al., 2008). AvrPto is recognized by the tomato R-protein Pto. This interaction
is sensed by another R-protein, Prf, which triggers ETI (Salmeron et al., 1996). In
addition to its activity on FLS2, AvrPto has also been shown to inhibit Pto kinase
activity. However, this activity has no effect on Pto-Prf mediated ETI (Xing et al., 2007).
Another example of the complex mode of action of T3Es is the ubiquitin ligase from P.
syringae, AvrPtoB. AvrPtoB has been shown to suppress PTI by directly targeting FLS2
for degradation by the proteasome (Gohre et al., 2008). Prf, as in the case of AvrPto, also
detects the interaction of AvrPtoB with Pto to trigger ETI (Mucyn et al., 2006).
Truncated AvrPtoB proteins lacking the E3 ligase domain also trigger ETI through its
recognition by the tomato protein kinase Fen. This recognition is also sensed by Prf to
trigger ETI. However, AvrPtoB has been shown to ubiquitinate the Fen protein, precisely
via its E3 ligase domain. This ubiquitination leads to the degradation of Fen and blocks

the Prf-mediated ETI (Rosebrock et al., 2007). Those data suggest that AvrPtoB evolved
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its E3 ligase domain to avoid the Prf-mediated ETI. Unlike Fen, a recent report shows
that Pto avoids the AvrPtoB-mediated ubiquitination by phosphorylating and inactivating
AvrPtoB within its E3 ligase domain providing a new mechanism by which plants defend
themselves (Ntoukakis, in press).

As mentioned previously, the cell wall is an essential part of PID. Many
pathogens, especially in the process of extracting water and nutrients from necrotic
tissues, are known to secrete a battery of cell-wall degrading enzymes (CWDEs).
Examples of CWDE:s are cellulases, pectinases and proteases. The importance of these
CWDEs for pathogenicity is well established for soft-rot pathogens such as Erwinia
carotovora (Whitehead et al., 2002). The P. syringae genome also encodes several
putative CWDEs. However, the role of these proteins during pathogenesis is not known.
It is likely that CWDEs are not as important for P. syringae pathogenicity since this
bacterium does not rely on macerated tissue to extract nutrients. It is possible that in the
case of P. syringae, CWDEs play a role during its saprophytic phase in the soil, to
degrade cell wall components from dead plants.

Finally, many pathogens have been shown to manipulate plant hormone signaling
pathways to deregulate defense mechanisms and to promote symptoms. For example, a
lot of pathogens are known to produce, or to induce the production by the plant, of auxin,
a major developmental hormone (Spaepen et al., 2007). The tumorigenic bacteria
Agrobacterium tumefaciens, responsible to the grown gall disease, is a good example.
The tumors induced by A4. tumefaciens partly result from the over-production of auxin
induced by auxin biosynthetic genes coded by the A. tumefaciens T-DNA plasmid, and

from the increased sensitivity of the host to auxin (Akiyoshi et al., 1983; Deeken et al.,
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2006). In addition, A. tumefaciens was shown to suppress the HR response via the
production of auxin (Robinette and Matthysse, 1990). In the case of non-tumorigenic
bacteria, such as P. syringae, auxin is emerging as an important player in virulence.
First, auxin treatment increases the susceptibility to P. syringae and the P. syringae
genome codes for several genes involved in auxin metabolism (Chen et al., 2007;
Glickmann et al., 1998; Yamada, 1985). Second, free auxin levels increase during P.
syringae infection (Chen et al., 2007). In addition, FIg22 has been shown to repress
auxin signaling via a miRNA mechanism suppressed by P. syringae (Navarro et al.,
2006). However, the exact role of auxin signaling in increasing susceptibility to P.
syringae is poorly understood. Another example of pathogens modulating plant hormone
physiology is the production of coronatine (COR) by P. syringae. COR is the most

investigated phytotoxin and is the subject of the next section.

IV. Mode of action of Coronatine (COR)

The phytotoxin COR was first isolated from a fermentation broth of the
phytopathogenic bacterium P. syringae atropurpurea in 1977 (Ichihara et al., 1977). It is
a polyketide produced by P. syringae that is made of two components, coronafacic acid
(CFA) and coronamic acid (CMA), linked by an amide bond. CFA is an analog of
jasmonate and CMA is structurally close to l-aminocyclopropane-1-carboxylic acid
(ACC), the precursor to ET, and to the amino acid isoleucine (Ile) (Bender et al., 1999).
COR plays an important role in P. syringae virulence. Indeed, coronatine deficient
mutants of P. syringae grow to lower titers in plant tissues and elicit less severe disease

symptoms (water soaking lesions and chlorosis) than the wild-type in various plants
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including Arabidopsis and tomato (Brooks et al., 2004; Mittal and Davis, 1995). Mutants
in either CFA or CMA biosynthesis show reduced growth in planta and reduced
symptoms showing that both are necessary for COR-mediated virulence.

COR is believed to be responsible for the chlorotic halo surrounding the necrotic
lesions of speck diseases induced by P. syringae (Bender et al., 1999). The mechanism
explaining chlorosis formation by COR is not fully understood, but COR was shown to
repress photosynthetic genes in tomato and activate the expression of a chlorophyllase in
Arabidopsis involved in chlorophyll degradation (Benedetti and Arruda, 2002).
Recently, COR was shown to activate the production of ROS in a light-dependent manner
that could also contribute to chlorotic lesion formation (Uppalapati et al., 2007). The
role, if any, of COR-induced chlorosis in virulence is not known. On one hand, cell death
occurring during the formation of chlorosis could provide the pathogen with nutrients.
On the other hand, the chlorosis, reminiscent of the HR, could well be a host defense
mechanism to contain COR-producing pathogens. In addition to chlorosis, COR has
been shown to induce a cell hypertrophy, induce production of volatile secondary
metabolites, inhibit root growth, trigger the production of ET and the accumulation of
protease inhibitors (Bender et al., 1999). It is still not known if all those responses are
direct or indirect effects of COR and their possible functions remains largely unknown.

As mentioned before, COR acts as a mimic of JA. Like JA, COR binds to the E3
ubiquitin ligase COI1 (Figure 2) (Katsir et al., 2008). COI1 is a major component of the
JA signaling pathway and coil mutants are severely impaired in multiple JA responses.
It is interesting to note that coil stands for coronatine insensitive 1 and was first isolated

in a screen for Arabidopsis mutants showing reduced growth inhibition by COR (Feys et
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Figure 2. JA and COR signaling in Arabidopsis.

(a) MYC2 is blocked from activating expression of JA-regulated genes by the
interaction of JAZ proteins. (b) Jasmonic acid is conjugated with isoleucine by
JARI to form jasmonoyl-isoleucine (JA-Ile). JA-Ile (or COR) binds to COIl and
promotes SCE®"" interaction with JAZ proteins, triggering their ubiquitination
and degradation by the 26S proteasome. MYC2 is thereby released from its

repression by JAZ proteins and regulates the expression of genes involved in
jasmonate responses. Figure from Staswick et al., 2007.
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al., 1994). The binding of COR to COIl promotes the interaction of JAZ proteins (for
Jasmonate ZIM-domain) with the SCF“"" ubiquitin ligase complex and their targeting to
the proteasome (Figure 2) (Katsir et al., 2008). JAZ proteins are known to be repressors
of the transcription factor JIN1/MYC2 (for Jasmonate INsensitive 1) (Chini et al., 2007;
Thines et al., 2007) and MYC?2 is an important transcription factor involved in many
jasmonate responses (Lorenzo et al., 2004).

It is well established that JA and SA signaling are mutually antagonistic. Indeed,
JA treatment or a stress that induces JA signaling (such as wounding or infection by a
necrotrophic pathogen) suppresses the activation of SA-responsive genes such as PRI.
Conversely, SA treatment or a stress that induces SA signaling (such as infection with a
biotrophic pathogen) suppresses the activation of JA-responsive genes such as PDFI.2
(Koornneef et al., 2008; Koornneef and Pieterse, 2008). Accordingly, coil and jinl
mutants, impaired in JA signaling, show an increase in SA-signaling and therefore are
more resistant to P. syringae, which strongly activates SA signaling pathways (Kloek et
al., 2001; Laurie-Berry et al., 2006). P. syringae is thought to exploit JA-SA antagonism
by synthesizing COR to suppress SA-signaling and thereby increase pathogen virulence.
Indeed, COR treatment activates JA signaling and suppresses SA responses (Kunkel and
Brooks, 2002; Laurie-Berry et al., 2006). Moreover, it was shown that the increased
resistance of coil and jinl mutants is due to SA-signaling since the introduction of nahG
transgene (a P. Putida gene encoding salicylate hydroxylase that converts SA into
catechol) or a mutation in SID2 (which encodes the SA biosynthetic gene isochorismate
synthase), restore normal growth of P. syringae in coil or jinl mutants (Kloek et al.,

2001; Laurie-Berry et al., 2006). Finally, SA levels are higher after infection with COR

30



deficient mutants compared to wild-type in tomato plants (Uppalapati et al., 2007),
showing that COR may suppress SA production. Interestingly, coilnahG or jinlsid2
plants do not develop typical disease symptoms (in particular chlorosis) during P.
syringae infection (Kloek et al., 2001; Laurie-Berry et al., 2006). In addition, in sid2 and
nahG plants, coronatine deficient mutants of P. syringae are still impaired for lesion
formation (Block, 2005). Those data indicate that COR could promote lesion formation
independently of SA-signaling through an unknown mechanism.

Another example of JA-SA antagonism is the phenomenon known as systemic
acquired sensitivity or SIS. P. syringae was shown to induce systemic susceptibility to
secondary P. syringae infection in Arabidopsis. SIS is caused by the production of
coronatine (COR) and is a consequence of the mutually antagonistic interaction between
JA and SA signaling pathways (Cui et al., 2005).

In natural conditions, endophytic pathogens such as P. syringae, enter the
mesophyll layer through the stomata. Upon MAMP recognition, Arabidopsis closes its
stomata, preventing bacteria from entering into the stomatal chamber and the mesophyll
layer of the leaf (Melotto et al., 2006). MAMP-elicited stomatal closure is dependent on
SA signaling since nahG and sid2 plants are impaired in this defense response. In
addition, SA itself triggers stomatal closure. Interestingly, P. syringae bacteria are able
to evade this PTI response via the production of COR (Melotto et al., 2006). MAMP-
induced stomatal closure is a good example of an SA-dependent mechanism blocked by

COR.
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V. Plant-microbe interactions in roots

V.1. Root Pathogens

Roots have received much less attention than leaves with respect to plant defense
mechanisms against bacterial pathogens. This is due to a variety of factors. One is
historical. Disease symptoms on the aerial part of the plants are more visible and
therefore easier to describe, probably explaining why they received attention earlier. A
second reason is technical. Plants are generally grown in soil, making the roots difficult
to observe, isolate and wash without damage. The development of various hydroponic
systems has allowed scientists to circumvent this problem. However, hydroponic
systems do not allow the study of roots in their natural habitat. A third reason is that
many microbes from the rhizosphere, the biologically active zone of soil surrounding the
roots, cannot be cultured in the laboratory. Finally, compared to leaves, very few bacteria
have been shown to successfully infect roots. Ralstonia solanacearum, which causes a
bacterial wilt in a wide range of hosts, and Agrobacterium tumefaciens, responsible for
the crown gall disease and the hairy root disease, are a couple of examples root bacterial
pathogens. However, Xanthomonas, Erwinia, and most importantly Pseudomonas
pathovars, the most studied plant pathogens, are leaf pathogens and are generally not
considered to be root pathogens. This presents a practical experimental problem because
many genetic and genomic tools have been developed for well-studied leaf pathogens but
not root pathogens.

Although pseudomonads are not generally described as root pathogens, they have

been shown to actively colonize roots. Therefore, their lack of pathogenicity in roots is
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not due to physical proximity. Successful root pathogens are, for the vast majority,
fungal pathogens belonging to genera such as Phytophtora, Pythium and Fusarium or
filamentous bacteria such as Streptomyces (Okubara and Paulitz, 2005). Most of the
work related to plant defense mechanisms in roots has been done using those pathogens.
Most fungal root pathogens are necrotrophs, killing the roots using toxins and CWDEs
like the oomycete Pythium and the basidiomycete Rhizoctonia. These pathogens feed on
dead plant tissue (Okubara and Paulitz, 2005). However, some are hemibiotrophs and
form haustoria to extract nutrients from living cells. This is the case of Phytophtora
sojae. In general fungal root pathogens can infect a wide range of plant species (Okubara
and Paulitz, 2005). Pathogenic Streptomyces species are believed to infect roots through
short specialized infection hyphae (Loria et al., 2003). This penetration is facilitated by
the production of thaxtomin, a toxin inhibiting cellulose deposition (Loria et al., 2003).
Ralstonia solanacearum is a Gram-negative bacterium causing a wilt disease in diverse
plants (Hayward, 1991). R. solanacearum cells attach to the root epidermis, especially at
the root elongation zone and at the junction between the main root and lateral roots
(Vasse, 1995). They can penetrate in the intercellular spaces of the root cortex and reach
the vasculature. The bacteria then travel to the leaves and infect the rest of the plant. The
mechanisms allowing R. solanacearum to penetrate and proliferate in the roots and the
xylem vessels involve the secretion of CWDEs, T3Es, lipopolysaccharides and
chemotaxis (Denny, 1991; Poueymiro and Genin, 2009; Vasse, 1995; Yao and Allen,

20006).
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V.2. Plant Growth Promoting Bacteria

Even though roots have received less attention than leaves for pathogenic
microbial interactions, beneficial plant-microbes interactions have been extensively
studied in roots compared to shoots. These beneficial microbes include mycorrhizal
fungi, N,-fixing bacteria (such as rhizobium), and other plant-growth promoting
rhizobacteria (PGPR) from the Pseudomonas and Bacillus genera. Mycorrhizas are
symbioses between plant roots and fungi. The fungi provide the plant with water and
minerals and the plant supplies the fungi with nutrients, mainly carbohydrates. In
addition, mycorrhizal fungi are believed to protect the roots against pathogens by
producing antimicrobial compounds, inducing roots defense mechanisms, and competing
with pathogens for ecological niches (Morgan et al., 2005).

The best-studied case of N-fixing bacteria is Rhizobium. This bacterium has
been shown to form specialized structure, called nodules, on legume roots. The
formation of these nodules requires the production of flavonoids by the plant, that induce
the secretion of lipo-oligosaccharides called Nod factors (Morgan et al., 2005). Nod
factors are recognized by plant receptors and induce cell multiplication in the root cortex
leading to nodule formation. Nod factors also induce the encapsulation of Rhizobium by
root hairs. Rhizobium is subsequently able to enter cortical cell through a specially
synthesized conduit called an infection thread. Once inside root cortical cells, the
bacteria differentiate into bacteroids and fix atmospheric N, into NH.,", which is made
available to the plant. Pseudomonas and Bacillus PGPRs are another example of

beneficial root microbes. These bacteria colonize the surface of roots and are able to
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control plant diseases. Therefore, PGPRs are considered biocontrol agents. Niche
exclusion, production of antimicrobials, induction of plant defense, and competition for
nutrients are believed to be mechanisms by which PGPRs exclude potential pathogens
(Whipps, 2001). In particular, the production of siderophores by some PGPRs was
shown to suppress soilborne diseases by competing for iron (Whipps, 2001). In addition
to those local responses, some PGPRs have been shown to induce a systemic resistance
from root to shoot, a mechanism referred as induced systemic resistance (ISR) (Pieterse

etal., 1998; van Loon et al., 1998). ISR is described below in more detail.

VI. The plant defense mechanisms in roots

Not much is known about plant defense mechanisms in roots compared to shoot.
JA and ET signaling are known to be important players against root necrotrophic
pathogen. Indeed, the triple mutant fad3fad7fads8, unable to produce JA, the jar! mutant,
impaired for JA signaling, as well as the etr/ and ein2 mutants, insensitive to ET, were
all shown to be more susceptible to various Phytium pathovars (Geraats et al., 2002;
Staswick et al., 1998; Vijayan et al., 1998). R-gene mediated resistance has been
described for a few root-pathogen interactions. For example, the NBS-LRR tomato /-2
gene has been shown to confer resistance against Fusarium oxysporum (Ori et al., 1997;
Segal et al., 1992). However, the typical HR seen in leaves has not been described in
roots. It is possible that some HR components are missing in the root or that plants
actively suppress HR in the roots for unknown reason. This correlates with the lack of
strong evidence for SA-mediated local defense responses in roots against pathogens.

This is not due to the lack of SA-signaling in the roots since SA was recently shown to
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play a role in resistance against root-knob nematodes (Wubben et al., 2008). In addition,
published microarray data have shown that SA treatment in roots activates a number of
genes involved in plant defense (Badri et al., 2008), a result confirmed by microarrays
performed in Frederick Ausubel laboratory by graduate student Wisuwat Songnuan
(unpublished). Indeed Wisuwat has shown that SA induces more genes in Arabidopsis
roots than in the shoots.

As mentioned before, root colonization by some PGPRs can trigger a systemic
resistance response from root to shoot against a broad spectrum of fungal and bacterial
pathogens in addition to some herbivorous insects and viruses. This mechanism, known
as induced systemic resistance (ISR), is mediated by JA and ET signaling, but also
requires the transcriptional regulator NPR1 and the transcription factor MYB72 in
Arabidopsis (Pieterse et al., 1998; Van der Ent et al., 2008). Transcriptional analysis has
shown that root colonization by PGPRs does not trigger strong transcriptional changes in
the leaves but instead primes the tissues for a stronger defense response in case of
pathogen attack (Conrath et al., 2006). This priming is believed to limit energy costs for
the plant. The mechanisms underlying the elicitation of ISR are still unclear, but
increasing evidence suggests that MAMPs are involved in that process (Bakker et al.,
2007). Indeed, flagella from P. putida WCS358 was shown to trigger ISR against P.
syringae in Arabidopsis (Meziane, 2005). However, a P. putida mutant lacking flagella
was still able to trigger ISR, showing that other MAMPs are also able to induce this
response. It is likely that LPS from P. fluorescens WCS417r also induces ISR against P.
syringae in Arabidopsis (Van Wees et al., 1997). In addition to MAMPs, siderophores,

salicylic acid and the antibiotic 2,4-diacetylphloroglucinol (DAPG) produced by some
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Table 2. Molecular determinants of ISR*

Molecular Determinant bacterial strain Host plant References
Flagellin P. putida WCS358 Arabidopsis (Meziane, 2005)
P. fluorescens WCS374 Radish (Leeman, 1995)

Lipopolysaccharides

P. fluorescens WCS417

Arabidopsis, radish

(Leeman, 1995; Van Wees
etal., 1997)

P. putida WCS358

Arabidopsis, bean,
tomato

(Meziane, 2005)

Lipopeptides surfactin and
fengycin

B. subtilis Bs168

Bean, tomato

Ongena et al., 2007)

2,3-butanediol B. subtilis GB03 Arabidopsis Ryu et al., 2004)
N-alkylated Benzylamine P. putida BTP1 Bean Ongena et al., 2005)
P. fluorescens CHAQ Tobacco Maurhofer, 1994)
P. fluorescens WC374 Radish Leeman, 1996)

Pseudobactin siderophore

P. putida WCS358

Arabidopsis, bean,
tomato

—_ |~~~ ~

Meziane, 2005)

Pyocyanin, pyochelin,
salicylic acid

P. aeruginosa TNSK2

Tomato

(Audenaert et al., 2002)

2,4-diacetylphloroglucinol
(2,4-DAPG)

P. fluorescens CHAO

Arabidopsis, tomato

(lavicoli et al., 2003)

*Adapted from Bakker et al., 2007.
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PGPRs have been shown to be involved in ISR (Bakker et al., 2007). Table 2

summarizes some molecular determinants from PGPRs that were shown to trigger ISR.

VILI. This Thesis

Despite the fact that roots are the organs most subject to microbial interactions
and that MAMPs seem to play an important role in root defense mechanisms as has been
described for ISR in the previous section, MAMP signaling in roots has received much
less attention than in the leaves. One possible explanation is that MAMP signaling was
first studied for endophytic bacterial pathogens like P. syringae and that the MAMP
signaling research “field”, being relatively new, has not yet had time to explore the roots.
Major questions need to be answered regarding MAMP signaling in roots:

» Are the MAMP signaling components conserved between roots and shoots?

* Are MAMPs equally recognized in roots and shoots?

» Are the MAMP-elicited defense mechanisms that are triggered in shoots also
triggered in roots? For example, FLS2 is expressed in roots, but callose deposition after
Flg22 elicitation has been reported in leaves, stems and cotyledons but not in roots. Part
of my thesis was to investigate in detail the response to various MAMPs in the roots of
Arabidopsis to try to answer those questions.

Another major aspect of my thesis research was to investigate whether bacterial
pathogens are able to suppress the MAMP response in the roots as they do in leaves. If
this is the case, it would be interesting to know if they do so using T3Es, similar to what
takes place in the leaves, or via other mechanisms. PGPRs, like any microbes, produce

MAMPs and it is possible that they evolved strategies, similar to pathogens, to evade PTI
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in order to successfully colonize the roots.

The first chapter of this thesis focuses on the development of a fast, high
throughput seedling assay to study plant-microbe interactions in Arabidopsis seedlings.
This assay, developed in collaboration with my fellow graduate student Wisuwat
Songnuan, provided us with an alternative model that combines many of the advantages
of the more traditional assays used to study MAMP signaling and pathogen infection in
protoplasts and adult plants. It also enabled me to extensively study the MAMP response
in roots, the main subject of this thesis.

The second chapter of my thesis concentrates on the MAMP response in
Arabidopsis roots and its suppression by P. syringae via the production of COR. In
particular, my work focused on callose deposition, a well-known innate immune response
triggered by MAMPs during PTI. 1 found that the MAMPs Flg22, PGN and chitin
activate the expression of several GUS reporter genes and the deposition of callose in
specific parts of the roots. Flg22 and PGN induce a response in the elongation zone (EZ)
of the roots, whereas chitin activates MAMP signaling in the mature part of the roots. I
provide evidence that this response is independent of SA signaling, but requires the
transcription factor MYBS51, the cytochrome P450 CYP81F2, and the myrosinase PEN2.
In addition, I show that ET signaling significantly potentiates the FIg22 response in the
roots. Finally, I demonstrate that P. syringae suppresses the MAMP response in the roots
using COR via the E3 ubiquitin ligase COIl and the transcription factor MYC2. This
property of COR allowed me to perform a forward genetic screen to isolate new mutants
impaired for the COR-mediated suppression of the MAMP response in roots.

Finally, the third chapter of this thesis focuses on CYP76C2, a cytochrome P450
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highly induced by MAMPs that is involved in the plant response to cell death
mechanisms (Godiard et al., 1998). This chapter describes interesting characteristics
regarding CYP76C?2 expression and regulation and provides hints regarding its function.
I confirmed that CYP76C2 is induced in all tissues undergoing active cell death and I
found that this gene is regulated by SA-signaling. In addition, I provide evidence that

this gene is involved in resistance against oxidative stress.
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Most studies of the plant response to either pathogens or microbe-
associated molecular patterns (MAMPs) have been carried out using either
mature plants or plant tissue culture cells. To provide an alternative system
to facilitate the study of defense signaling pathways, we have developed an
Arabidopsis model that utilizes ten-day old Arabidopsis seedlings treated
with MAMPs including oligogalacturonides (OGs) (Jin and West 1984; Aziz,
Heyraud et al. 2004) or the synthetic flagellin peptide Flg22 (Felix, Duran et
al. 1999) or with pathogens in multi-well plates. Using this system we have
carried out transcriptional profiling studies, MAMP-elicited protection
assays, MAMP pathway studies using reporters of the plant defense response,
and metabolic profiling of root exudates.

Traditionally, plant-pathogen interactions are investigated by directly
infecting mature plants using a variety of inoculation methods including leaf
infiltration, dipping, or spraying. Symptoms are observed for several days
after inoculation, usually accompanied by direct quantification of colony
forming units (cfu), spores, or disease symptoms. Alternatively, different
staining techniques are used to visualize disease progression and defense
responses. While these approaches are similar in some respects to natural
infection and have provided the vast majority of data in the field, they are
time-consuming and labor-intensive. Growing mature plants usually takes a
considerable amount of time and space. Moreover, it is difficult to maintain
sterility when growing mature plants, allowing other microorganisms to
potentially complicate the interpretation of experiments.

As an alternative to using mature plants, mesophyll protoplasts can be
isolated from mature plants and transfected with desired transient expression

1
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constructs to observe rapid changes in the defense responses at the molecular
and cellular levels (He, Shan et al. 2007; Yoo, Cho et al. 2007). Protoplast
assays have provided insights into many processes that are difficult to
investigate in whole plants. They facilitate the study of a particular gene
construct when a stable transformant is not yet available and they are cost-
effective and semi-sterile. However, they require extensive training and are
very sensitive to the particular conditions under which the plants that provide
the source of protoplasts are grown. Moreover, it is difficult to obtain healthy
protoplasts from cells other than mesophyll cells, and it is not readily feasible
to use protoplasts for organ-specific or systemic signaling studies. Finally,
protoplasts have relatively short lives after harvest, and are not suitable for
experiments that require a long time course.

We have developed an Arabidopsis seedling assay to study MAMP
signaling that combines many of the advantages of using mature plants or
protoplasts. We have shown that ten-day old seedlings can be used for
experiments instead of four-week or older plants that are needed either for
harvesting protoplasts or for traditional infection methods. The seedlings are
germinated and grown in liquid medium under sterile conditions. In a typical
seedling assay, each well of a 12-well plate contains 10-15 seedlings,
providing enough replicates to average out biological variations. Many
different experimental treatments can be carried out in a single tissue culture
plate. For high-throughput assays, seedlings can be grown in 96-well plates
and used in genetic or chemical screens. Chemicals, hormones, elicitors, or
pathogens can be added directly into the medium. If staining is required, it
can be done conveniently in the wells where seedlings are grown. Whole
seedlings can be used to study signaling between cells or defense responses in
specific tissues. Below, we describe a series of experiments in which we
have validated the seedling system by demonstrating that seedlings respond
in a similar manner as mature plants in a variety of pathogenicity-related
assays.

We typically distribute 10-15 vernalized sterile seeds into each well of a
12-well tissue culture plate containing 1 ml of filter-sterilized Murashige and
Skoog Basal medium supplemented with 0.5% sucrose, pH 5.8. The plates
are wrapped with parafilm to prevent evaporation and placed at 22°C under a
16 hours light/ 8 hours dark photoperiod with a light intensity of 100 pEm™s"
!. After 8 days, the medium is replaced with a fresh batch to replenish the
nutrients and equalize the volume of liquid in the wells. On day 10, seedlings
can be treated by adding desired concentration of hormones, MAMPs, or
bacteria directly into the liquid medium. For Psudomonas syringae infection,
bacteria are harvested in log phase, thoroughly rinsed with the plant medium,
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resuspended to ODggo = 0.2, and10ul of the suspension is added to each well.
The concentration of the starting inoculum can be adjusted as needed. We
have noticed that P. syringae infection progresses more uniformly and faster
if the plates are slowly shaken (30-50 rpm). Condensation on the lids of the
assay plates is avoided to reduce the appearance of water-soaked lesions and
to prevent contamination. For high throughput assays, 1-7 seedlings can be
grown in each well of a 96-well plate containing 100 pL. of medium. Figure 1
illustrates 12-well and 96-well seedling assays at day 10.

MAMP-mediated defense responses

We confirmed the validity of the seedling assay by analyzing MAMP-
mediated induction of a variety of known MAMP-regulated genes, including
PR1, FRK1, and WRKY29 (Asai, Tena et al. 2002). Figure 2a shows that
WRKY29 is rapidly induced in seedlings treated with Flg22, corresponding to
results obtained in mature plants or protoplasts. Similar results are obtained
with many other MAMP-induced genes and with other MAMPs including
OGs and the synthetic polypeptide elf18 that corresponds to a highly
conserved region of bacterial elongation factor EF-Tu (Kunze, Zipfel et al.
2004). We have also carried out transcriptional profiling studies of MAMP-
treated seedlings as described in another chapter in this volume (see Denoux
et al. “Characterization of Arabidopsis MAMP response pathways”).

Our laboratory has also utilized the seedling assay to study MAMP-
mediated induction of callose deposition in seedling cotyledons. As shown in
Figure 3b, callose deposition induced by 1uM of Flg22 is readily detectable
above the background level (Figure 3a) after staining with aniline
blue(Gomez-Gomez, Felix et al. 1999). No callose deposition was observed
when a FIg22 receptor mutant (fls2) (Gomez-Gomez, Felix et al. 1999)
(Figure 3c¢) or a callose synthase mutant (pmr4) (Nishimura, Stein et al. 2003)
(Figure 3d) were treated with Flg22. Because the seedlings are in contact

Fig. 1. 10-day-old seedlings in 12-well (a) and 96-well (b) formats.
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with liquid media, they are more uniformly in contact with Flg22 and the
stain, resulting in a more homogenous staining than other methods, such as
leaf-infiltration. Moreover, the small-size of the cotyledons allow them to be
viewed in one field under a microscope, preventing errors caused by selecting
fields that are not representative of the entire leaves.

The seedling assay also has a clear advantage over mature plants and
protoplasts for the study of genes that are expressed in roots. Root tissue can
be isolated from seedlings and used for regular RT-PCR, quantitative RT-
PCR, or Northern blots. Moreover, seedling roots can be readily stained if
GUS or GFP reporter lines are available for particular MAMP-induced genes

Seedling assay for infection studies

As mentioned above, bacterial inoculation is simply carried out by adding
the suspended bacterial cells directly into the media. Symptoms can be
monitored for several days after inoculation. As seen in assays in mature
plants, seedlings infected with virulent or avirulent P. syringae pv. tomato
(Pst) strain DC3000 exhibit necrotic symptoms and die faster than those
infected with the nonhost pathogen P. syringae pv. phaseolicola (Psp)

a
1=t treatment - H H P P Ph Ph
2nd treatment - H F H F H F
WRKY29
ACTIN
b
Pst Pst hreC
UBp:GUS

Fig. 2. Using the seedling assay to study MAMP-mediated WRKY29 gene induction
and suppression by the type III secretion system of DC3000 (a). Seedlings were
inoculated with bacteria or H,O for 18 hours followed by elicitation with 1puL Flg22 or
H,O for 1 hour before tissue collection and RT-PCR. (- = no treatment, H = H,O, P =
Pst DC3000, Ph = Pst DC3000 hrpL mutant, F = Flg22) (c) Suppression of UB::GUS
by wild-type Pst DC3000 compared to Pst DC3000 hrcC, a type III secretion mutant.
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NPS3121, or a Pst DC3000 hrcC mutant lacking the type III secretion
apparatus (Figure 4a). Nonetheless, even the nonhost bacteria can stunt the
growth of the seedlings significantly compared to the mock-treated seedlings.

The number of bacteria inside the seedlings can also be quantified in the
seedling infection assays. Seedlings are washed briefly with 70% ethanol
followed by sterile water and blotted dry on absorbent material before
grinding in a 1.5mL eppendorf tube and plating for colony forming units. Pst
DC3000 grows rapidly until about 24 hours after inoculation (Figure 4b).
Interestingly, however, although the hrcC mutant appears to be less virulent
than the wild-type in this assay, it is still able to grow relatively well inside
the plants. Colony counts show that the hrcC mutant grows only about 10
fold less than the wild-type in the seedlings, whereas a hrcC almost entirely
fails to grow in a mature leaf infiltration assay.

Using a GFP-marked Pst DC3000 strain, bacteria could be visualized
inside the stomata and propagating in the apoplastic area. After 48 hours,
bacteria colonized the intercellular spaces of the leaves and invaded the
vascular system. Interestingly, it appears that Pst DC3000 is unable to
penetrate the roots, but rather accumulates on irregular surfaces, such as areas
close to root hairs or lateral roots. (Figure 4c¢).

Interestingly, none of these bacterial strains can grow in the MS liquid
medium if the seedlings are not present, even though the medium contains
plentiful nitrogen and sugar. An unidentified, but active interaction between

Fig. 3. Callose deposition elicited by F1g22 can be detected in seedling cotyledons (a)
wild-type Col-0 treated with water, (b) wild-type Col-0 treated with 1 uM F1g22, (c)
fls2 mutant treated with 1 uM Flg22 (d) pmr4 mutant treated with 1 pM Flg22.
Seedlings were stained with 0.01% aniline blue in 0.15M K,HPO,, pH 9.5.
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plants and bacteria must be occurring because the bacteria also fail to grow in
media in which plants have been grown and they stop growing immediately if
the seedlings are removed from the well. In the presence of the plants, the
growth inside the plant is usually correlated with the growth in the media.

As previously shown by Zipfel et al. (Zipfel, Robatzek et al. 2004), Flg22
protects plants from subsequent infection by DC3000. We obtained a similar
result in the seedling assay (Figure 5). In addition, we found that the level of
protection increases as the time of pretreatment with Flg22 increases from 3
hours to 12 hours before inoculation. Interestingly, seedlings are better
protected by pretreatment for 12 hours than 24 hours. We used the same

1E+DE
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Fig. 4. Seedlings infected with Pseudomonas syringae. (a) Seedlings exhibit different
degrees of necrotic symptoms after 5 days of infection with wild-type P. syringae pv.
tomato strain DC3000 (i), a type III secretion mutant Pst DC3000 hrcC (ii), Pst
DC3000 carrying the avirulence gene avrRpt2 (iii), a nonhost pathogen P. syringae
pv. phaseolicola strain NPS3121 (iv), compared to mock-treated samples (v); (b) cfu
quantification of bacteria inside the seedlings; (c) Confocal microscopy of seedlings
infected with wild-type DC3000 carrying a constitutive GFP marker for 48 hours,
showing bacteria proliferating in the apoplastic space (i) and (ii) and stomata (iii), but
only accumulating on the surface of roots (iv).
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approach to show that seedlings pretreated with OGs were also significantly
protected from DC3000 infection.

It is known that pathogens such as DC3000 can suppress certain basal
defense responses via transfer of protein effectors into host cells via the type
IIT secretion system (Kim, da Cunha et al. 2005; de Torres, Mansfield et al.
2006). We could also observe this phenomenon in the seedling assay, using
RT-PCR (Fig 2a) or GUS staining of reporter lines (Fig 2b). As shown in
Figure 2a, WRKY29 induction by a Pst DC3000 hrpL mutant is higher than
by wild-type (lanes 4 and 6), even though both strains presumably synthesize
the same MAMPs. Our interpretation of this result is that the hrpL does not
suppress WKRY29 because it fails to synthesize type III effectors. However,
excess Flg22 overcomes DC3000-mediated suppression of WRKY29 (lanes 5
and 7). Another example, shown with the GUS staining assay in Figure 2b, is
the suppression of the UB-GUSreporter gene, identified by microarray
analysis as strongly induced by Flg22 or OGs. This gene is induced highly by
the Pst DC3000 hrcC mutant that lacks a structural component of a type II1
secretion needle, but the induction is hardly visible when treated with the
wild-type strain of DC3000.

108

10¢

10°

102

cfu / mg fresh weight
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16h 24h 48h

Fig. 5. F1g22 and OGs protect seedlings from infection by Pst DC3000. 10-day old
seedlings were treated with H,O, 200uM OGs, or 1uM Flg22 8 hours prior to
inoculation with DC3000 at ODg4y = 0.0002. Bacteria inside the seedlings were
counted at times specified. (** =P < 0.01, *** = P < 0.001, t-test).
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Limitations of the seedling assay

Despite many advantages, the seedling MAMP and infection assay has
certain limitations. The seedlings are mostly submerged since germination
and appear vitrified after several days. In the infection assay, entry of bacteria
through stomata and growth in the intersticial spaces is presumably facilitated
by the excess liquid around the seedlings. Also, unlike the leaf-infiltration
assay, infecting bacteria might be able to leave and re-enter the plants
multiple times. Finally, the seedlings can only survive for about two weeks in
microtiter wells because of overcrowding and nutrient depletion.

Conclusions

We established and validated an Arabidopsis seedling assay for MAMP-
mediated signaling and bacterial infection studies. The seedling assay
provides an alternative model for experiments that require whole plants under
sterile conditions. The assay can be carried out in a short amount of time,
and/or a limited space. Seedlings can be used for several purposes, including
RT-PCR, GUS staining of reporter lines, staining for callose deposition,
observing symptoms after infection with different strains of bacteria or
colony counting, and biological and chemical screens.
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Chapter 3

MAMP signaling in Arabidopsis thaliana roots and
its suppression by the Pseudomonas syringae

phytotoxin coronatine
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1. Introduction:

Roots are surrounded by a biologically active zone extremely rich in
microorganisms called the rhizosphere, making roots the plant organ most subject to
microbial interactions. However, these root-microbe interactions are poorly
characterized due to the facts that roots are relatively inaccessible and that many
rhizosphere microbes are not cultivable in the laboratory. Despite these limitations,
recent technical advances in high throughput sequencing of environmental DNA are
giving new insights into microbial diversity in the soil. In addition, many diverse root-
microbe interactions are now being studied. Root-microbe interactions can be beneficial,
as in the case of Mycorrhizas or N,-fixing bacteria, but they can also be pathogenic.
Most root pathogens identified so far are fungi belonging to genera such as Phytophtora,
Pythium and Fusarium, or filamentous bacteria from the Streptomyces genus (Okubara
and Paulitz, 2005). Interestingly, few bacterial species have been shown to successfully
infect roots, such as in the case of Ralstonia Solanacearum, which causes a bacterial wilt
in a wide range of hosts (Hayward, 1991). Agrobacterium tumefaciens is another root-
infecting bacterial species that is responsible for the crown gall and the hairy root
diseases. Although many bacteria in the genus Pseudomonas are successful foliar
pathogens, they have not been described as root pathogens, even though they are very
successful root colonizers. Indeed, many Pseudomonas strains actually promote plant
growth by protecting the roots against potential pathogens by competing for nutrients and
ecological niches, producing antimicrobials, and inducing plant defense mechanisms

(Whipps, 2001). In addition to the protective effect of plant growth promoting
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Pseudomonas species in the roots, some of these bacteria trigger a systemic resistance
against a broad spectrum of fungal and bacterial pathogens known as induced systemic
resistance (ISR). ISR primes the activation of defense genes in leaves, allowing the plant
to respond more strongly when attacked by a foliar pathogen (Pieterse et al., 1998; van
Loon et al., 1998). ISR is mediated by jasmonate (JA) and ethylene (ET) signaling and
requires the transcriptional regulator NPR1, a key regulator in salicylic acid (SA)
signaling. Despite the fact that plants are constantly subject to a diverse range of
microbial interactions in the roots, the molecular bases of these interactions are still
unclear.

Plants have evolved an innate immune response to protect themselves against
pathogens. Like animals, plants recognize conserved epitopes of microbe-derived
molecules called microbe-associated-molecular patterns (MAMPs) such as bacterial
flagellin (Felix et al., 1999) and bacterial elongation factor Tu (Kunze et al., 2004).
Other MAMPs include chitin, a major component of the fungal cell wall,
lipopolysaccharides (LPS) or peptidoglycans (PGNs). MAMP recognition is mediated by
pattern recognition receptors (PRRs). In addition to an oxidative burst, ethylene and
nitric oxide production, MAMP recognition triggers a complex cascade of MAP kinases
that leads to the activation of many transcription factors and defense-response genes as
well as the deposition of callose, a 3(1-3)-glucan polymer, which strengthens and dams
weak or compromised sections of plant cell walls at the site of pathogen attack. One of
the best-characterized MAMPs is Flg22, a 22 amino acid synthetic polypeptide
corresponding to a highly conserved epitope of the Pseudomonas aeruginosa flagellin

protein (Felix et al., 1999). Flg22 is recognized by the leucine-rich repeat receptor like
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kinase (LRR-RLK) FLS2 (Gomez-Gomez et al., 2001). Despite the facts that Flg22 is
one of the best-studied MAMPs and that the roots are constantly subject to microbial
interactions, very little is known about MAMP-mediated responses in roots.

Many pathogens have evolved strategies to evade the plant immune response,
including, in the case of bacteria, the injection of virulence effectors directly into the
plant cell using the type III secretion system (TTSS) (Block et al., 2008). Type III
effectors play a key role in the virulence of pathogenic bacteria such as Pseudomonas
syringae by suppressing the plant basal immune response that is activated by MAMP
recognition. In addition, many P. syringae pathovars secrete the low molecular weight
phytotoxin coronatine (COR) that functions as a mimic of JA-Isoleucine (JA-Ile), the
active intracellular amino acid conjugate form of JA, taking advantage of a natural
mutually antagonistic interaction between the SA and JA signaling pathways (Kunkel and
Brooks, 2002). This results in the suppression of SA signaling, a key component in basal
resistance against P. syringae. In addition, COR represses the Flg22-elicited activation
of the Arabidopsis gene NHOI, which is important for resistance against non-host
Pseudomonas strains (Li et al., 2005; Lu et al., 2001). By definition, non-host bacteria
are bone fide pathogens on some hosts but not pathogenic on a particular host in question.
Finally, COR suppresses MAMP-induced stomatal closure, believed to block epiphyte
pathogens such as P. syringae from entering the interior of leaves through these natural
openings (Melotto et al., 2006). This suppressive ability of COR to block SA signaling
and stomatal closure is mediated by COI1, an E3 ligase involved in jasmonate signaling
and a key component of the defense response against nectrophic pathogens and insect

herbivores.
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In this work, using GUS reporters corresponding to MAMP-activated genes and
MAMP-elicited callose deposition responses, we show that three MAMPs, Flg22, chitin,
and PGN, trigger a strong tissue-specific response in Arabidopsis roots. In particular, we
show that the Flg22 and PGN responses are restricted to the elongation zone of the root
tip, whereas the response to chitin is localized in the mature zone of the roots. We also
demonstrate that the MAMP-triggered callose deposition in roots is dependent on indole
glucosinolate biosynthesis, on the PEN2 myrosinase, and on ET signaling, similar to
what was previously shown in cotyledons (Clay et al., 2009). In addition, we find that
ET signaling plays a major role in the Flg22-elicited responses in roots by potentiating
the root response to Flg22. Similar to what was described in leaves, we show that P.
syringae suppresses MAMP responses in the roots, but unlike leaves, this suppression is
not dependent on the TTSS but on the production of COR. Indeed, cor mutants of P.
syringae, unable to produce COR, do not suppress the Flg22 response whereas purified
COR does. In contrast to the expectation that COR suppresses MAMP responses by
antagonizing SA-activated defense pathways, we demonstrate that the MAMP-triggered
callose deposition in roots is independent on SA signaling. Finally, the COR-mediated
suppression of MAMP responses is dependent on COI1 and MYC2, two major players in
the JA signaling pathway. This is the first reported example of a mechanism suppressed

by COR in plant roots.
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I1. Materials and Methods

II.1. Plant erowth conditions

To carry out either callose deposition or GUS reporter gene staining assays in the
roots, Arabidopsis thaliana Col-0 seedlings were grown in 12-well microtiter dishes
sealed with parafilm, each well containing 10 to 15 plants and 1mL Seedling Growth
Medium (SGM; 1X MS basal medium with vitamins (Phytotechnology Laboratories)
containing 0.5g/L MES hydrate, and 0.5% sucrose at pH5.7). Plants were grown for 10
days at 22°C in a plant growth chamber under 16 hours of light (100uE). The medium
was changed on day 8.

For experiments involving root RNA extraction, in order to easily separate the
roots from the shoots, plants were grown vertically in 20x100mm circular Petri dishes
containing 25mL of SGM medium solidified with 1% phytagar (PlantMedia) for 2 weeks
at 22°C in a plant growth chamber under 12 hours of daylight (100 wE). The plates were
then placed horizontally and covered with 6mL of SGM medium for 2 days before

treatment with elicitors and extraction.

11.2. Bacterial strains and infections

Pseudomonas syringae bacterial strains were cultured on KB plates supplemented
with appropriate antibiotics: 50ug/mL rifampycin for P. syringae pv. tomato (Pst)
DC3000 and Pst CUCPBS5112 (hrcC), 50ug/mL kanamycin for PstDB4G3 (cfa6),
PstDB29 (cfabecmaA) and P. syringae pv. maculicola (Psm) ES4326-cfa6, 30ug/mL

streptomycin for PstAK7E2 (cmaAd) and PsmES4326. For infection of seedlings grown
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in 12-well microtiter dishes, bacteria were grown overnight in KB supplemented with an
appropriate antibiotic at 28°C. Bacteria were centrifuged, washed three times with water,
and resuspended in water to a final ODggo of 0.04. 10 day-old seedlings were infected by
adding 50uL of bacterial suspension into each well to a final ODgg of 0.002. Treatments
with elicitors were performed 18h or 6h after infection. The Pseudomonas aeruginosa
PA14 and E. coli DH5a. bacterial strains were cultured on LB plates and grown overnight
at 37°C. Infection of seedlings by PA14 or DH5a was also performed with an initial
ODygoo of 0.002. Pst strains DB29, DB4G3 and AK7E2 carry a transposon expressing the
uid4 gene coding for the B-glucuronidase, which interferes with the Arabidopsis,.,: GUS
reporter assays. For experiments involving these strains, 18h after inoculation, the media
from each seedling assay was collected and filtered through a 0.22uM filter (Millipore).
Fresh 10-day old seedlings were then treated with this “bacteria free” media and the

various elicitors.

11.3. Treatment of seedlings with elicitors, hormones, toxins, and inhibitors

Elicitors, hormones, toxins, or inhibitors were used at the following
concentrations unless otherwise specified: 100nM Flg22 for GUS assays; 1uM Flg22 for
callose assays and root RNA extraction; 1uM EIf26; 100ug/ml B. subtilis peptidoglycan
(Sigma); 100ug/mL chitin (Sigma) for GUS assays; 500ug/mL chitin for callose assays;
IuM coronatine (Sigma); 10uM methyl-jasmonate (Sigma); 1uM K252a (Sigma);
100ug/mL BFA (brefeldin A) (Sigma); 100uM SA; 100uM ACC (1-aminocyclopropane-

I-carboxylic acid). A 10mg/mL chitin stock solution was prepared by autoclaving
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250mg of chitin resuspended in 25mL of water for 30 minutes. The solution was then

centrifuged and the supernatant collected.

11.4. Root RNA extraction and RT-PCR and gRT-PCR analysis

Total RNA was extracted from the roots of approximately 15 two week-old
seedlings per sample using TRIzol (Invitrogen) according to the manufacturer’s
instructions. The roots were snap frozen by liquid nitrogen and grinded using a mortar
and pestle. Total RNA was treated with DNAse I (Ambion) to avoid genomic DNA
contamination and lug of total RNA was reverse-transcribed using the iScript cDNA
synthesis kit from Biorad. qRT-PCR was performed using a CFX96 real-time PCR
machine (Biorad) and iQ SYBR Green Supermix (Biorad). The program used for qRT-
PCR was as follows: 3 minutes at 95°C, 45 cycles of 15 seconds at 95°C/30 seconds at
53°C, followed by a melt curve from 70°C to 94°C with 0.5°C increments every 10
seconds. Primers used for qRT-PCR were as follows:

CYP71A12-F, GATTATCACCTCGGTTCCT
CYP71A12-R,CCACTAATACTTCCCAGATTA
MYB51-F, ACAAATGGTCTGCTATAGCT
MYB51-R, CTTGTGTGTAACTGGATCAA
ERFI-F, TCGGCGATTCTCAATTTTTC
ERFI-R, ACAACCGGAGAACAACCATC
EIF4A1-F, TCTGCACCAGAAGGCACA

EIF4A1-R, TCATAGGATGTGAAGAACTC
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11.5. GUS Histochemical assay

After treatment with bacteria and/or elicitors, etc., plants grown in 12-well
microtiter dishes were washed with 50mM Sodium Phosphate buffer pH7. 1mL of GUS
substrate solution (50mM Sodium Phosphate pH7, 10mM EDTA, 0.5mM K4[Fe(CN)s],
0.5mM Kij[Fe(CN)g], 0.5mM X-Gluc, 0.01% Silwet L-77) was poured in each well. The
plants were vacuum-infiltrated for Smin and then incubated at 37°C for 4 hours otherwise
specified. Tissues were fixed with a 3:1 ethanol:acetic acid solution at 4°C overnight and
placed in ethanol 95%. Tissues were cleared in lactic acid and observed under a

Discovery V12 microscope (Zeiss).

11.6 Callose staining

Following treatment with elicitors, bacteria, etc., 10 day-old seedlings grown in
12-well microtiter dishes were fixed in a 3:1 ethanol:acetic acid solution for several
hours. The seedlings were briefly vacuum-infiltrated and the fixative was changed
several times to insure both thorough fixing and clearing of the tissues, which is essential
for good callose detection in the roots. Seedlings were re-hydrated in 70% ethanol for 2
hours, 50% ethanol for an additional 2 hours, and water overnight. After 2 or 3 water
washes, seedlings were treated with 10% NaOH, vacuum-infiltrated briefly and placed at
37°C for 1 to 2 hours in order to make the tissues transparent. This last step was also
very important for callose detection. After 3 or 4 water washes, seedlings were incubated
in 150mM K,HPOy4, pH9.5, 0.01% aniline blue (sigma) for several hours. The roots were
mounted on slides in 50% glycerol and callose was observed immediately after using an

Imager Z.1 microscope (Zeiss) under UV (excitation 390nm, emission 460nm).
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11.7. Construction of Transgenic Lines

1.7 to 2.5 kb of the promoter regions of MYB51 (1.7 kb), WRKYI1 (1.7 kb),
AT5G25260 (2.5 kb), CYP71412 (2.5 kb) or PEN2 (2 kb) were amplified using Expand
High Fidelity polymerase (Roche) and cloned into the multiple cloning site of pBI101,
which confers resistance to kanamycin. The promoter:GUS constructs were then
sequenced and transformed into Agrobacterium tumefaciens strain GV3101. Columbia
wild type plants were then transformed and progeny selected on kanamycin as described
(Clough and Bent, 1998). The primers used to amplify the different promoters were as
follows (the restriction site used is underlined and the enzyme indicated in parentheses):

p71A12-F, CGGAAGCTTGTTCTACCAGCAGCCTTGC (HindIII)
p71A12-R, GCTCTAGATTCTTGAATATTGCTCATGTATGAAAG (Xbal)

pMYB51-F, ACACACCTGCAGTGTACTAAAGAACTACTGTAA (Pstl)

pMYB51-R, ACACACGTCGACCCATGGTCTTGATTCTTCAAACTTAGCT (Sall-Ncol)
pWRKY11-F, ACACACCTGCAGCTTCCCCACCCATATATAGCCA (Pstl)

pWRKY11-R, ACACACGTCGACCCATGGGATGATTTCTTGGTCTGAGGAT (Sall-Ncol)

pAT5G25260-F, GCTCTAGACATAAAGTTGTAGTAAGAC (Xbal)
pAT5G2520-R, TTCCCGGGTTGAACATGTCTAGGATC (Smal)
pPEN2-F, GCTCTAGAIGGACTAGCAAGGAATATC (Xbal)
pPEN2-R, AAGGCCTCTTGTCTTGATTCAGAAG (Stul)

The PEN3,,,:GUS line was provided by Yuki Ichinose (Okayama University, Japan).

11.8. Mutant seed stocks

The following insertion lines were obtained from the Arabidopsis Biological

Resource Center, Columbus, OH: cyp81F2-1 (SALK 073776), myb51-1 (SM_3 16332),
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jinl-7 (SALK 040500), efr-2 (SALK _068675), bakl-3 (SALK 034523).
The fIs2 (SAIL 691 CO04) line was obtained from Jeffrey Dangl (University of
North Carolina at Chapel Hill, USA). The cyp79B2cyp79B3 line was obtained from John

Celenza (Boston University, USA) and the cerkl-2 (GABI kat 096F(09) insertion line

from Naoto Shibuya (Meiji University, Japan).
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II1. Results

II1.1. MAMPs elicit a strong response in the roots

To determine whether Arabidopsis roots respond to MAMPs, and if so, in which
cell types, promoter:GUS transgenic lines were generated for four marker genes
(CYP71A12, MYB51, WRKYI11 and AT5G25260) that are upregulated in seedlings treated
with Flg22 (Denoux et al.,, 2008). CYP71A412 encodes a cytochrome P450, highly
homologous to CYP71A13, which has been shown to catalyze the conversion of indole-
3-acetaldoxime (IAOx) to indole-3-acetonitrile (IAN) during camalexin biosynthesis
(Nafisi et al., 2007). MYBS5I is a transcription factor essential for the regulation of
indole-glucosinolate biosynthesis (Gigolashvili et al., 2007). The transcription factor
WRKY11 is a negative regulator of basal resistance in Arabidopsis (Journot-Catalino et
al., 2006). Finally, AT5G25260 encodes a nodulin-like protein of unknown function that
is an ortholog of the mammalian protein flotillin-1 involved in lipid raft formation.

All four GUS reporter genes were activated after Flg22 treatment in the
elongation zone (EZ) of seedling roots (Figure 1A). This response was completely
abolished in fIs2 and bakl-3 mutants, lacking a functional FIg22 receptor (FLS2)
(Gomez-Gomez et al., 2001) or an associated receptor kinase (BAK1) (Chinchilla, 2007),
respectively (Figure 1B). Moreover, no induction was observed after treatment with a
control Flg22 polypeptide derived from Agrobacterium tumefaciens that does not activate
FLS2-mediated signaling (Figure 1C). Finally, the general kinase inhibitor K252a, which
blocks FLS2 internalization (Robatzek et al., 2006) and impairs the FLS2-BAKI1

(Chinchilla, 2007) interaction, and brefeldin A (BFA), which inhibits FLS2 recycling to
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Figure 1. Flg22 elicits promoter: GUS reporter gene expression in transgenic Arabidopsis
seedlings.

(A) Flg22 elicits expression of GUS reporter genes in the root elongation zone.
Transgenic seedlings carrying CYP71A412,,,:GUS, MYB51,,,:GUS, WRKY11,,,GUS, or
AT5G25260,,,:GUS reporters were treated with 100nM Flg22 for 3h (MYB5/ and
WRKYII) or 5Sh (CYP71412 and AT5G25260) before GUS staining.

(B) Flg22-elicitation of a CYP71412,,,:GUS depends on the Flg22 receptor FLS2 and the
accessory receptor-like kinase BAK-1. Transgenic fIs2;CYP71A412,,,:GUS or bakl-3;
CYP71412,,,:GUS seedlings were treated with 100nM FIg22 for 5h before GUS staining.
(C) A peptide corresponding to Agrobacterium tumefaciens flagellin does not activate
CYP71A412,,,:GUS. Transgenic CYP71A412,,,:GUS seedlings were treated with 100nM
F1g22"¢™ for 5h before GUS staining.

(D) Flg22-elicitation of a CYP71A412,,:GUS is blocked by the kinase inhibitor K252a
and the membrane transport inhibitor brefeldin A (BFA). Transgenic CYP71A412,,,:GUS
seedlings were co-treated with 100nM FIg22 plus 1% DMSO, 1uM K252a in DMSO or
100ug/mL BFA in DMSO for 5h before GUS staining.
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the membrane (Robatzek et al., 2006), suppressed the Flg22 response in the roots (Figure
1D). The MYB51, WRKYI11 and AT5G25260 reporters (but not the CYP71A412 reporter),
were also activated by Flg22 in seedling leaves (Figure S1).

Consistent with the conclusion that Flg22-elicited gene expression in roots is
localized in the EZ, Flg22-elicited callose deposition, a well-studied response to MAMPs,
was also localized in the root EZ (Figure 2). Similar to the GUS reporter assays results
shown in Figure 1, callose deposition was completely abolished in fIs2 and bakl-3
mutants. In the pmr4-1 mutant that lacks a functional callose synthase, no callose
deposition was observed as well.

Three additional MAMPs, peptidoglycan (PGN), Elf26, and chitin, were also
tested for GUS reporter gene activation and callose deposition in Arabidopsis seedling
roots. PGNs consist of a polymer of alternating N-acetylglucosamine and N-acetyl-
muramic acid residues cross-linked by small peptides. PGN from Bacillus subtilis, a well-
known root colonizer, strongly activated the CYP71A412 and MYB51 GUS reporters in the
EZ, similar to the Flg22 response (Figure S2A), and activated the WRKYII and
At5G25260 promoters to a lesser extent. This response was not due to flagellin
contamination of the PGN solution since the fIs2 mutant was still able to strongly respond
to PGN (Figure S2B). Furthermore, the GUS response to PGNs was abolished in the
bakI-3 mutant (Figure S2C). PGNs also triggered callose deposition in the EZ. However,
this latter response was much weaker and more variable than the Flg22-elicited response
(Figure S3A). EIf26 did not activate any of the GUS reporters or callose deposition in
the roots (Figures S2A; S3A). This was not due to a lack of activity of EIf26 since it did

trigger callose deposition in wild-type cotyledons, but not in the EIf26 receptor mutant
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Figure 2. Flg22 and chitin elicit callose deposition in wild type and mutant Arabidopsis
roots.

Callose staining in roots of seedlings treated with water (A); 1uM Flg22 (B-E);
500ug/mL chitin for 18h (F). Col-0 (A, B, F); fIs2 (C); baki-3 (D), pmr4-1 (E).
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efr-2 (Figure S3B). Finally, chitin, a sugar polymer of N-acetylglucosamine, triggered a
strong root response, but in contrast to Flg22 and PGN, GUS reporter gene activation and
callose deposition occurred throughout the entire mature zones of the roots (Figure 2F;
S4), but not in the EZ. The chitin-elicited callose response was abolished in the cerki-2
mutant that is insensitive to chitin, as well as in the callose synthase mutant pmr4-1
(Figure S5C; S5D). In contrast to Flg22 and PGN and consistent with chitin-elicited
signaling in leaves (Shan et al., 2008), the response to chitin was independent of BAK1
since the bakl-3 mutant had a normal GUS response and normal callose deposition

following chitin treatment (Figure S4; S5E).

111.2. Indole glucosinolates are required for callose deposition in roots

Our laboratory previously reported that Flg22-elicited callose deposition in
Arabidopsis cotyledons was dependent on the synthesis of indol-3-ylmethylglucosinolate
(I3G) biosynthesis, which is in turn dependent on the transcription factor MYBS51 (Clay
et al., 2009). Callose deposition in cotyledons was also found to be dependent on the
cytochrome P450 CYP81F2, required for the methoxylation of I3G to form 4-methoxy-
I3G (4M-I3G), the PEN2 myrosinase, which presumably hydrolyzes 4M-I3G, and the
PEN3 ABC transporter. Here, we observed that the Flg22-elicited callose deposition in
roots was abolished in myb51-1, cyp79B2cyp79B3 (impaired in I3G biosynthesis),
cyp81F2-1 or pen2-1 mutants (Figure 3). Significantly, we observed the same results for
chitin-elicited callose deposition (Figure S5). Interestingly, PEN2 was activated by
Flg22 in the EZ (Figure S6A). The PEN3 ABC transporter, required for the Flg22-

elicited callose response in the cotyledons, was required for the chitin-elicited response
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Figure 3. MYB51, CYP8I1F2 and PEN2 are required for Flg22-elicited callose deposition
in roots.

Callose staining in the roots of Col-0 (A); myb5I-1 (B); cyp8IF2-1 (C);
cyp79B2cyp79B3 (D); pen2-1 (E); or pen3-1 (F) treated with 1uM Flg22 for 18h.
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but not the Flg22-elicited response in the roots (Figures 3F, S50). This latter observation
correlates with the expression pattern of PEN3,.,:GUS (Figure S6B). PEN3 was
expressed throughout the entire root except in the root tip. Moreover, PEN3,,,:GUS
expression in roots was activated by chitin but not by Flg22 (Figure S6B). It is possible
that another ABC transporter, expressed in the root EZ, is substituting for PEN3 after

Flg22 elicitation in the roots.

I11.3. Coronatine suppresses MAMP responses in the roots

To further study MAMP signaling activation in Arabidopsis roots, we tested if
Pseudomonas fluorescens WCS417r, a root colonizer and ISR inducer, activated
CYP71412,,:GUS in seedling roots. Intriguingly, despite the fact that P. fluorescens
produces MAMPs, WCS417r did not activate the CYP71A412 reporter (Figure 4A). We
hypothesized that WCS417r may suppress MAMP responses in the roots. To test this
hypothesis, seedlings were pre-inoculated with P. fluorescens WCS417r prior to Flg22
treatment. Indeed, WCS417r suppressed the Flg22-elicited activation of the CYP71A412
reporter (Figure 4A) as well as the Flg22-elicited deposition of callose in the root EZ
(Figure 4D). Although Pseudomonas syringae is generally considered to be a leaf
pathogen, it is known to colonize roots (Bais et al., 2004). Similar to P. fluorescens
WCS417r, P. syringae pv. tomato strain DC3000 (PsfDC3000) did not activate any of the
four GUS reporters or the deposition of callose in the root EZ and suppressed the Flg22-
elicited activation of the reporters and callose deposition (Figures 4B; 4D; S7). Similar
results were obtained with P. syringae pv. maculicola strain ES4326 (PsmES4326) for

the CYP71412,,:GUS reporter (Figure S8A). These results suggest that both P.
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Figure 4. P. syringae and P. fluorescens suppress Flg22-elicited responses in Arabidopsis roots.

(A) P. fluorescens WCS417r suppresses Flg22-elicited expression of CYP71A412,,:GUS. Transgenic
CYP71412,,:GUS seedlings were pre-infected with WCS417r for 18h and then treated with 100nM
Flg22 for 5 h before GUS staining.

(B) The P. syringae DC3000 Type III secretion system is not required for suppression of Flg22-elicited
expression of CYP71412,,,:GUS. Transgenic CYP71412,,:GUS seedlings were pre-infected with Pst
DC3000 or Pst DC3000(AhrcC) (CUCPB5112) for 18h and then treated with 100nM Flg22 for 5h before
GUS staining.

(C) Coronatine synthesized by P. syringae DC3000 suppresses Flg22-elicited expression of
CYP71412,,:GUS. Col-0 Seedlings were infected with Pst DC3000 or the coronatine deficient mutant
DB29 (cfa’; cma’), DB4AG3 (cfa’) or AK7E2 (cma’) for 18h. The collected media was filtered. Transgenic
CYP71412,,,:GUS seedlings were incubated in the filtered media and treated with 100nM Flg22 for 5h
before GUS staining.

(D) Coronatine suppresses the Flg22-elicited deposition of callose in Arabidopsis roots. Col-0 seedlings
treated with 1uM FIg22 for 18h (a) or pre-infected with P. fl. WCS417r (b) Pst DC3000 (¢), Pst DB29
(cfa’; cma’) (d), or Pst CUCPB5112 (hreC) (e) for 6h or co-treated with 1uM COR (f) and then treated
with 1uM Flg22 for 18h.
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fluorescens and P. syrinage actively suppress MAMP-elicited responses in Arabidopsis
roots.

Two P. syringae-encoded mechanisms have been described that suppress MAMP-
mediated responses, the injection of effectors directly into plant cells via the type three
secretion system (TTSS) (He et al., 2006; Li et al., 2005) and the synthesis of the
phytotoxin coronatine (COR) (Li et al., 2005; Melotto et al., 2006). A non-polar hrcC
mutant of PstDC3000, CUCPB5112, which is unable to inject its type three effectors,
suppressed both Flg22-elicited CYP71A412,,,:GUS reporter gene expression and callose
deposition (Figures 4B; 4D), indicating that the suppression is independent of the TTSS.
These results contrast with previous studies that showed that various P. syringae TTSS
effectors suppress Flg22-induced callose deposition in leaves (Hauck et al., 2003; Kim et
al., 2005). Consistent with published data, PstDC3000 but not PstDC3000 hrcC
suppressed Flg22-elicited callose deposition in seedling cotyledons (Figure S9).

In contrast to the ArcC mutants, several COR deficient mutants of PsfDC3000
(Figure 4C) and the COR deficient cfa6 mutant of PsmES4326 (Figure S8A) failed to
block Flg22-elicited GUS reporter gene activation in the root EZ. Furthermore, the COR
deficient PstDC3000 DB29 mutant did not suppress Flg22-elicited callose deposition
(Figure 4D). These results show that COR synthesis is required for suppression of the
Flg22-elicited responses in the root EZ. To determine whether COR is sufficient to
suppress these responses, seedlings were co-treated with Flg22 and purified COR. In the
absence of bacteria, COR suppressed the Flg22-elicited GUS and callose responses
(Figures 4D; 5; S10). COR also suppressed activation of the GUS reporters by PGN and

chitin (Figure S2; S4), as well as chitin-elicited callose deposition (Figure S11B).
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Figure 5. COR acts as a mimic of JA-Ile in suppressing Flg22-elicited expression of
CYP71A412,,,:GUS in Arabidopsis roots.

Transgenic seedlings carrying a CYP71412,,,:GUS reporter construct in WT, jarl-1,
coil-1, or jinl-7 backgrounds were co-treated with 1luM COR or 10uM MeJA and
100nM Flg22 for 5h before GUS staining.
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However, because PGN alone elicited relatively low levels of callose deposition, it was
difficult to determine whether COR suppressed this response. E. coli was unable to
suppress the Flg22-elicited activation of CYP71412,,,:GUS in the roots showing that the
ability to suppress the MAMP response in roots is not shared by all bacteria. Consistent
with the fact that Flg22 derives from the Pseudomonas aeruginosa flagellin, the P.
aeruginosa strain PA14 activated the CYP71A412,,,:GUS reporter in the absence of Flg22
(Figure S8A; S8B).

COR is a polyketide composed of two parts, coronafacic acid (CFA) and
coronamic acid (CMA) linked by an amide bond. To test which component of COR is
necessary for the suppressive effect on innate immunity, the PsfDC3000 cor” mutants
DB4G3, deficient in CFA, AK7E2, deficient in CMA, and DB29, deficient in both CFA
and CMA, were tested for their ability to suppress the FIg22 response in the roots. All
three mutants failed to suppress the CYP71412,,,:GUS reporter response (Figure 4C),
suggesting that intact COR is required for suppression. Since the bacterial strains used in
these experiments were isogenic and grew at a similar rate, it is highly unlikely that the
lack of suppression of the cor” mutants was due to a non-specific growth defect.

Although COR is known to be a chlorosis-inducing toxin, the following
observations make it unlikely that COR is blocking MAMP-activated responses simply
because of its toxic effect on roots. First, no visible cell damage was observed in the
roots by microscopic observation after COR treatment. Second, COR did not affect the
expression of other GUS-reporters expressed in the root tip, such as DR5:GUS (data not

shown), or in the mature zone of the root, such as PEN3,,,.GUS (Figure S6B).
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111.4. The MAMP response in the roots suppressed by COR is independent of SA

signaling

SA signaling plays a major role in Arabidopsis resistance to P. syringae and the
mutual antagonism between the SA and JA signaling pathways is well documented. It is
generally accepted that COR, similarly to JA-Ile, suppresses the SA pathway. We
reasoned that if COR suppresses MAMP-activated signaling as a consequence of JA-SA
antagonism, then MAMP-mediated signaling pathways should be dependent on SA
signaling. To test this hypothesis, two mutants in the SA pathway (sid2-2, npri-1) were
tested for their callose response to MAMPs in roots. SID2 is an isochorismate synthase
required for the production of SA (Wildermuth et al., 2001). NPR1 is a key regulator of
many SA-responsive genes and is required for the SA-mediated systemic acquired
resistance (Cao et al., 1994; Cao et al., 1997). Neither sid2-2 nor nprl-1, however, was
impaired in Flg22 and chitin-elicited callose deposition in the EZ (Figures 6A; S5).
These SA-related mutants were also crossed with the four promoter: GUS reporter lines.
Flg22-elicited activation of the GUS reporters was similar to wild type seedlings in the
sid2-2 and mnpri-1 mutants (Figure 6B). In addition, treatment of seedlings with
exogenous SA, did not activate the CYP71A412,,:GUS reporter or trigger callose
deposition (Figure 6A; 6C). Altogether, these results show that the response to MAMPs
in the roots, and by extension, its suppression by COR, are independent of SA signaling.

We next investigated if SA signaling was able to antagonize COR. Because COR
is believed to act as a JA mimic, we predicted that treating the seedlings with exogenous
SA should impair, at least partially, the COR-mediated suppression of MAMP-signaling.

Although a 6h pre-treatment of the seedlings with SA did not block COR-mediated
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Figure 6. COR-mediated suppression of Flg22-elicited signaling is independent of SA signaling.

(A) Callose deposition in the roots of Arabidopsis seedlings. npri-1 (a); sid2-2 (b) or Col-0 (c-f)
seedlings treated with 1uM Flg22 for 18h (a, b, ¢). Wild-type seedlings were treated with 100uM SA for
24h (d) or pre-treated with 100uM SA for 6h and then treated with 1uM Flg22 with or without 1uM
COR for 18h (e,f).

(B) Flg22 elicited CYP71A412,,:GUS or MYB51,,:GUS expression in Arabidopsis seedlings.
CYP71412,,,:GUS or MYB51,,,:GUS seedlings were treated with 100nM Flg22 for 3h (for MYB51) or
5h (for CYP71A412) in npri-1 or sid2-2 mutant backgrounds.

(C) CYP71A412,,,:GUS seedlings were pre-treated with 100uM SA for 6, 12 or 24 hours and then treated
with 100nM Flg22 and 1uM COR for 5h.
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suppression of Flg22-elicited callose deposition or suppression of CYP71412,,,:GUS
(Figure 6A, 6C), a 12h pre-treatment with SA was able to block COR-mediated
suppression of the CYP71412,,,:GUS reporter (Figure 6C). These data show that under
the appropriate conditions, SA is able to antagonize COR-mediated suppression,
consistent with a recent report that showed that the kinetics of SA-signaling plays a major
role in the suppression of JA responses (Koornneef et al., 2008). Importantly, these data
do not contradict the experiments described above showing that COR-mediated
suppression of MAMP responses does not appear to be a consequence of antagonism

between the JA and SA signaling pathways.

II1.5. ET signaling potentiates the MAMP response in roots and antagonizes the COR

suppressive effect

After ruling out a major role for SA signaling in the MAMP-mediated activation
of root defense responses, we sought to determine the role of other hormone signaling
pathways. Our laboratory has recently shown that ET signaling plays a key role in Flg22-
elicited callose deposition in cotyledons (Clay et al., 2009). The ET signaling mutant
ein2-1 was 1impaired in FIg22-elicited activation of the CYP71412,,:GUS,
MYB51,,,:GUS and WRKYI1,,:GUS reporters (Figure 7A) in roots. Flg22-elicited
activation of MYB51 and CYP71A412 were also analyzed by qRT-PCR in wild-type and
ein2-1 roots. The levels of MYB51 and CYP71A412 transcripts were lower in the Flg22-
treated ein2-1 roots compared to wild-type roots, confirming the importance of ET
signaling (Figure 7B). However, the basal expression level of these genes was also lower

in ein2-1 mutant roots and a significant activation by Flg22 was observed for both genes,
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Figure 7. Flg22-elicited gene expression in Arabidopsis roots is potentiated by ET signaling.
(A)  Transgenic  seedlings carrying CYP71412,,:GUS, MYB51,,:GUS, or
AT5G25260,,,:GUS reporters in an ein2-/ mutant background were treated with 100nM
Flg22 for 3h (for MYB51) or 5h (for CYP71A412 or ATG25260) before GUS staining.

(B) qRT-PCR analysis of MYB51, CYP71A12 and ERFI transcript levels in the roots of 2-
week old Col-0 or ein2-1 seedlings grown on vertical plates and treated with 1uM Flg22 for
3h.

In (B) and (C), qRT-PCR data represent the mean +SD of 3 replicate samples. *P<0.05,
**P<(.01, ***P<0.001; two tailed ¢ test.
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even though GUS staining driven by MYB51,,,:GUS and CYP71A412,,:GUS was not
observed. A lower basal expression of MYB51 was also observed in ein2-1 cotyledons
compared to wild-type by looking at the MYB51,,,:GUS reporter line (Figure S1). These
data indicate the existence of a Flg22-elicited ET-independent signaling pathway for the
activation of MYB51 and CYP71A412.

The qRT-PCR results shown in Figure 7B suggest that a low level of Flg22-
elicited activation of MYB5I] and CYP71A412 occurs in ein2-1 roots and that under
appropriate staining conditions it should be possible to observe a low level of GUS
activity for the two reporters in ein2-/ seedlings. Indeed, a weak activation of
MYB51,,,:GUS and CYP71A412,,,:GUS in the ein2-1 mutant background was detected by
staining overnight instead of 4h (Figure S12). The absence of ET signaling in the roots
of the ein2-1 mutant seedlings was confirmed by qRT-PCR analysis of ERFI, whose
expression is known to be ein2-dependent (Lorenzo et al., 2003) (Figure 7B). Additional
evidence for the existence of a Flg22-activated ET-independent pathway came from
analysis of the AT5G25260,,:GUS reporter line. Unlike MYB51,,,:GUS,
CYP71A412,,:GUS and WRKY11,,,:GUS, AT5G25260,,,:GUS was strongly activated by
Flg22 in the ein2-1 mutant (Figure 7A). Taken together, these data show that MYB51 and
CYP71A412 can be activated by both ET-dependent and ET-independent signaling
pathways.

The results described above led us to hypothesize that Flg22 triggers a modest
response by an ET-independent pathway but that ET signaling significantly potentiates
this response. This was confirmed by examining callose deposition in the roots of

various ET signaling mutants. ein2-1, etrl-3 and ein3-1 mutants were compromised for
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Figure 8. The Flg22-elicited callose response in the roots is ethylene-dependent.

Callose staining in the roots of ein2-1 (A), ein3-1 (B), etri-3 (C), ctri-1 (D, E, F) or Col-
0 (G, H) seedlings treated with 1uM Flg22 (A-D); 1uM Flg22 and 1uM COR (E) or
IuM Flg22 and 10uM COR (F) for 18h. Wild-type seedlings were pre-treated with

100uM ACC for 24h and then treated with 1uM Flg22 with or without 1luM COR (G,
H).
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both Flg22 and chitin-elicited callose deposition in the roots (Figure 8; S5), showing that
ET signaling is necessary for detectable callose deposition. Furthermore, the Flg22-
elicited callose response was much stronger in the constitutive ET signaling mutant ctr-
1 and a 10 fold higher concentration of COR (10 pM) was required to obtain reproducible
suppression of the callose response in this mutant (Figures 8E; 8F). In addition, COR, at
the concentration that normally suppresses the callose response in wild-type seedlings,
was ineffective when seedlings were pre-treated with ACC, the precursor of ET (Figure
8H). ACC alone did not trigger the activation of any GUS reporters (data not shown) or
callose deposition (Figure S5P) in the root EZ. These results are consistent with the
observations that the ET overproducing mutant efo/-/ and the constitutive ET-signaling
pathway mutant ctr/-1 do not constitutively produce callose in the root EZ (data not
shown). Taken together, the data show that ET signaling potentiates the MAMP response

and by doing so, antagonizes the COR suppressive effect.

I11.6. COR represses the ET-dependent and ET-independent transcriptional activation of

MAMP-responsive genes in roots

Because our data show that ET signaling potentiates MAMP signaling in the roots
(Figures 7; 8), we sought to determine whether COR blocks the transcriptional activation
of key ET-dependent genes involved in MAMP signaling. Among the ET-dependent
responses required for MAMP-induced callose deposition in Arabidopsis cotyledons and
roots is MYBS51-dependent biosynthesis of I3G. As shown in Figure 7B, Flg22 activates
MYBS51 by both ET-dependent and ET-independent mechanisms and the activation of this

gene is potentiated by ET. Monitoring expression of MYB51 by qRT-PCR showed that it

79



Figure 9. COR suppresses both the ET-dependent and ET-independent Flg22-elicited
activation of MYB51, CYP71A12 and requires MYC2.

qRT-PCR analysis of MYB51 and CYP71A12 transcript levels in the roots of 2 week old
Col-0, ein2-1 (A) or jinl-7 (B) seedlings grown on vertical plates and treated with 1uM
Flg22 with or without 0.2uM COR for 3h.
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is repressed by COR (Figure 9). This result was confirmed by examining the
MYB51,,,:GUS transgenic line treated with Flg22 and COR (Figures S10). The fact that
AT5G25260 activation by Flg22 is ET-independent (Figure 7A) and that COR is able to
repress the expression of this gene (Figure S10) suggested that COR blocks both the ET-
dependent and ET-independent pathways activated by MAMPs. We therefore examined
the expression of MYB5I and CYP71A412 in ein2-1 roots after treatment with Flg22 and
COR. COR repressed MYB51 and CYP71A412 expression in the ein2-1 mutant (Figure

9A) showing that COR suppresses both the ET-dependent and independent pathways.

II1.7. COR acts through COI1 and MYC2 to suppress the response to MAMPs

As discussed above, COR is believed to act by mimicking JA-Ile. In accordance
with this result, methyl-jasmonate (MeJA), also suppressed the Flg22 response in the
roots in both the GUS reporter and callose deposition assays, although at a 10 times
higher concentration than COR (Figures 5; 10C; S10). MeJA also suppressed chitin-
elicited callose deposition (Figure S11C). To test if the COR/MeJA suppressive effect of
the Flg22 response in roots is dependent on the canonical JA signaling pathway, different
mutants impaired in JA signaling were tested. JA-amino acid conjugates such as JA-Ile
bind to the E3 ubiquitin ligase COIl. COIl is a major component of JA signaling and
coil mutants are severely impaired in multiple JA responses. The binding of JA-Ile to
COII promotes the downstream interaction of JAZ proteins (for Jasmonate ZIM-domain)
with the SCF“°"" ubiquitin ligase complex and their targeting to the proteasome. JAZ
proteins are known to be repressors of the transcription factor JIN1 (for Jasmonate

INsensitive 1), also known as MYC2. JINI/MYC2 is a transcription factor involved in
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Figure 10. The COR-mediated suppression of the Flg22-elicited callose deposition in roots requires
COIl and MYC2.

Callose staining in the roots of Col-0 (A, B, C); coil-1 (D, E, F); jinl-7 (G, H, I); and jari-1 (J, K, L)
treated with 1uM Flg22 (A, D, G, J); 1uM Flg22 and 1uM COR (B, E, H, K); or 1uM FIg22 and 10uM
MelJA (C, F, I, L) for 18h.
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many jasmonate responses. Among other phenotypes, jinl/myc2 mutants are partially
impaired in JA and COR-mediated root growth inhibition and are more susceptible to
herbivorous insects such as Helicoverpa armigera (Dombrecht et al., 2007).

COR and MeJA were not able to suppress the Flg22-elicited GUS and callose
deposition responses in the roots of coil/-1 mutant (Figures 5; 10; S10). The jinl-7
mutant was also impaired for both COR and MeJA-mediated suppression (Figures 5; 10;
S10). However, a weak suppressive effect was detectable in the case of the GUS assay
suggesting the existence of at least one additional “JINI/MYC2-like” gene. The
repression of MYB51 and CYP71A412 by COR after activation by Flg22 was also tested by
qRT-PCR in jinl-7 mutants. COR was unable to repress those genes in jinl-7 roots
confirming the essential role of JINI/MYC2 in the COR-mediated suppression of MAMP
responses in roots (Figure 9B). JARI (for Jasmonic Acid Resistant 1) is an amino acid
conjugase required for the formation of JA-Ile. It is believed that the conjugated form of
JA is the actual signaling molecule because jar! mutants are resistant to JA, especially
with respect to its root growth inhibitory effect. Interestingly, COR was still able to
suppress the Flg22 response in the jarl/-I mutant whereas MeJA did not (Figure 5; 10;
S10). This result confirms that MeJA needs to be conjugated to an amino acid to be
active and suppress the Flg22 response and that COR functions as a JA-Ile mimic
downstream of JARI1. Significantly, the same results were obtained for COR and MeJA
suppression of the chitin-elicited callose deposition in coil-1, jarl-1 and jinl-7 (Figure

S11).
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IV. Discussion

Using sensitive and relatively high throughput assays to study MAMP signaling
in Arabidopsis roots, we demonstrated that MAMPs elicit transcriptional responses and
callose deposition in MAMP-specific locations. Flg22 and PGN trigger a response that is
localized to the elongation zone (EZ) of the root tip. Most root pathogens initiate
infection at the EZ, probably because the remodeling of cell walls that occurs in the EZ
makes the cells more susceptible to pathogen attack. The EZ is also generally considered
to be a major site of exudation of secondary metabolites. It is possible that these
exudates attract pathogens by chemotaxis and that plants in turn evolved MAMP
signaling in the EZ to trigger the deposition of callose and the exudation of
antimicrobials. Unlike FIg22 and PGN, however, chitin elicits a response in the mature
zones of roots but not in the root tips, including the EZ. This raises the interesting
hypothesis that plants evolved tissue-specific innate immune responses to different
MAMPs that depend on the nature of the attacking microorganism. Pathogenic
rhizobacteria, unlike fungi and nematodes, generally cannot directly penetrate the
epidermal layers of roots and therefore exploit the weakest part of the roots and potential
wounds to attack. This is the case of Ralstonia Solanacearum that preferentially infects
at the EZ and at the natural openings present at the junctions between the main and lateral
roots (Vasse, 1995). Unlike bacteria, root pathogenic fungi and nematodes, both
producing chitin, are able to successfully penetrate the epidermal layer and are generally

able to infect throughout the entire root.
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The localization of the Flg22 response in the EZ is not due to the localization of
the Flg22 receptor in the EZ since FLS2 was shown to be expressed in the entire root
(Robatzek et al., 2006). Another explanation could be that FLS2 is only internalized at
the EZ. In preliminary experiments, however, in contrast to cotyledons, we could not
detect any FLS2 internalization in the roots using an FLS2-GFP transgenic line. Another
difference that distinguishes Flg22 and PGN from chitin is that Flg22 and PGN-elicited
responses both require the accessory leucine-rich-repeat receptor-like kinase BAKI1
(Figures 1B; 2D; S2C; S5E). This result, consistent with published reports (Shan et al.,
2008) suggests that the pattern recognition receptor corresponding to PGN is probably
associated with BAK1 and is most likely a LRR-RLK like FLS2. BAKI1 was shown to
be highly expressed in roots but its precise localization is not known. The Flg22 and
PGN responses at the EZ might be explained by the potential EZ localization of BAK1.
However, a transgenic line carrying a functional 35S-BAKI-GFP construct showed
normal callose deposition and no ectopic callose deposition outside of the EZ after Flg22
elicitation (data not shown). These results suggest that BAK1 localization is not
responsible for the Flg22 and PGN responses localization.

Despite the differences in the localization of the responses and BAK1 dependency
with respect to Flg22 and PGN, on the one hand, and chitin, on the other, we showed that
most of the MAMP signaling pathway leading to callose deposition is conserved between
Flg22 and chitin and between roots and leaves. Common features of Fgl22- and chitin-
elicited signaling pathways include the requirement of ET signaling, MYBS51-dependent
I3G biosynthesis, CYP81F2-dependent 4-methoxylation of 13G, and the involvement of

the PEN2 myrosinase. One difference that we observed between the Flg22 and chitin
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responses, however, is that the ABC transporter PEN3, required for Flg22-elicited callose
deposition in cotyledons, is required for the chitin-elicited callose deposition, but is not
required for Flg22-elicited one. Therefore, it is possible that another ABC transporter is
substituting for PEN3 in the EZ of root tip. PEN3 belongs to the PDR ABC transporter
subfamily, which consists of 15 homologues. Examining Flg22-elicted callose deposition
in the corresponding ABC transporter gene mutants may identify the PDR ABC
transporter substituting for PEN3 in the EZ.

Similar to leaves, we showed that P. syringae is able to suppress MAMP induced
callose deposition in roots. However, unlike the MAMP response in leaves, we
demonstrated that P. syringae-mediated suppression is independent of the P. syringae
TTSS, but dependent on the production of the phytotoxin COR, a structural mimic of the
signaling molecule JA-Ile. COR is known to block root growth, which raised the concern
that COR is suppressing the MAMP-activated responses in the EZ by just stopping root
growth. This hypothesis was discarded since other root growth inhibitors such as auxin
did not block the Flg22 response (data not shown). Moreover, cutting the meristematic
zone of the root tip did not block the response to Flg22 (data not shown). Finally, Flg22
itself is known to block root growth (Gomez-Gomez and Boller, 2000). In fact, COR-
mediated suppression of MAMP responses is dependent on the ubiqutin ligase COII, a
key regulator of JA signaling, similar to what was found for COR suppression of MAMP-
induced stomatal closure in Arabidopsis leaves (Melotto et al., 2006). In addition, we
demonstrated that COR-mediated suppression of the MAMP response in roots is also
mostly dependent on the transcription factor MYC2 (also referred to as JIN1). However,

we observed that COR-mediated suppression of MAMP signaling is also partially
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independent of MYC2. A weak COR-mediated suppressive effect was detected in the
Jjinl-7 mutant in the case of the CYP71412,,,:GUS reporter. That is, the activation of the
CYP71412,,,:GUS reporter by Flg22 was not completely suppressed by COR in the jin!-
7 background. Moreover, we found that CYP81F2 activation by Flg22 in the roots is also
repressed by COR but that the COR-mediated repression of CYP81F?2 is independent of
MYC2 (i.e., it is not affected in a jin/-7 mutant) (data not shown). These results, in
parallel with the fact that the jin/-7 mutant is only partially impaired for its COR-
mediated root growth inhibition (Dombrecht et al., 2007), suggest the existence of at least
one additional gene that could share a redundant function with MYC2.

Importantly, we found that COR is suppressing MAMP-elicited responses in the
roots independently of the well-documented JA-SA antagonism. This result differs from
the model generally accepted for the mode of action of COR based on the antagonism
between JA and SA signaling. For example, the MAMP-elicited stomatal closure
suppressed by COR requires the SA biosynthetic enzyme SID2 and the SA regulatory
protein NPR1. Moreover, stomatal closure is induced by SA. COR is also believed to
promote bacterial growth and persistence in plant tissue by taking advantage of the JA-
SA antagonism since the growth of COR deficient mutants of P. syringae is restored to
wild-type levels in the Arabidopsis mutants sid2 and in the transgenic line nahG, unable
to accumulate SA during infection. However, we found that the MAMP responses in
roots that are suppressed by COR are SA-independent. This result correlates with the
repression of the Flg22-induced Arabidopsis gene NHOI by COR (Li et al., 2005).
Indeed, NHOI is activated by the non-host bacteria P. phaseolicola independently of SA

signaling since the transgenic line nahG shows a normal activation of NHO! compared to
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wild-type plants (Kang et al., 2003). Our data confirm that COR is able to suppress some
SA-independent plant defense mechanisms.

The suppression of the MAMP responses in roots is not restricted to pathogens.
Indeed, the beneficial bacterium P. fluorescens WCS417r also suppresses the Flg22
response in the roots. This result is counterintuitive since beneficial rhizobacteria are
believed to protect the roots against potential pathogens by inducing plant defense.
However, it is possible that the suppression of MAMP signaling is necessary for
successful root colonization by PGPRs. In addition, the fact that P. fluorescens
WCS417r suppresses MAMP signaling in the roots also contradicts the prevailing view
that MAMPs are the molecular determinants responsible for ISR. It is possible that the
early phases of root colonization by plant growth promoting bacteria requires the
suppression of MAMP signaling to protect the bacteria against MAMP-elicited
antimicrobial exudates. Once the colonization is achieved, however, the bacteria may be
protected against the plant antimicrobials by the formation of a biofilm and stop the
suppression of MAMP signaling allowing ISR. To our knowledge, P. fluorescens does
not produce coronatine or compounds with related structures. Therefore, it is likely that
this bacterium suppress the MAMP-response in roots via a different mechanism.

One possible mechanism by which P. fluorescens suppresses MAMP signaling in
roots may relate to the fact that MAMP signaling is largely ET dependent. As shown in
Figures 7 and 8, ET significantly potentiates the response to Flg22 in roots and this
potentiating role of ET is necessary to observe detectable levels of callose. A role for ET
as an important modulator of plant defense responses has also been described in many

previous studies. In particular, ET was shown to increase the expression of the SA-
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marker gene PR/ in response to SA (Lawton et al., 1994). In addition, ET was shown to
modulate NPRI1-mediated crosstalk between SA and JA (Leon-Reyes et al., 2009).
Interestingly, the P. fluorescens genome encodes an ACC deaminase, which degrades
ACC, the ET precursor, into 2-oxobutyrate and ammonia. The ACC deaminases of
beneficial rhizobacteria have been shown to play a positive role in plant growth and
colonization of roots by other beneficial microorganisms such as arbuscular Mycorrhizas
(Belimov et al., 2009; Gamalero et al., 2008; Wang et al., 2000). It is possible that
beneficial microbes use this enzyme to decrease ACC levels and ET production in roots,
thereby suppressing the MAMP response and allowing them to colonize the root surface.
However, the role of MAMP signaling in plant growth promoting bacteria root
colonization needs to be addressed. Studying the expression of the ACC deaminase and
the suppression of MAMP signaling at different stages of P. fluorescens root colonization
could provide us with a better understanding of the mechanisms involved in root
colonization and ISR. A systematic approach combining the promoter: GUS lines and the
assays described in this paper with mutants transposon libraries of various root colonizing
bacteria, pathogenic or beneficial, will help us determine the strategies that different

bacteria have evolved to suppress MAMP-elicited responses in roots.
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Figure S1. Activation of the promoter:GUS reporters in cotyledons.

Transgenic seedlings carrying CYP71A412,.,:GUS, MYB51,,:GUS (in WT or ein2-1
background), WRKY11,,,GUS, or AT5G25260,,,:GUS reporters were treated with 100nM
Flg22 for 3h (MYB51 and WRKYII) or 5h (CYP71A412 and AT5G25260) before GUS

staining.
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Figure S2. GUS staining in the roots of promoter:GUS reporters after PGN or Elf26
treatment.

(A) Transgenic seedlings carrying CYP71A412,,,:GUS, MYB51,,,:GUS, WRKY11,,,GUS, or
AT5G25260,,,:GUS reporters were treated with 1uM EIf26 or 100ug/mL B. subtilis PGN
with or without 1uM COR for 5 hours before GUS staining.

(B) fls2 seedlings carrying a CYP71412,,,:GUS reporter were treated with 100pg/mL B.
subtilis PGN for 5 hours before GUS staining.

(C) bakli-3 seedlings carrying CYP71A412,,,:GUS or MYB51,,,: GUS reporters were treated
with 100pug/mL B. subtilis for 5 hours before GUS staining.
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Figure S3. Callose staining in Arabidopsis seedling roots after PGN or EIf26 treatment.
(A) Callose staining in the roots of Col-0 seedlings treated with 100ug/mL PGN or 1uM

Elf26 for 18h.
(B) Callose staining in the cotyledons of Col-0 and efi-2 seedlings treated with 1uM

El£26 for 18h.

92



CYP71A12 MYB51 WRKY11 AT5G25260
TG \d

Control M X | A /

chitin

chitin

-+
COR

bak1-3
chitin

Figure S4. GUS staining in the roots of promoter:GUS reporters after chitin treatment.
Transgenic seedlings carrying CYP71A412,,,:GUS, MYB51,,,:GUS, WRKY11,,,GUS, or
AT5G25260,,,:GUS reporters in wild-type or bakl-3 mutant backgrounds were treated
with 100pg/mL chitin with or without 1 pM COR for 20 hours before GUS staining.

93



Figure S5. Callose staining in seedling roots of various Arabidopsis mutants after chitin
and ACC treatment.

Callose staining in seedling roots treated with 500ug/mL chitin (A-O) for 18h or 100uM
ACC for 24h (P). Col-0 (A, B, P); cerki-2 (C); pmr4-1 (D); bakl-3 (E); myb51-1 (F);
cyp81F2-1 (G); cyp79B2cyp79B3 (H); npri-1 (1); sid2-2 (J); ein2-1 (K); etri-3 (L);
ein3-1 (M); pen2-1 (N); pen3-1 (O).
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Figure S6. GUS staining in the roots of PEN2 and PEN3 promoter: GUS reporters.
Transgenic seedlings carrying PEN2,,,:GUS (A) or PEN3,,,:GUS (B) reporters treated
with 1uM Flg22 for 6h or 100ug/mL chitin for 20h with or without 1luM COR before
GUS staining.
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Figure S7. GUS staining in seedling roots of promoter: GUS reporters after pre-infection
with Pst DC3000 or Pst DB29 (cfa’; cma’) followed by Flg22 treatment.

Col-0 Seedlings were infected with Pst DC3000 or the coronatine deficient mutant Pst
DB29 (cfa’, cma’) for 18h. The collected media was filtered. MYB51,,,-:GUS (A) or
AT5G25260,,,:GUS (B) seedlings were incubated in the filtered media and treated with
100nM Flg22 for 3h (for MYB51) or 5h (for AT5G25260) before GUS staining.
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Figure S8. GUS staining in the roots of transgenic CYP71412,,,:GUS seedlings after
pre-infection with various bacteria followed with or without Flg22 treatment..

(A) CYP71412,,,:GUS transgenic seedlings pre-infected by Psm ES4326, Psm ES4326-
cfa6, or E. coli DH5a for 18h and then treated with 100nM Flg22 for 5h before GUS
staining.

(B) CYP71412,,,:GUS seedlings infected with P. aeruginosa strain PA14 for 24h.
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Figure S9. Flg22-elicited callose deposition in cotyledons of Col-0 seedlings after
infection with P. syringae hrcC and coronatine deficient mutants.

Col-0 seedlings were pre-infected with Pst DC3000, Pst DB29 (cfa’; cma’) or Pst
CUCPB5112 (hreC) for 6h and then treated with 1uM Flg22 for 18h.
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Figure S11. Suppression of the chitin-elicited callose deposition in the roots by COR and
MeJA in Col-0, coil-1, jinl-7 and jari-1 seedlings.

Callose staining in the roots of Col-0 (A, B, C); coil-1 (D, E, F); jinl-7 (G, H, I); or
jarl-1 (J, K, L) seedlings treated with 500ug/mL chitin for 18h (A, D, G, J); pre-treated
with 5uM COR for 6h and treated with 500ug/mL chitin for 18h (B, E, H, K); or pre-
treated with 50uM MeJA for 6h and treated with 500ug/mL chitin for 18h (C, F, I, L).

100



CYP71A12 MYB51
WT ein2-1 WT ein2-1

Control

Flg22 ' H. ‘

Figure S12. Overnight GUS staining in the roots of CYP71412,,:GUS and
MYB51,,,: GUS promoter: GUS reporters in wild-type or ein2-1 backgrounds.

Transgenic seedlings carrying CYP71412,,,:GUS, MYB51,,,: GUS reporters in wild-type
or ein2-1 mutant backgrounds were treated with 100nM Flg22 for 3h (for MYB51) or S5h
(for CYP71A412) before GUS staining. In this case the GUS staining was performed
overnight instead of the normal 4h.
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Chapter 4

A forward genetic screen to isolate new coronatine

insensitive mutants
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I. Introduction

Despite the fact that COR is the best-studied phytotoxin involved in plant
pathogenesis, only two classes of mutants impaired in their response to COR have been
identified in Arabidopsis, the coil and jinl mutants (Feys et al., 1994; Laurie-Berry et al.,
2006). COIl is a major component of JA signaling and mediates the ubiquitination of
JAZ proteins, negative regulators of the JINI/MYC2 transcription factor. In presence of
JA or COR, JAZ proteins are ubiquitinated and subsequently degraded by the
proteasome, releasing MYC2, involved in many JA responses. Consistent with
previously published reports, I showed that the coil-I and jin/-7 mutants are
compromised for the COR-mediated suppression of the MAMP response in roots.

COR and JA both inhibit root growth in Arabidopsis (Feys et al., 1994; Staswick
et al., 1992). This property was used in forward genetic screens with great success to
isolate COR and JA insensitive mutants including coil, jarl and jinl mutants (Feys et al.,
1994; Lorenzo et al., 2004; Staswick et al., 1992). (jarl mutants were only isolated when
JA was used as the selective agent since COR functions downstream of JAR1, an amino
acid ligase that conjugates amino acids such as Ile to JA). However, screens for JA or
COR resistant mutants using the root growth inhibition assay lacked sensitivity and all
the mutants identified for resistance to COR were alleles of COI1 (Feys et al., 1994).

In order to identify novel components of the JA/COR signaling pathway, I took
advantage of the ability of COR to suppress the FIg22 response in roots to isolate new
mutants impaired in their response to COR. The development of the liquid seedling

assay and the generation of promoter:GUS reporter lines activated by MAMPs in the
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roots gave me the tools to perform a much more sensitive forward genetic screen in an
attempt to identify other players than COIl and MYC2 involved in the COR-mediated
suppression of the response to MAMPs. Specifically, I used transgenic plants expressing
CYP71412,,,:GUS to screen for mutants that expressed GUS in roots when treated with

both Flg22 and COR.
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I1. Materials and Methods

1I.1 EMS mutagenesis

~50,000 M1 transgenic CYP71412,,:GUS seeds were placed in a 50mL
propylene conical tube. 40mL of water containing 0.3% EMS (ethyl methane sulfate)
was added to the seeds and the tube was rotated for 15 hours. The seeds were washed 8
to 10 times with water and suspended in 0.1% agarose. ~5000 M1 seeds were sowed on
2ft* flats at a density of ~500 seeds per flat. M2 seeds were collected in 373 pools (~10
seeds/M1 plants from 10 M1 plants). EMS is extremely toxic and was handled with
particular care (lab coat, double gloves, work in the fume hood). EMS was inactivated

with 1M NaOH.

11.2 Growth of M2 plants

9-day old mutagenized CYP71A412,,:GUS M2 seedlings were grown in 6-well
microtiter dishes sealed with parafilm, each well containing ~40 seedlings and 2.5mL
liquid Seedling Growth Medium (SGM; 1X MS basal medium with vitamins
(Phytotechnology Laboratories) containing 0.5g/L MES hydrate, and 0.5% sucrose at

pHS5.7). ~80 M2 seedlings were grown from each pool of M1 plants (2 wells).

11.3 Treatment of M2 seedlings with Flg22 and COR

The seedlings were co-treated with 100nM Flg22 and 0.5uM COR for 5h before

non-lethal GUS staining
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11.4 Non-lethal GUS staining

After treatment with Flg22 and COR, seedlings were incubated for 1h at 37°C in
2.5mL of sterile non-lethal GUS substrate solution (50mM Sodium Phosphate pH7, SmM
EDTA, 0.5mM X-Gluc). Seedlings with GUS staining in their root tips were detected
using magnifying glasses and transferred to Petri dishes containing 25mL of SGM

medium solidified with 1% phytagar (PlantMedia) for recovery.

II. 5 Sequencing of coil mutations

The genomic DNA of suspected coil mutants were extracted as follows: a young
leaf was placed in a 1.5mL microcentrifuge tube and ground in 400uL of extraction
buffer (200mM Tris HCI pH 7.5, 250mM NaCl, 25mM EDTA, 0.5% SDS). The tube
was centrifuged 5 minutes at 14,000 rpm and 300uL of the supernatant transferred to a
new tube. DNA was precipitated by adding 300uL of isopropanol. After 2 minutes at
room temperature, the tube was centrifuged 5 minutes at 14,000 rpm. The supernatant
was removed and the pellet washed with 70% cold ethanol and let to dry on the bench.
DNA was resuspended in 50uL of water.

The full length COI1 gene was amplified by PCR and sent for sequencing. The

primers used for PCR and/or sequencing were as follows:

COI1-F1, TTG ATT CCA TCG TCC CACTT
COI1-F2, GGC TGC TGC TGT TCT TCA TA
COI1-F3, CAT ACT TGG GAA TGC GTC CT
COI1-R1, AAG ACA ACA GAC AGT TGC ATG A

COI1-R2, ACA CAG TTT GTG GAA ACC CC
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Figure 1. EMS screen to find mutants impaired for the COR-mediated suppression of the
MAMP response in roots.
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II1. Results and Discussion

EMS mutagenized CYP71412,,:GUS seeds were screened for mutants that
expressed the CYP71412,,,:GUS reporter in response to Flg22 in the presence of COR.
This work was performed with the help of high school student Diana Bartenstein. The
screening strategy is outlined in Figure 1 and the results to date are summarized in Figure
2. Altogether, 90 mutants with confirmed phenotypes were identified in 290 independent
pools of M2 seeds, 44 of which showed a strong phenotype with a complete lack of
suppression of CYP71412,,,:GUS by COR. To date, 26 mutants with strong phenotypes
and 33 with leaky phenotypes have been backcrossed once with Col-0 as well as crossed
to the Landsberg ecotype (Ler) for future mapping. Among the 90 mutants, 12 were male
sterile, a well-known phenotype of coil mutants (Feys et al., 1994). The COI locus in
these 12 mutants was sequenced from PCR products generated using the primers shown
in Figure 3. Eight of the 12 sequenced mutants had mutations in the sequenced region of
the COI1 gene (Figure 3), confirming the validity of the screen.

So far, 19 mutants have been tested for MeJA root growth inhibition. Of these, 11
had normal root growth inhibition, showing that at least 11 mutants most likely do not
have a coil or jinl mutations that confer total or partial MeJA insensitivity. This result
suggests that other players than COIl1 and JINI/MYC2 involved in the COR-mediated
suppression of the MAMP response in roots will most likely be identified from the
screen. In comparison, a forward genetic screen performed by Feys et al. in 1994 for
resistance to COR-mediated root growth inhibition only identified coi/ mutants.

We expect the following classes of mutants from the screen: mutants upstream,
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Figure 2. Current progress of the screen.
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downstream or parallel to MYC2 and mutants conferring enhanced Flg22 response
making it harder for COR to suppress. We are planning on categorizing the mutants by
crossing them to a 35S:MYC2 transgenic line and to the jin/-7 mutant. Mutants
containing lesions upstream of MYC2 should be rescued by constitutive expression of
MY C2 whereas mutants downstream of MY C2 should not. Mutants containing lesions in
components parallel to (redundant with) MYC2 (which we would predict would have
leaky phenotypes) should exhibit an increased lack of suppression (strong phenotypes) in
the jinl-7 background. Finally, mutants with an enhanced FIg22 response can easily be
tested by GUS staining or qRT-PCR of Flg22-induced genes. We expect a higher level
of Flg22-mediated activation of CYP71412,,,:GUS in the absence of COR. Finally, the
mapping of some of those mutants is underway and will help us to identify new players in

COR and JA signaling as well as the FIg22 response in roots.
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Figure 3. coil mutations identified in the forward genetic screen.

(A) Schematic representation of the COII gene indicating the sites of the coi/ mutations
found in the forward genetic screen (asterisks). The arrows indicate the primers used for
sequencing.

(B) Schematic representation of the COI1l protein indicating in red the coil mutations
found in the screen and in gray, the previously characterized coil/ mutations. The F-BOX
domain is represented in green and the LRR domains in blue.
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Chapter 5

Functional studies of the cytochrome P450

CYP76C2
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I. Introduction

The cytochromes P450 are the largest family of plant enzyme proteins and are
found in virtually all organisms from bacteria to humans. The number of P450s is
particularly high in plants. 246 genes coding for P450s have been identified in
Arabidopsis thaliana (plus 26 pseudogenes) and 356 in rice (Oryza sativa) (plus 99
pseudogenes). In comparison, the human genome “only” codes for 58 P450s (and 57
pseudogenes) (http://drnelson.utmem.edu/CytochromeP450.html). The vast number of
P450s in plants is believed to be related to the emergence of a rich secondary metabolism.
Over the course of evolution, plants developed an extremely various and complex set of
chemicals, enabling them to grow in an aerial and competitive environment, to respond to
biotic and abiotic stresses, and to communicate with other plants.

Cytochromes P450 are heme-binding proteins classified as monooxygenases.
They use NADPH or NADH as electron donors and molecular O, as an oxygen donor.
The reaction most often catalyzed by P450s is the insertion of one oxygen atom into a

substrate that results in a hydroxylation as follows:

RH + O, + NADPH,H" = ROH + H,0 + NADP"

They can also catalyze a variety of other reactions involving oxygenation,

including epoxidations and nitrogen and sulfur oxidations. P450s also catalyze

dealkylations, isomerizations, dimerizations, dehydrations, carbon-carbon cleavage,

decarboxylations, dehalogenations and deaminations (Sono et al., 1996). The diverse
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Figure 1. Diverse reactions catalyzed by cytochromes P450.
Figure from Sono et al., 1996.

115



reactions catalyzed by P450s are summarized in Figure 1. P450s can also bind to carbon
monoxide in their reduced state instead of O,. This shifts the maximum of absorbance of
the heme to 450 nm. The family took its name from this property (Pigment absorbing at
450 nm).

So far, all the P450s described in plants are membrane-bound, most often on the
cytosolic side of the endoreticulum. However, a number of Arabidopsis thaliana P450s
are described or predicted to be targeted to the chloroplasts or mitochondria, based on
their signal peptides (Schuler, 2006; Werck-Reichhart, 2002). P450s are usually coupled
with an NADPH-cytochrome reductase or NADH-cytochrome bs reductase and
cytochrome bs (Werck-Reichhart, 2002). Those proteins allow the sequential transfer of
electrons from NADPH or NADH to the heme and the reduction of Fe’* to Fe*" leading
to O, activation. The catalytic cycle of a P450-mediated hydroxylation is shown in
Figure 2 (Werck-Reichhart and Feyereisen, 2000).

The natural substrates of P450s are highly diverse. P450s have been shown to
play a role in the biosynthesis of structural polymers (lignin, cutins, suberins), UV
protectants  (flavonoids, coumarins, sinapoyl esters), antioxidants, pigments
(anthocyanins, carotenoids), hormones (auxin, jasmonate, brassinosteroids, gibberellins)
and defense compounds (isoflavonoids, glucosinolates, terpenes etc.). In addition, P450s
are known to detoxify exogenous molecules such as pesticides and pollutants, known as
xenobiotics (Schuler and Werck-Reichhart, 2003).

A number of P450s have been shown to play important roles for plant defense
against pathogens in Arabidopsis thaliana, in particular for the biosynthesis of the

signaling molecule oxylipin jasmonate, the biosynthesis of antimicrobial compounds
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Figure 2. Catalytic cycle of cytochromes P450s.

P450s are classified as monooxygenases and they most often catalyze an hydroxylation.
The reaction involves a one-electron reduction of the heme Fe’* to Fe*" leading to the
binding of O, followed by a second one-electron reduction leading to the formation of the
activated oxygen intermediate species [A]*" protonated to form the [B]” intermediate.
[B]” is subsequently protonated to form water and the very reactive and electrophilic
iron-oxo intermediate [C]. It is usually [C] that reacts with the substrate to form the
hydroxylated product.

Figure from Werck-Reichhart and Feyereisen, 2000.
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such as indolic glucosinolates and the phytalexin camalexin, or in lipid metabolism for
the development of the cuticle. Those P450s are summarized in Table 1. However, a
number of P450s that are transcriptionally activated by pathogens have not been
characterized. These are potentially important in plant defense, either for the synthesis of
signaling molecules or defense compounds. Discovering the function of those P450s is
an important part of trying to better understand plant defense responses. This chapter
focuses on one of these P450s, CYP76C2.

Microarray data analysis performed at MGH in the Ausubel laboratory by Carine
Denoux and Julia Dewdney revealed that a number of cytochromes P450 are highly
induced by two MAMPs, Flg22 and OGs (Table 2) (Denoux et al., 2008). Among these
P450s, some had already been shown to be involved in plant defense mechanisms, such
as CYP71B15 and CYP71A413, which are required for the biosynthesis of camalexin
(Ferrari et al., 2003; Nafisi et al., 2007; Schuhegger et al., 2006; Thomma et al., 1999), or
CYP79B2 and CYP79B3 for the biosynthesis of indole glucosinolates and camalexin
(Bednarek et al., 2009; Clay et al., 2009; Kim et al., 2008). However, many of these
p450s have not been characterized yet. Among the uncharacterized P450s, four are highly
up-regulated by Flg22 or OGs: CYP76C2, CYP8IDS, CYP82C2 and CYP82C3. 1
decided to focus my attention on CYP76C?2 since it was previously described as activated
during the hypersensitive response, a major response of plants to pathogens (Godiard et
al., 1998). Moreover, a promoter: GUS transgenic reporter line and a 35S overexpressing
line had already been generated for the CYP76C2 gene by Sébastien Grec, a former post-

doctoral fellow in Daniele Werck’s laboratory.
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I1. Materials and Methods

II.1. Plant erowth conditions

For GUS staining, RT-PCR or infections in adult leaves, Arabidopsis thaliana
plants were grown on 2 mix professional formula soil (Fafard) for 4-5 weeks under 12h
of daylight (75uE), 18°C at night, 22°C during the day, and 60% humidity. In the case of
GUS staining in senescing leaves, plants were grown until the first senescing leaves
appeared. In the case of GUS staining in siliques, plants were grown until flowering and
mature siliques were collected at different stage of senescence.

For GUS staining, or RT-PCR in Arabidopsis thaliana seedlings, plants were
grown in 12-well microtiter dishes sealed with parafilm, each well containing 10 to 15
plants and 1mL of seedling growth medium (SGM; 1X MS basal medium with vitamins
(Phytotechnology Laboratories), 0.5g/L. MES hydrate, 0.5% sucrose, pH5.7). Seedlings
were grown for 10 days at 22°C in a plant growth chamber under 16 hours of light
(100uE). The medium was changed on day 8.

For plants grown on horizontal agar plates, seedlings were grown on SGM
medium solidified with 1% phytagar (PlantMedia) at 22°C in a plant growth chamber
under 12 hours of daylight (100uE).

For plants grown on vertical agar plates, seedlings were grown on 20x100mm
Petri dishes containing SGM solidified with 1% phytagar (PlantMedia) at 22°C in a plant

growth chamber under 12 hours of daylight (75 uE).

11.2. Bacterial infection
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Pseudomonas syringae bacterial strains were cultured on King’s Broth (KB)
plates supplemented with appropriate antibiotics: 50ug/mL rifampycin for P. syringae pv.
tomato  (Pst) DC3000 and PstDC3000 hrcC, 50ug/mL kanamycin for
PstDC3000/AvrRPT2. Bacteria were grown overnight in KB supplemented with an
appropriate antibiotic at 28°C. Bacteria were centrifuged, washed three times with water,
and resuspended in water to the appropriate final ODggo.

For GUS staining or RT-PCR in adult leaves, the lower surfaces of leaves were
infiltrated with a bacterial suspension of ODggp 0.002 using a ImL syringe. For bacterial
counts in adult leaves, leaves were infiltrated with a bacterial suspension of ODggo
0.0002. In the case of 10 day-old seedlings, plants were infected by adding 50uL of

bacterial suspension into each well to a final ODgoo of 0.0002.

11.3. Botrytis cinerea infections

B. cinerea was cultivated on plates containing MEP media (1% proteose peptone,
2% malt extract, 2% glucose, 1.5% agar) sealed with 3M surgical tape (Micropore) and
placed under 12h of daylight (75 uM), 18°C at night, 22°C during the day, 80%
humidity, until sporulation (~2 weeks). Spores were harvested by flooding the plate with
sterile water, scraping the surface with a glass rod, collecting and filtering the suspension
through a sterile gauze pad. The spore suspension was then centrifuged at 3000 rpm for
10 minutes and resuspended in PDB (Potato dextrose broth). The spore concentration
was determined using a hemocytometer and adjusted to 5.10°/mL in PDB. Leaves were
infected by placing a SuL drop of spore suspension on each side of the mid-vein and the

plants were covered with a plastic dome.
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11.4. GUS histochemical assay

The transcriptional activation CYP76C2 was studied using a promoter:GUS
transgenic line generated by Sébastien Grec, a former post-doctoral fellow in Danicle
Werck-Reichhart’s laboratory in Strasbourg. The GUS histochemical assay was
performed as followed. After treatment with bacteria and/or elicitors, etc., plants were
washed with 50mM Sodium Phosphate buffer pH7 and incubated in GUS substrate
solution (50mM Sodium Phosphate pH7, 10mM EDTA, 0.5mM K4[Fe(CN)s], 0.5mM
K;[Fe(CN)s], 0.5mM X-Gluc, 0.01% Silwet L-77). The tissues were vacuum-infiltrated
for Smin for seedlings, 20 minutes for adult leaves, and then incubated at 37°C for 6 to 8
hours. Tissues were then fixed with a 3:1 ethanol:acetic acid solution at 4°C overnight

and placed in ethanol 95%.

11.5. Nitroblue tetrazolium (NBT) staining in seedling roots

After treatments, seedlings were placed in a 2mM NBT, 20mM phosphate buffer

pH6.1 for 15 minutes. The reaction was stopped by placing the seedlings in water.

11.6. Bacterial count in adult infected leaves

For cfu (colony forming units) experiments, 4 leaves of 6 different plants were
infiltrated with bacteria at an initial ODgoo of 0.0002. After 3 days, 6mm disks in the
infected area were collected from each infected leaves (2 disks per leaves) and ground in
100uL of water. The number of colony forming units (cfus) per cm® was determined by

10X serial dilution of the initial grinding solution. A 5uL drop of each dilution was
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plated on LB plates supplemented with the proper antibiotic and the number of bacterial

colonies for each dilution counted.

11.7. Treatment with elicitors, hormones, toxins, herbicides

Elicitors, hormones, toxins, were used at the following concentrations unless
otherwise specified: 1uM Flg22, 10uM SA, 10uM ABA, 25mM H,0,, 1uM fumonisin
B1 (FB1), 1uM isoproturon, 10nM paraquat. All stock solutions were prepared in water
except the ABA stock solution, which was prepared at 50mM in 50% ethanol. For
treatments in adult plants, Flg22 was simply infiltrated in the leaves using a ImL syringe
as for bacterial infiltration. For treatments in seedlings, the elicitor, hormone or toxin
was simply added directly to the liquid growth media. As a control, an equal amount of

solvent was added in the medium or infiltrated in the leaf.

11.8. RNA extraction and RT-PCR analysis

For RT-PCR in seedlings, total RNA was extracted from approximately 15
seedlings. In the case of RT-PCR in adult infected leaves, total RNA was extracted from
3 infected leaves (same stage) coming from 3 different plants. RNA was extracted using
the RNeasy plant mini kit (Qiagen) according to the manufacturer’s instructions. The
leaves were snap frozen by liquid nitrogen and ground using a mortar and pestle. Total
RNA was treated with DNAse I (Ambion) to avoid genomic DNA contamination and
lug of total RNA was reverse-transcribed using the iScript cDNA synthesis kit from
Biorad. RT-PCR was performed using a DNA engine tetrad 2 PCR machine (Peltier) and

Taq polymerase (Roche). The program used for RT-PCR was as follows: 3 minutes at
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94°C, and n cycles of 30 seconds at 94°C, 30 seconds at 55°C and 40 seconds at 70°C.

The primers used for RT-PCR were:

CYP76C2-F, TCA TCG GAA ACA TTC ACCTTG
CYP76C2-R, GAT CAA GGA ACC CCA GAA ATG
PR1-F, CCA CAA GAT TAT CTA AGG GT

PR1-R, TAG TTG TTC TGC GTA GCT C

UBQS5-F, CCT AAC GGG GAA GAC CAT AAC

UBQS5-R, AGG ATC GAT CTA CCG CTA CAA

11.9. Mutant seed stocks

Insertion mutants used in this work (obtained from the Arabidopsis Biological
Resource Center, Columbus, HO): cyp76C2 (SALK 037019), cyp76C4-1
(SALK 093179), cyp76C4-2 (SALK 006831), cyp76C4-3 (SALK 071239). The

primers used to genotype the lines and isolate homozygotes were as follows:

037019 LP, TCATCGGAAACATTCACCTTG

037019 RP, GATCAAGGAACCCCAGAAATG
093179 LP, TCCTCGGTTTAGGCTAGGAAG
093179 RP, GAAATTAGGTTTGTACCTCCAACG
006831 LP, GATGATTTTGCTTAGTCATTTGAG
006831 RP, CATAGCTACCGAGATCAACCG

071239 LP, GCAACACATAAAAGTCAATTAACAC
071239 RP, GATGTGGAGGTTCTTGGGTTC

LBbl, GCGTGGACCGCTTGCTGCAACT

The fIs2 mutant (SAIL_691 C04) was provided by Jeffrey Dangl (University of North

Carolina at Chapel Hill).
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II1. Results

III.1 CYP76C2 expression analysis

II1.1.1. Expression in response to pathogens and elicitors

The expression of CYP76C2 after various treatments was studied using a
CYP76C2,,,:GUS transgenic line generated by Sébastien Grec. The GUS reporter was
highly induced by P. syringae pv. tomato DC3000 (PstDC3000) in adult leaves 12h and
24h after infection (Figure 3). The activation was restricted to the zone of infiltration and
no staining was observed in systemic tissues showing that CYP76C?2 is expressed locally
after infection. CYP76C2,,,:GUS was also activated after infection with the avirulent
strain PstDC3000/4vrRPT2, which induces an HR. In the latter case, stronger staining
was observed after infection (Figure 3). The observation that CYP76C2 responds more
strongly during an avirulent interaction triggering HR was previously described (Godiard
et al., 1998). Interestingly, CYP76C2,,,:GUS was also induced after inoculation by a
hreC mutant of PstDC3000, impaired for the injection of its type three effectors into the
plant cells, and thus unable to infect plant tissue or produce any symptoms. However,
after 24h, I observed a decrease in staining elicited by PstDC3000 hrcC compared with
PstDC3000 and Pst/AvrRPT2, probably due to the fact that the ArcC mutant bacteria are
unable to grow in planta. No staining was detected after infiltration of a water control
suggesting that CYP76C2 does not simply respond to tissue damage resulting from the
infection process. The CYP76C2,,,:GUS reporter also responded to infiltration of leaves

with Flg22, consistent with what was found by microarray in seedlings (Denoux et al.,
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Figure 3. CYP76C2 is induced by P. syringae infection and Flg22 treatment in adult
leaves.

GUS staining of 4-week old CYP76C2,,,: GUS leaves infiltrated with bacteria at an initial
ODgoo of 0.002 or infiltrated with Flg22 1uM. Control was infiltrated with water.
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2008). Those results suggest that CYP76C2 could be activated by PsfDC3000-encoded
MAMPs and that Ps¢DC3000 type III effectors do not suppress that activation.

The GUS results were confirmed by RT-PCR in seedlings infected by P. syringae
in the 12 well plate format. CYP76C2 was strongly induced by PstDC3000 at 12h and
24h post-inoculation (Figure 4). Consistent with the GUS results obtained in adult
leaves, this activation was stronger in seedlings infected with Pst/AvrRPT2. CYP76C2
expression correlated well with PR/ induction, a marker of HR and SA signaling.
Similar results were obtained after infection with the two P. syringae pv. maculicola
strains PsmES4326 and Psm/AvrRPT2. Some increase in CYP76C2 expression was also
detected after infiltration with Pst/hrcC but this activation did not increase over time,
consistent with the GUS results and this strain’s incapacity to cause a successful
infection.

As previously discussed in the general introduction to this thesis, HR is known to
trigger the accumulation of SA, a major plant defense hormone. In particular, SA is
essential for the activation of systemic acquired resistance (SAR) and mutants impaired
in SA production like sid2, or SA signaling like nprl, are more sensitive to P. syringae
both locally and systemically (Cao et al., 1994; Wildermuth et al., 2001). Since
CYP76C2 expression is increased during HR, I tested to see if CYP76C2 was an SA-
responsive gene. Indeed, SA induced CYP76C2 as early as 3h after treatment in
seedlings (Figure 4). The efficiency of the SA treatment was confirmed by the activation
of the SA marker PR/. In addition to HR, FIg22 treatment is also known to trigger the
activation of the SA pathway and SAR (Mishina and Zeier, 2007; Tsuda et al., 2008).

Consistently, CYP76C2 and, to a lower extent PRI, were induced by Flg22 at 3h after
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Figure 4. CYP76C2 is activated by SA, Flg22 and P. syringae in seedlings.
RT-PCR in 10 day-old Arabidopsis seedlings treated with 10uM SA, 1uM FIg22 or

infected with different strains of P. syringae at an initial ODggo of 0.0002. Ubiquitin 5
(UBQS5) was used as a control. hpi: hours post inoculation.
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seedling true leaves cotyledon or root

Control

Flg22 1uM
6h

H,0, 25mM
12h

ABA 10pM
6h

FB1 1uM
24h

Figure 5. CYP76C2 is induced by Flg22, H,O,, ABA and fumonisin B1 in seedlings.
GUS staining in 10 day-old CYP76C2,,,: GUS seedlings treated with 1uM Flg22, 25mM
H,0,, 10uM ABA and 1uM fumonisin B1 (FB1).
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treatment in seedlings. This was confirmed by looking at CYP76C2,,,: GUS activation in
seedlings after Flg22 treatment for 3h (Figure 5). Interestingly, CYP76C2 was only
activated in the seedling’s true leaves but not in the roots or the cotyledons with the
exception of hydathodes. This is not due to a lack of Flg22 sensitivity in the roots or in
the cotyledons since those organs were both shown to respond to Flg22 (Clay et al.,
2009) (Chapter 2). It was shown that in Arabidopsis seedlings, cotyledons are much
more sensitive to downy mildew (Hyaloperonospora parasitica) than the first set of true
leaves (McDowell et al., 2005). This increased resistance in true leaves is dependent on
the SA defense pathway. Indeed the SA mutants pad4 and nprl as well as the transgenic
line nahG unable to accumulate SA are greatly impaired for this resistance in true leaves.
Therefore, it is possible that cotyledons lack some components of the SA pathway
explaining why the SA-responsive gene CYP76C2 is not expressed in cotyledons after
Flg22 treatment.

CYP76C2,,,:GUS adult plants were also infected with the necrotrophic pathogen
Botrytis cinerea known to trigger the accumulation of SA locally (Veronese et al., 2006).
CYP76C2 was activated in a narrow band directly surrounding the lesion (Figure 6). This
localization is similar to what was found for the PRI:GUS reporter line (Ferrari et al.,
2003). Altogether, these data suggest that CYP76C2 is activated by SA in response to
MAMPs or pathogens. Additional evidence that CYP76C2 is regulated by SA signaling

is presented below.
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Figure 7. CYP76C2 is activated during senescence.
GUS staining in CYP76C2,,,: GUS senescing leaves (A, B) and opening siliques (C).
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111.1.2. Expression in senescing tissues

In addition to being responsive to P. syringae, CYP76C2 has been shown to be
activated during developmental cell death (Godiard et al., 1998). The activity of the
CYP76C2,,,:GUS reporter was monitored during plant development, in particular during
senescence. The reporter was activated in senescing leaves at the junction between dead
and alive tissue (Figure 7A; 7B), reminiscent of what was found with B. cinerea
infection. The reporter was also expressed in dehiscing siliques (Figure 7C), known to
undergo an active senescence program to allow the seeds to be relieved (Wagstaff et al.,
2009).

SA is known to play a role in promoting leaves senescence. Indeed, it has been
shown that SA accumulates in senescing tissues. Moreover, transgenic plants carrying
the SA-degrading enzyme gene nahG, and the SA mutants pad4 and nprl show retarded
senescence (Morris et al., 2000). CYP76C2 may be activated by SA during senescence,
but no experiments were done in senescing leaves of SA mutants to confirm this
hypothesis.

The plant hormone abscisic acid (ABA) is known to trigger senescence (Zeevaart
and Creelman, 1988) and CYP76C2 has been shown to respond to ABA treatment
(Godiard et al., 1998). Consistent with this result, the CYP76C2 GUS reporter was
highly induced by ABA in the seedling assay, in all the part of the plant (Figure 5),
including the roots and the cotyledons unlike what was found for Flg22. It is possible
that ABA-triggered senescence is independent of SA or acting downstream of SA

production.
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1I1.1.3. Expression related to oxidative stress

During HR or senescence, ROS production is believed to play a major role in
triggering cell death and inducing the production of SA (Alvarez et al., 1998; Woo et al.,
2004). H>0,, an important ROS, induced the CYP76C2,,,:GUS reporter in seedlings in
both roots and shoots (Figure 5). In true leaves, CYP76C2 expression was localized at
the junction between damaged tissue starting to bleach and tissue showing no sign of
bleaching, similar to the staining observed in senescing leaves. In roots, CYP76C2
expression was localized at the junction between the main root and lateral roots and at the
root tip, corresponding, perhaps, to regions of greater permeability. In addition,
fumonisin B1 (FBI), a mycotoxin produced by the maize pathogen Fusarium
moniliforme that is known to trigger oxidative stress and cell death (Stone et al., 2000),
also activated the CYP76C2,,,:GUS reporter (Figure 5). This activation was localized in
the cotyledons and the true leaves but absent in the roots.

The absence of FB1-elicited expression in roots compared to what was observed
in the case of H,O, and ABA treatments, could be due to the absence of photosynthesis in
the roots. Indeed, induction of cell death by FB1 is known to require light and could
involve ROS produced during photosynthesis. FB1 may inhibit ROS-scavenging
enzymes such as ascorbate peroxidase and catalase during photosynthesis leading to an
oxidative stress and cell death (Stone et al., 2000). Flg22 have been shown to trigger an
oxidative burst and SA accumulation in leaves, but no evidence has shown so far that this
occurs in roots. It is possible that FIg22 does not activate CYP76C2 in the roots because

no oxidative burst or SA accumulation occurs after Flg22 treatment. To try to address
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A Control Flg22 1uM

B FIg22 1uM

"

Figure 8. ROS detection by NBT staining in Arabidopsis roots after FIg22 treatment.
(A) 10 day-old Col-0 seedlings were treated with 1uM Flg22 for 5, 10, 20 and 30 minutes

and stained with NBT. Similar results were obtained for all time points. The pictures
shown correspond to the 20 minutes time point.

(B) 10 day old CYP71412,,,:GUS seedlings treated with 1 uM Flg22 for 5h before GUS
staining.
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this question, ROS production in the roots of Flg22-treated Arabidopsis seedlings was
observed by nitro blue tetrazolium (NBT) staining. No difference between the control
and the Flg22-treated plants was observed (Figure 8). However, the roots naturally
produce ROS at the root elongation zone, precisely where Flg22 signaling is occurring
(cf. chapter 2) making it difficult to draw any definite conclusions. Production of ROS
has been shown to be important for cell wall loosening during elongation in maize roots

(Liszkay et al., 2004).

11.2 CYP76C2 is an SA-dependent gene

To investigate the regulation of CYP76C2 by SA, its expression was monitored in
seedlings following Flg22 elicitation in various mutants impaired in SA production (sid2-
2, pad4-1) and SA signaling (npri-1). SID2 is an isochorismate synthase required for the
production of SA (Wildermuth et al., 2001). PAD4 encodes a lipase-like gene required
for SA signaling upstream of SA production (Zhou et al., 1998). NPRI1 is key
transcriptional regulator of many SA-responsive genes and is required for the SA-
mediated systemic acquired resistance (Cao et al., 1994). The SA signaling pathway is
diagramed in Figure 9A. Interestingly, the activation of CYP76C2 was reduced in the SA
mutants pad4-1 and sid2-2 (Figure 9B). However, CYP76C2 was expressed normally in
the npri-1 mutant. These results show that CYP76C2 is an NPR1-independent but SA-
dependent gene. The SA dependency of CYP76C2 was confirmed in adult leaves
infected with PstDC3000. Indeed, 24h after inoculation, compared to wild-type plants,
CYP76C2 expression was reduced in pad4-1 and in nahG plants carrying the bacterial

nahG gene coding a salicylate hydroxylase that converts SA into catechol (Delaney et al.,
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Figure 9. CYP76C2 expression is SA-dependent.

(A) Simplified scheme of the SA pathway.

(B) RT-PCR in 10 day-old Col-0, cyp76C2, npri-1, pad4-1, sid2-2 and fls2 seedlings
treated with water or 1uM Flg22 for 3h.

(C) RT-PCR in 4 week-old leaves 12h after infiltration of water or a bacterial suspension
of PstDC3000 at an ODggp of 0.002.
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1994) (Figure 9C). However, CYP76C2 expression in sid2-2 4-week old leaves was not
reduced as much as in sid2-2 seedlings treated with Flg22 (Figure 9B). These
experiments will need to be confirmed by qRT-PCR. The PADA4-dependency of
CYP76C2 expression after infection by Ps/DC3000 was later confirmed by the
publication of microarray data in pad4 and eds] mutants infected with avirulent strains of
PstDC3000 (Bartsch et al., 2006). EDSI, an interacting partner of PAD4, is required for
basal resistance against biotrophic pathogens and SA accumulation during HR (Aarts et

al., 1998; Parker et al., 1996; Xiao et al., 2005).

11.3 Infection studies in CYP76C2 loss of function and overexpressing lines

To determine if CYP76C2 plays a role in resistance against pathogens, an
insertion mutant of CYP76C2 and a 35S-CYP76C2 overexpressing line generated by
Sébastien Grec were tested for their resistance against PstDC3000 in adult leaves. The
overexpression of CYP76C2 in the 35S-CYP76C2 transgenic plants was confirmed by
RT-PCR (Figure 10A). No enhanced or reduced sensitivity to PstDC3000 or
Pst/AvrRPT?2 was detected in these lines (Figure 10B). The resistance of cyp76C2 and
358-CYP76C2 against Botrytis cinerea was also tested. Once again, no obvious
phenotype was detected (data not shown). CYP76C?2 is part of an 8 member subfamily
including one pseudogene. Moreover, CYP76C2 is part of a cluster with 3 other
CYP76Cs: CYP76C1, CYP76C3 and CYP76C4. 1t is possible that the absence of
phenotype observed for cyp76C?2 is due to redundant functions among these genes. Their

expression patterns are, however, very different. Insertion lines are available for
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Figure 10. CYP76C?2 is not required for resistance against Pst DC3000.

(A) RT-PCR in 4 week-old Col-0, cyp76C2 or 35S-CYP76C2 plants.

(B) growth of PstDC3000 or Pst/AvrRPT2 in Col-0, cyp76C2 and 355-CYP76C2 plants.
4 week-old leaves were infiltrated at an ODggy of 0.0002 and bacterial titers were
measured 3 days after infection. The data represent the mean +SD of 6 replicates.
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CYP76C1, CYP76C3 and CYP76C4. Unfortunately, the fact that these genes are present
in a cluster makes it almost impossible to obtain double or triple mutants.

Interestingly, three insertion lines for CYP76C4, the closest homolog to
CYP76C2, showed a significant increase in susceptibility to PstDC3000 (Figure 11) (this
experiment was only carried out once and needs to be confirmed). However, it is
unlikely that CYP76C4 shares the same function as CYP76C2 in vivo since their
expression patterns and the genes they are co-regulated with are totally different based on
the  Cytochrome  P450  Expression  Database @ CYPedia  (www-ibmp.u-
strasbg.fr/~CYPedia). Interestingly, CYP76C4 is predicted to be involved in the
production of a sesterpenoid compound. The P450 CYP71D20 from tobacco was shown
to catalyze two successive hydroxylations in the biosynthesis of the sesquiterpene
capsidiol, a major antimicrobial in tobacco (Ralston et al., 2001). Therefore, it is possible
that CYP76C4 also plays a role synthesizing a terpenoid antimicrobial compound. This

possibility will be further investigated via metabolic profiling in Strasbourg.

1.4 CYP76C2 confers weak resistance against oxidative stress

CYP76C2 is expressed in all tissues undergoing cell death. Antioxidant
production is a well-documented phenomenon during different types of programmed cell
death including the HR and senescence (De Gara et al., 2003; Ge et al., 2007; Pavet et al.,
2005; Woo et al., 2004). Moreover, SA is known to activate the production of
antioxidants. In particular, SA activates many genes involved in the production of
glutathione, a well-known antioxidant (Lieberherr et al., 2003; Rodriguez Milla et al.,

2003). These antioxidants could participate in the control of cell death mechanisms. We
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Figure 11. Insertion mutants in CYP76C4 are slightly more susceptible to Pst DC3000.

Growth of Pst DC3000 in Col-0, cyp76C2 or cyp76C4 insertion lines. 4 week-old leaves
were infiltrated at an ODgoo of 0.0002 and bacterial titers were measured 3 days after
infection. The data represent the mean *SD of 6 replicates. *P<0.05, **P<0.01,

**P<0.001, two tailed 7 test.
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Figure 12. CYP76C2 confers a weak resistance to oxidative stress.

(A) Col-0, cyp76C2 and 35S-CYP76C2 seedlings germinated and grown for 12 days on
vertical plates supplemented with 10nM paraquat.

(B) Root length of Col-0, cyp76C2 and 355-CYP76C2 germinated and grown for 12 days
on vertical plates supplemented with 10nM paraquat. Data represent the mean =SD.
*P<0.05, two tailed ¢ test.
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investigated a potential role of CYP76C2 in resistance against oxidative stress triggered
by ROS production. Paraquat is a commonly used chemical to study oxidative stress. It
catalyzes the formation of superoxide, a major ROS. The resistance of cyp76C2 and 355-
CYP76C2 to oxidative stress was evaluated by measuring plant root growth on vertical
plates containing 10nM of paraquat. A slight increase in paraquat resistance was
observed in the case of 35S-CYP76C2 (Figure 12). This result was barely reproducible.
Out of three experiments, only one showed a statistically significant difference between
WT and 355-CYP76C2 plants. However, all three experiments showed the same trend.
This result suggests that CYP76C2 may be involved in the biosynthesis of an antioxidant.

However, additional experiments need to be carried out to confirm this result.

11.5 CYP76C2 confers resistance against the phenylurea herbicide isoproturon

As mentioned before, P450s are known to detoxify various xenobiotics including
pollutants such as herbicides. A close homolog of CYP76C2, CYP76B1 from Jerusalem
artichoke (Helianthus tuberosus), has been shown to actively metabolize phenylurea
herbicides in vitro (Robineau et al., 1998). Moreover, Arabidopsis transgenic plants
overexpressing CYP76B1 are resistant to these herbicides (Didierjean et al., 2002). The
detoxification of phenylurea herbicides by CYP76BI1 is shown in Figure 13. During his
post-doctorate, Sébastien Grec was able to show that CYP76C2 also metabolizes the
phenylurea herbicide isoproturon in vitro by demethylation. However, no evidence was
provided of this activity in vivo. As shown in Figure 14, CYP76C2 does indeed confer
tolerance to 1uM isoproturon in vivo, suggesting that isoproturon can be degraded in vivo

by CYP76C2. Therefore, CYP76C2 could potentially be used as a tool for
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Figure 6. CYP76C?2 is induced around the lesion after infection by Botrytis cinerea.
GUS staining of 4 week-old CYP76C2,,,: GUS leaves infected by B. cinerea. A 5uL drop

of a 5.10° spores/mL solution was placed on each side of the mid-vein. The GUS assay
was performed 24h or 42h after infection.
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Figure 7. CYP76C2 is activated during senescence.
GUS staining in CYP76C2,,,: GUS senescing leaves (A, B) and opening siliques (C).
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phytoremediation by engineering plants resistant to that herbicide. The effect of
CYP76C2 might even be synergistic. As PSII inhibitors, phenylureas are expected to
trigger oxidative stress. Thus, in addition to herbicide detoxification, CYP76C2 may also

support plant recovery via synthesis of an antioxidant compound.
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IV. Discussion

Despite all the data presented in this chapter, no role for CYP76C2 in plant
defense could be found. Indeed, no phenotype of increased sensitivity or resistance to P.
syringae or B. cinerea was observed for the cyp76C2 insertion line or the 355-CYP76C2
overexpressing line. CYP76C2 is part of an 8§ members subfamily. Functional
redundancy within this CYP subfamily could mask a potential phenotype for the cyp76C2
insertion mutant. In addition, the CYP76C2 gene is part of a tandem array including
CYP76Cl1, CYP76C3 and CYP76C4, rendering the generation of double and triple
mutants problematic. On the other hand, functional redundancy within the CYP76C2
family seems unlikely since no other member of the CYP76C subfamily is co-regulated
with CYP76C2. The cyp76C2 and 35S-CYP76C2 lines were only tested for resistance
against P. syringae and B. cinerea, but it is possible that CYP76C2 plays a role against a
different pathogen or maybe an herbivorous insect. Moreover, the extreme virulence of
P. syringae and B. cinerea on Arabidopsis plants could hide a potential mild phenotype
of the cyp76C2 or 355-CYP76C2 lines. Testing the cyp76C2 and 355-CYP76C2 lines for
resistance against other pathogens or herbivorous insects may provide us with a
phenotype and prove CYP76C2’s involvement in plant defense.

In addition to its potential role in plant defense, the in vivo function of this P450
remains unknown. The gene is most highly expressed in flowers and maturing or
germinating seeds during normal plant development. The fact that CYP76C2 does not
co-regulate with any obvious metabolic pathway based on the Cytochrome P450

Expression Database CYPedia (www-ibmp.u-strasbg.fr/~CYPedia) indicates its
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involvement in a novel pathway and makes the functional characterization of this P450
challenging. Metabolic profiling of the cyp76C2 insertion mutant and overexpressing
line 35S-CYP76C2 will be performed at the Plant Molecular Biology Institute in
Strasbourg in an effort to identify the metabolic pathway that CYP76C?2 is involved in.
Identification of CYP76C2’s substrate and product will then guide further investigations

of the role of CYP76C2 in the plant defense response to pathogen attack.
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Chapter 6. Conclusions and Future Directions

Research on plant innate immunity in the last fifteen years has led to great
progress in our understanding of how plants recognize non-self and trigger defense
mechanisms. It also revealed the complex virulence strategies that pathogens developed
to circumvent these defense responses to establish a successful infection. In the vast
majority of cases, these studies have been carried out using adult leaves or protoplasts.
However, both adult plants and protoplasts have limitations as experimental systems,
depending on the particular biological questions that are being asked. We therefore
developed an assay based on Arabidopsis seedlings grown in liquid media, thereby
providing the research community with a powerful tool to study plant-microbe
interactions and the plant immune response to elicitors, as well as to perform genetic
screens in a sterile, high throughput manner. In particular, this assay allowed me to
extensively study the Arabidopsis response to MAMPs in the roots. Because of the
extreme complexity of plant-microbes interactions in the rhizosphere, the role of roots in
the plant defense response has been largely unexplored, despite the major impact that root

colonization by microorganisms has on plant growth and defense against root pathogens.

In Chapter 3, I used promoter: GUS reporters and the well-known MAMP-induced
callose deposition assay to demonstrate that MAMPs trigger a strong response in
Arabidopsis roots in very specific tissues, the elongation zone (EZ) for Flg22 and PGN or
the mature zone of roots for chitin. These results raised the interesting hypothesis that

plants have evolved tissue-specific MAMP responses to respond to different pathogens.
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Further studies will need to confirm this hypothesis. First, other plants in addition to
Arabidopsis will need to be tested to determine if MAMP-elicited tissue specific
responses are conserved among different species, a project initiated by post-doctoral
fellow Nicole Clay in the Ausubel laboratory. Second, more work needs to be done to
determine whether MAMP signaling protects the plants against root pathogens and if the
responses to various MAMPs have different effects on different pathogens.

I demonstrated in this thesis that MAMPs trigger the activation of the indole-
glucosinolate biosynthetic pathway in Arabidopsis roots; in particular, the activation of
the transcription factor MYB5I, a major component of the MAMP-induced callose
deposition response. Indole glucosinolates are a major class of defense compounds in
Brassicacae, suggesting that the production and exudation of antimicrobials occurs in
roots and shoots in response to MAMPs and could be the basis of PAMP/MAMP-
triggered immunity (PTI). Evidence in support of this hypothesis has been obtained in
unpublished work of Cristian Danna, a post-doctoral fellow in the Ausubel laboratory,
who has found that MAMPs elicit the exudation of low molecular antimicrobial
compounds from Arabidopsis seedlings.

As described in the general introduction to this thesis, suppression of PTI is
generally considered to be a hallmark of successful pathogens. Consistent with this view,
I showed that the MAMP response in Arabidopsis roots in suppressed by P. syringae in a
coronatine- (COR) dependent manner. This is the first example of a defense mechanism
suppressed by COR in plant roots. The development of the seedling assay and my studies
on the COR-mediated suppression of MAMP signaling in roots gave me the opportunity

to perform a forward genetic screen to identify new components in COR signaling
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pathways. To date, 90 mutants impaired for the COR suppressive effect have been
isolated. The identification of the corresponding genes in these mutants should help us to
understand how COR suppresses PTI and could identify new players in JA signaling. In
addition, this screen may also identify negative regulators of the MAMP response in
roots.

Surprisingly, the beneficial microbe P. fluorescens WCS417r also suppressed the
Flg22 response in roots, suggesting that suppression of PTI may be important for
successful root colonization by beneficial microorganisms as well as pathogens.
Investigating the impact of MAMP signaling on root colonization by beneficial or
pathogenic microbes will help us to answer this question. Ethylene (ET) signaling plays
a major role in potentiating the MAMP response in roots, as I showed in Chapter 3.
Interestingly, a number of plant growth-promoting rhizobacteria (PGPRs) such as P.
fluorescens produce the enzyme ACC deaminase, which degrades ACC, the precursor to
ET. Several reports have shown the beneficial impact of this enzyme on root
colonization and plant growth (Belimov et al., 2009; Gamalero et al., 2008; Wang et al.,
2000). The ACC deaminase-mediated degradation of ACC could be one of the many
mechanisms used by PGPRs to suppress the MAMP response in roots, thereby allowing
successful colonization. In addition, many beneficial or pathogenic rhizobacteria or
soilborne fungi produce phytohormones such as auxin, cytokinins, gibberellins and
abscisic acid to promote plant growth, restructure root architecture or facilitate infections
(Frankenberger, 1995). The production of some of those hormones could also be part of
a strategy to suppress MAMP signaling and facilitate root colonization. Elucidating the

potential role of ACC deaminase and various phytohormones in suppressing the MAMP
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response in roots is a promising area of research and will most certainly help us to

understand the molecular basis of root microbe-plant interactions.

This thesis also presented data concerning CYP76C2, an Arabidopsis cytochrome
P450 that is highly induced by Flg22 and pathogens in leaves. I confirmed that this P450
is activated during cell death processes activated in response to pathogens as well as
during senescence. This activation is partially dependent on the SA pathway and
CYP76C2 could play a role in the production of an antioxidant to control oxidative
damage during pathogenesis. More experiments need to be carried out to confirm the
role of CYP76C2 in plant defense and in response to cell death. The unique expression
profile of CYP76C2, which is not co-regulated with any obvious metabolic pathway,
makes it extremely interesting, but also makes its functional characterization very
challenging. Elucidating the function of CYP76C2 may be facilitated by metabolic
profiling of the CYP76C2 mutant and overexpressing lines that will be performed at the

Institute of Molecular Biology in Strasbourg.

152



References

Aarts, N., Metz, M., Holub, E., Staskawicz, B. J., Daniels, M. J., and Parker, J. E. (1998).
Different requirements for EDS1 and NDR1 by disease resistance genes define at least

two R gene-mediated signaling pathways in Arabidopsis. Proc Natl Acad Sci U S A 95,
10306-10311.

Akiyoshi, D. E., Morris, R. O., Hinz, R., Mischke, B. S., Kosuge, T., Garfinkel, D. J.,
Gordon, M. P., and Nester, E. W. (1983). Cytokinin/auxin balance in crown gall tumors
is regulated by specific loci in the T-DNA. Proc Natl Acad Sci U S A 80, 407-411.

Alvarez, M. E., Pennell, R. 1., Meijer, P. J., Ishikawa, A., Dixon, R. A., and Lamb, C.
(1998). Reactive oxygen intermediates mediate a systemic signal network in the
establishment of plant immunity. Cell 92, 773-784.

Asai, T., Tena, G., Plotnikova, J., Willmann, M. R., Chiu, W. L., Gomez-Gomez, L.,
Boller, T., Ausubel, F. M., and Sheen, J. (2002). MAP kinase signalling cascade in
Arabidopsis innate immunity. Nature 415, 977-983.

Audenaert, K., Pattery, T., Cornelis, P., and Hofte, M. (2002). Induction of systemic
resistance to Botrytis cinerea in tomato by Pseudomonas aeruginosa TNSK2: role of
salicylic acid, pyochelin, and pyocyanin. Mol Plant Microbe Interact /5, 1147-1156.

Badri, D. V., Loyola-Vargas, V. M., Du, J., Stermitz, F. R., Broeckling, C. D., Iglesias-
Andreu, L., and Vivanco, J. M. (2008). Transcriptome analysis of Arabidopsis roots

treated with signaling compounds: a focus on signal transduction, metabolic regulation
and secretion. New Phytol 779, 209-223.

Bais, H. P., Fall, R., and Vivanco, J. M. (2004). Biocontrol of Bacillus subtilis against
infection of Arabidopsis roots by Pseudomonas syringae is facilitated by biofilm
formation and surfactin production. Plant Physiol 734, 307-319.

Bakker, P. A., Pieterse, C. M., and van Loon, L. C. (2007). Induced Systemic Resistance
by Fluorescent Pseudomonas spp. Phytopathology 97, 239-243.

Bartsch, M., Gobbato, E., Bednarek, P., Debey, S., Schultze, J. L., Bautor, J., and Parker,
J. E. (2006). Salicylic acid-independent ENHANCED DISEASE SUSCEPTIBILITY1
signaling in Arabidopsis immunity and cell death is regulated by the monooxygenase
FMOI1 and the Nudix hydrolase NUDT?7. Plant Cell /8, 1038-1051.

Basse, C. W., Bock, K., and Boller, T. (1992). Elicitors and suppressors of the defense
response in tomato cells. Purification and characterization of glycopeptide elicitors and

glycan suppressors generated by enzymatic cleavage of yeast invertase. J Biol Chem 267,
10258-10265.

153



Basse, C. W, Fath, A., and Boller, T. (1993). High affinity binding of a glycopeptide
elicitor to tomato cells and microsomal membranes and displacement by specific glycan
suppressors. J Biol Chem 268, 14724-14731.

Bednarek, P., Pislewska-Bednarek, M., Svatos, A., Schneider, B., Doubsky, J.,
Mansurova, M., Humphry, M., Consonni, C., Panstruga, R., Sanchez-Vallet, A., et al.
(2009). A glucosinolate metabolism pathway in living plant cells mediates broad-
spectrum antifungal defense. Science 323, 101-106.

Belimov, A. A., Dodd, 1. C., Hontzeas, N., Theobald, J. C., Safronova, V. I., and Davies,
W. J. (2009). Rhizosphere bacteria containing 1-aminocyclopropane-1-carboxylate
deaminase increase yield of plants grown in drying soil via both local and systemic
hormone signalling. New Phytol /81, 413-423.

Bender, C. L., Alarcon-Chaidez, F., and Gross, D. C. (1999). Pseudomonas syringae
phytotoxins: mode of action, regulation, and biosynthesis by peptide and polyketide
synthetases. Microbiol Mol Biol Rev 63, 266-292.

Benedetti, C. E., and Arruda, P. (2002). Altering the expression of the chlorophyllase
gene ATHCORUI in transgenic Arabidopsis caused changes in the chlorophyll-to-
chlorophyllide ratio. Plant Physiol 728, 1255-1263.

Block, A., Li, G., Fu, Z. Q., and Alfano, J. R. (2008). Phytopathogen type III effector
weaponry and their plant targets. Curr Opin Plant Biol 7/, 396-403.

Block, A., Schmelz, E., Jones, J. B, Klee, H. J (2005). Coronatine and salicylic acid: the
battle between Arabidopsis and Pseudomonas for phytohormone control. Molecular Plant
Pathology 6, 79-83.

Broekaert, W. F., Delaure, S. L., De Bolle, M. F., and Cammue, B. P. (2006). The role of
ethylene in host-pathogen interactions. Annu Rev Phytopathol 44, 393-416.

Brooks, D. M., Hernandez-Guzman, G., Kloek, A. P., Alarcon-Chaidez, F., Sreedharan,
A., Rangaswamy, V., Penaloza-Vazquez, A., Bender, C. L., and Kunkel, B. N. (2004).
Identification and characterization of a well-defined series of coronatine biosynthetic

mutants of Pseudomonas syringae pv. tomato DC3000. Mol Plant Microbe Interact /7,
162-174.

Brunner, F., Rosahl, S., Lee, J., Rudd, J. J., Geiler, C., Kauppinen, S., Rasmussen, G.,
Scheel, D., and Nurnberger, T. (2002). Pep-13, a plant defense-inducing pathogen-
associated pattern from Phytophthora transglutaminases. Embo J 217, 6681-6688.

Cao, H., Bowling, S. A., Gordon, A. S., and Dong, X. (1994). Characterization of an
Arabidopsis Mutant That Is Nonresponsive to Inducers of Systemic Acquired Resistance.
Plant Cell 6, 1583-1592.

154



Cao, H., Glazebrook, J., Clarke, J. D., Volko, S., and Dong, X. (1997). The Arabidopsis
NPRI gene that controls systemic acquired resistance encodes a novel protein containing
ankyrin repeats. Cell 88, 57-63.

Chen, S., Glawischnig, E., Jorgensen, K., Naur, P., Jorgensen, B., Olsen, C. E., Hansen,
C. H., Rasmussen, H., Pickett, J. A., and Halkier, B. A. (2003). CYP79F1 and CYP79F2
have distinct functions in the biosynthesis of aliphatic glucosinolates in Arabidopsis.
Plant J 33, 923-937.

Chen, Z., Agnew, J. L., Cohen, J. D, He, P., Shan, L., Sheen, J., and Kunkel, B. N.
(2007). Pseudomonas syringae type 111 effector AvrRpt2 alters Arabidopsis thaliana
auxin physiology. Proc Natl Acad Sci U S A 104, 20131-20136.

Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nurnberger, T., Jones, J. D.,
Felix, G., and Boller, T. (2007). A flagellin-induced complex of the receptor FLS2 and
BAKI initiates plant defence. Nature 448, 497-500.

Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nurnberger, T., Jones, J. D.,
Felix, G., Boller, T. (2007). A flagellin-induced complex of the receptor FLS2 and BAK1
initiates plant defence. Nature 448, 497-500.

Chini, A., Fonseca, S., Fernandez, G., Adie, B., Chico, J. M., Lorenzo, O., Garcia-
Casado, G., Lopez-Vidriero, 1., Lozano, F. M., Ponce, M. R,, ef al. (2007). The JAZ
family of repressors is the missing link in jasmonate signalling. Nature 448, 666-671.

Chisholm, S. T., Coaker, G., Day, B., and Staskawicz, B. J. (2006). Host-microbe
interactions: shaping the evolution of the plant immune response. Cell /24, 803-814.

Clay, N. K., Adio, A. M., Denoux, C., Jander, G., and Ausubel, F. M. (2009).
Glucosinolate metabolites required for an Arabidopsis innate immune response. Science
323,95-101.

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J 16, 735-743.

Conrath, U., Beckers, G. J., Flors, V., Garcia-Agustin, P., Jakab, G., Mauch, F., Newman,
M. A., Pieterse, C. M., Poinssot, B., Pozo, M. J,, ef al. (2006). Priming: getting ready for
battle. Mol Plant Microbe Interact /9, 1062-1071.

Cui, J., Bahrami, A. K., Pringle, E. G., Hernandez-Guzman, G., Bender, C. L., Pierce, N.
E., and Ausubel, F. M. (2005). Pseudomonas syringae manipulates systemic plant
defenses against pathogens and herbivores. Proc Natl Acad Sci U S A 102, 1791-1796.

De Gara, L., de Pinto, M. C., and Tommasi, F. (2003). The antioxidant systems vis-a-vis

reactive oxygen species during plant-pathogen interaction. Plant Physiology and
Biochemistry 4/, 863.

155



De Vos, M., Van Zaanen, W., Koornneef, A., Korzelius, J. P., Dicke, M., Van Loon, L.
C., and Pieterse, C. M. (2006). Herbivore-induced resistance against microbial pathogens
in Arabidopsis. Plant Physiol 742, 352-363.

Deeken, R., Engelmann, J. C., Efetova, M., Czirjak, T., Muller, T., Kaiser, W. M., Tietz,
0., Krischke, M., Mueller, M. J., Palme, K., ef al. (2006). An integrated view of gene

expression and solute profiles of Arabidopsis tumors: a genome-wide approach. Plant
Cell 18, 3617-3634.

Delaney, T. P., Uknes, S., Vernooij, B., Friedrich, L., Weymann, K., Negrotto, D.,
Gaffney, T., Gut-Rella, M., Kessmann, H., Ward, E., and Ryals, J. (1994). A Central
Role of Salicylic Acid in Plant Disease Resistance. Science 266, 1247-1250.

Denny, T. P., Baek, S. R. (1991). Genetic evidence that extracellular polysaccharide is a
virulence factor of Pseudomonas solanacearum. Mol Plant Microbe Interact 4, 198-206.

Denoux, C., Galletti, R., Mammarella, N., Gopalan, S., Werck, D., De Lorenzo, G.,
Ferrari, S., Ausubel, F. M., and Dewdney, J. (2008). Activation of Defense Response
Pathways by OGs and Flg22 Elicitors in Arabidopsis Seedlings. Mol Plant 7, 423-445.

DeYoung, B. J., and Innes, R. W. (2006). Plant NBS-LRR proteins in pathogen sensing
and host defense. Nat Immunol 7, 1243-1249.

Didierjean, L., Gondet, L., Perkins, R., Lau, S. M., Schaller, H., O'Keefe, D. P., and
Werck-Reichhart, D. (2002). Engineering herbicide metabolism in tobacco and
Arabidopsis with CYP76BI1, a cytochrome P450 enzyme from Jerusalem artichoke. Plant
Physiol 730, 179-189.

Dombrecht, B., Xue, G. P., Sprague, S. J., Kirkegaard, J. A., Ross, J. J., Reid, J. B., Fitt,
G. P., Sewelam, N., Schenk, P. M., Manners, J. M., and Kazan, K. (2007). MYC2
differentially modulates diverse jasmonate-dependent functions in Arabidopsis. Plant
Cell 19, 2225-2245.

Felix, G., and Boller, T. (2003). Molecular sensing of bacteria in plants. The highly
conserved RNA-binding motif RNP-1 of bacterial cold shock proteins is recognized as an
elicitor signal in tobacco. J Biol Chem 278, 6201-6208.

Felix, G., Duran, J. D., Volko, S., and Boller, T. (1999). Plants have a sensitive
perception system for the most conserved domain of bacterial flagellin. Plant J /8, 265-
276.

Felix, G., Renegass, M., Boller, T. (1993). Specific perception of subnanomolar
concentrations of chitin fragments by tomato cells: induction of extracellular
alkalinization, changes in protein phosphorylation, and establishment of a refractory
state. The Plant Journal 4, 307-316.

156



Fellbrich, G., Romanski, A., Varet, A., Blume, B., Brunner, F., Engelhardt, S., Felix, G.,
Kemmerling, B., Krzymowska, M., and Nurnberger, T. (2002). NPP1, a Phytophthora-
associated trigger of plant defense in parsley and Arabidopsis. Plant J 32, 375-390.

Ferrari, S., Plotnikova, J. M., De Lorenzo, G., and Ausubel, F. M. (2003). Arabidopsis
local resistance to Botrytis cinerea involves salicylic acid and camalexin and requires
EDS4 and PAD?2, but not SID2, EDS5 or PAD4. Plant J 35, 193-205.

Feys, B., Benedetti, C. E., Penfold, C. N., and Turner, J. G. (1994). Arabidopsis Mutants
Selected for Resistance to the Phytotoxin Coronatine Are Male Sterile, Insensitive to
Methyl Jasmonate, and Resistant to a Bacterial Pathogen. Plant Cell 6, 751-759.

Fliegmann, J., Mithofer, A., Wanner, G., and Ebel, J. (2004). An ancient enzyme domain
hidden in the putative beta-glucan elicitor receptor of soybean may play an active part in
the perception of pathogen-associated molecular patterns during broad host resistance. J
Biol Chem 279, 1132-1140.

Frankenberger, W. T., Arshad, M. (1995). Phytohormones in soils: microbial production
and function: CRC Press.

Gamalero, E., Berta, G., Massa, N., Glick, B. R., and Lingua, G. (2008). Synergistic
interactions between the ACC deaminase-producing bacterium Pseudomonas putida

UW4 and the AM fungus Gigaspora rosea positively affect cucumber plant growth.
FEMS Microbiol Ecol 64, 459-467.

Gaulin, E., Drame, N., Lafitte, C., Torto-Alalibo, T., Martinez, Y., Ameline-Torregrosa,
C., Khatib, M., Mazarguil, H., Villalba-Mateos, F., Kamoun, S., et al. (2006). Cellulose
binding domains of a Phytophthora cell wall protein are novel pathogen-associated
molecular patterns. Plant Cell /8, 1766-1777.

Ge, X., Li, G. J., Wang, S. B., Zhu, H., Zhu, T., Wang, X., and Xia, Y. (2007).
AtNUDT?7, a negative regulator of basal immunity in Arabidopsis, modulates two distinct
defense response pathways and is involved in maintaining redox homeostasis. Plant
Physiol /45, 204-215.

Geraats, B. P. J., Bakker, P. A. H. M., and van Loon, L. C. (2002). Ethylene Insensitivity
Impairs Resistance to Soilborne Pathogens in Tobacco and Arabidopsis thaliana.
Molecular Plant-Microbe Interactions /5, 1078-1085.

Gigolashvili, T., Berger, B., Mock, H. P., Muller, C., Weisshaar, B., and Flugge, U. L.
(2007). The transcription factor HIG1/MYBS51 regulates indolic glucosinolate
biosynthesis in Arabidopsis thaliana. Plant J 50, 886-901.

Glickmann, E., Gardan, L., Jacquet, S., Hussain, S., Elasri, M., Petit, A., and Dessaux, Y.
(1998). Auxin production is a common feature of most pathovars of Pseudomonas
syringae. Mol Plant Microbe Interact 7/, 156-162.

157



Godiard, L., Sauviac, L., Dalbin, N., Liaubet, L., Callard, D., Czernic, P., and Marco, Y.
(1998). CYP76C2, an Arabidopsis thaliana cytochrome P450 gene expressed during
hypersensitive and developmental cell death. FEBS Lett 438, 245-249.

Gohre, V., Spallek, T., Haweker, H., Mersmann, S., Mentzel, T., Boller, T., de Torres,
M., Mansfield, J. W., and Robatzek, S. (2008). Plant pattern-recognition receptor FLS2 is
directed for degradation by the bacterial ubiquitin ligase AvrPtoB. Curr Biol /8, 1824-
1832.

Gomez-Gomez, L., Bauer, Z., and Boller, T. (2001). Both the extracellular leucine-rich
repeat domain and the kinase activity of FSL2 are required for flagellin binding and
signaling in Arabidopsis. Plant Cell 13, 1155-1163.

Gomez-Gomez, L., and Boller, T. (2000). FLS2: an LRR receptor-like kinase involved in
the perception of the bacterial elicitor flagellin in Arabidopsis. Mol Cell 5, 1003-1011.

Gomez-Gomez, L., and Boller, T. (2002). Flagellin perception: a paradigm for innate
immunity. Trends Plant Sci 7, 251-256.

Granado, J., Felix, G., and Boller, T. (1995). Perception of Fungal Sterols in Plants
(Subnanomolar Concentrations of Ergosterol Elicit Extracellular Alkalinization in
Tomato Cells). Plant Physiol /07, 485-490.

Greenberg, J. T., and Yao, N. (2004). The role and regulation of programmed cell death
in plant-pathogen interactions. Cell Microbiol 6, 201-211.

Gust, A. A., Biswas, R., Lenz, H. D., Rauhut, T., Ranf, S., Kemmerling, B., Gotz, F.,
Glawischnig, E., Lee, J., Felix, G., and Nurnberger, T. (2007). Bacteria-derived
peptidoglycans constitute pathogen-associated molecular patterns triggering innate
immunity in Arabidopsis. J Biol Chem 282, 32338-32348.

Hahn, M. G., Darvill, A. G., and Albersheim, P. (1981). Host-Pathogen Interactions:
XIX. The endogenous elicitor, a fragment of a plant cell wall polysaccharide that elicits
phytoalexin accumulation in soybeans. Plant Physiol 68, 1161-1169.

Hann, D. R., and Rathjen, J. P. (2007). Early events in the pathogenicity of Pseudomonas
syringae on Nicotiana benthamiana. Plant J 49, 607-618.

Hanania, U., Avni, A. (1997). High-affinity binding site for ethylene-inducing xylanase
elicitor on Nicotiana tabacum membranes. The Plant Journal /2, 113-120.

Hansen, C. H., Wittstock, U., Olsen, C. E., Hick, A. J., Pickett, J. A., and Halkier, B. A.
(2001). Cytochrome p450 CYP79F1 from arabidopsis catalyzes the conversion of
dihomomethionine and trihomomethionine to the corresponding aldoximes in the
biosynthesis of aliphatic glucosinolates. J Biol Chem 276, 11078-11085.

158



Hauck, P., Thilmony, R., and He, S. Y. (2003). A Pseudomonas syringae type Il effector
suppresses cell wall-based extracellular defense in susceptible Arabidopsis plants. Proc
Natl Acad Sci U S A 100, 8577-8582.

Hayward, A. C. (1991). Biology and epidemiology of bacterial wilt caused by
pseudomonas solanacearum. Annu Rev Phytopathol 29, 65-87.

He, P., Shan, L., Lin, N. C., Martin, G. B., Kemmerling, B., Nurnberger, T., and Sheen, J.
(2006). Specific bacterial suppressors of MAMP signaling upstream of MAPKKK in
Arabidopsis innate immunity. Cell 125, 563-575.

He, S. Y., Huang, H. C., and Collmer, A. (1993). Pseudomonas syringae pv. syringae
harpinPss: a protein that is secreted via the Hrp pathway and elicits the hypersensitive
response in plants. Cell 73, 1255-1266.

Huckelhoven, R. (2007). Cell wall-associated mechanisms of disease resistance and
susceptibility. Annu Rev Phytopathol 45, 101-127.

Huffaker, A., Pearce, G., and Ryan, C. A. (2006). An endogenous peptide signal in
Arabidopsis activates components of the innate immune response. Proc Natl Acad Sci U
S A 103, 10098-10103.

Huffaker, A., and Ryan, C. A. (2007). Endogenous peptide defense signals in
Arabidopsis differentially amplify signaling for the innate immune response. Proc Natl
Acad Sci U S A 104, 10732-10736.

Hull, A. K., Vij, R., and Celenza, J. L. (2000). Arabidopsis cytochrome P450s that
catalyze the first step of tryptophan-dependent indole-3-acetic acid biosynthesis. Proc
Natl Acad Sci U S A 97, 2379-2384.

Iavicoli, A., Boutet, E., Buchala, A., and Metraux, J. P. (2003). Induced systemic
resistance in Arabidopsis thaliana in response to root inoculation with Pseudomonas
fluorescens CHAO. Mol Plant Microbe Interact /6, 851-858.

Ichihara, A., Shiraishi, K., Sato, H., Sakamura, S., Nishiyama, K., Sakai, R., Furusaki, A.,
and Matsumoto, T. (1977). The structure of coronatine. Journal of the American
Chemical Society 99, 636-637.

Journot-Catalino, N., Somssich, L. E., Roby, D., and Kroj, T. (2006). The transcription
factors WRKY 11 and WRKY'17 act as negative regulators of basal resistance in
Arabidopsis thaliana. Plant Cell 18, 3289-3302.

Kang, L., Li, J., Zhao, T., Xiao, F., Tang, X., Thilmony, R., He, S., and Zhou, J. M.

(2003). Interplay of the Arabidopsis nonhost resistance gene NHO1 with bacterial
virulence. Proc Natl Acad Sci U S A 100, 3519-3524.

159



Katsir, L., Schilmiller, A. L., Staswick, P. E., He, S. Y., and Howe, G. A. (2008). COIl is
a critical component of a receptor for jasmonate and the bacterial virulence factor
coronatine. Proc Natl Acad Sci U S A 105, 7100-7105.

Kim, J. H., Lee, B. W., Schroeder, F. C., and Jander, G. (2008). Identification of indole
glucosinolate breakdown products with antifeedant effects on Myzus persicae (green
peach aphid). Plant J.

Kim, M. G., da Cunha, L., McFall, A. J., Belkhadir, Y., DebRoy, S., Dangl, J. L., and
Mackey, D. (2005). Two Pseudomonas syringae type 111 effectors inhibit RIN4-regulated
basal defense in Arabidopsis. Cell 121, 749-759.

Klarzynski, O., Plesse, B., Joubert, J. M., Yvin, J. C., Kopp, M., Kloareg, B., and Fritig,
B. (2000). Linear beta-1,3 glucans are elicitors of defense responses in tobacco. Plant
Physiol /24, 1027-1038.

Kloek, A. P., Verbsky, M. L., Sharma, S. B., Schoelz, J. E., Vogel, J., Klessig, D. F., and
Kunkel, B. N. (2001). Resistance to Pseudomonas syringae conferred by an Arabidopsis

thaliana coronatine-insensitive (coil) mutation occurs through two distinct mechanisms.
Plant J 26, 509-522.

Koornneef, A., Leon-Reyes, A., Ritsema, T., Verhage, A., Den Otter, F. C., Van Loon, L.
C., and Pieterse, C. M. (2008). Kinetics of salicylate-mediated suppression of jasmonate
signaling reveal a role for redox modulation. Plant Physiol /47, 1358-1368.

Koornneef, A., and Pieterse, C. M. (2008). Cross talk in defense signaling. Plant Physiol
146, 839-844.

Kunkel, B. N., and Brooks, D. M. (2002). Cross talk between signaling pathways in
pathogen defense. Curr Opin Plant Biol 5, 325-331.

Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T., and Felix, G. (2004). The N
terminus of bacterial elongation factor Tu elicits innate immunity in Arabidopsis plants.
Plant Cell 76, 3496-3507.

Laudert, D., Pfannschmidt, U., Lottspeich, F., Hollander-Czytko, H., and Weiler, E. W.
(1996). Cloning, molecular and functional characterization of Arabidopsis thaliana allene

oxide synthase (CYP 74), the first enzyme of the octadecanoid pathway to jasmonates.
Plant Mol Biol 37, 323-335.

Laurie-Berry, N., Joardar, V., Street, I. H., and Kunkel, B. N. (2006). The Arabidopsis
thaliana JASMONATE INSENSITIVE 1 gene is required for suppression of salicylic

acid-dependent defenses during infection by Pseudomonas syringae. Mol Plant Microbe
Interact /9, 789-800.

Lawton, K. A., Potter, S. L., Uknes, S., and Ryals, J. (1994). Acquired Resistance Signal
Transduction in Arabidopsis Is Ethylene Independent. Plant Cell 6, 581-588.

160



Lee, J., Klessig, D. F., and Nurnberger, T. (2001). A harpin binding site in tobacco
plasma membranes mediates activation of the pathogenesis-related gene HIN1

independent of extracellular calcium but dependent on mitogen-activated protein kinase
activity. Plant Cell 73, 1079-1093.

Leeman, M., Den Ouden, F. M., Van Pelt, J. A., Dirkx, F. P. M., Steijl, H., Bakker, P. A.
H. M., and Schippers, B. (1996). Iron availability affects induction of systemic resistance

against Fusarium wilt of radish by Pseudomonas fluorescens. Phytopathology 86, 149-
155.

Leeman, M., Van Pelt, J. A., Den Ouden, F. M., Heinsbroek, M., Bakker, P. A. H. M.,
and Schippers, B. (1995). Induction of systemic resistance against fusarium wilt of radish
by lipopolysaccharides of Pseudomonas fluorescens. Phytopathology &85, 1021-1027.

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M., and Hoffmann, J. A. (1996). The
dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal
response in Drosophila adults. Cell 86, 973-983.

Leon-Reyes, A., Spoel, S. H., De Lange, E. S., Abe, H., Kobayashi, M., Tsuda, S.,
Millenaar, F. F., Welschen, R. A., Ritsema, T., and Pieterse, C. M. (2009). Ethylene
Modulates the Role of NPR1 in Cross-Talk Between Salicylate and Jasmonate Signaling.
Plant Physiol.

Li, X., Lin, H., Zhang, W., Zou, Y., Zhang, J., Tang, X., and Zhou, J. M. (2005).
Flagellin induces innate immunity in nonhost interactions that is suppressed by
Pseudomonas syringae effectors. Proc Natl Acad Sci U S A 7102, 12990-12995.

Lieberherr, D., Wagner, U., Dubuis, P. H., Metraux, J. P., and Mauch, F. (2003). The
rapid induction of glutathione S-transferases AtGSTF2 and AtGSTF6 by avirulent

Pseudomonas syringae is the result of combined salicylic acid and ethylene signaling.
Plant Cell Physiol 44, 750-757.

Limpens, E., Franken, C., Smit, P., Willemse, J., Bisseling, T., and Geurts, R. (2003).
LysM domain receptor kinases regulating rhizobial Nod factor-induced infection. Science
302, 630-633.

Liszkay, A., van der Zalm, E., and Schopfer, P. (2004). Production of reactive oxygen
intermediates (O(2)(-), H(2)O(2), and OH) by maize roots and their role in wall loosening
and elongation growth. Plant Physiol /36, 3114-3123; discussion 3001.

Loake, G., and Grant, M. (2007). Salicylic acid in plant defence--the players and
protagonists. Curr Opin Plant Biol 70, 466-472.

Lorenzo, O., Chico, J. M., Sanchez-Serrano, J. J., and Solano, R. (2004). JASMONATE-
INSENSITIVE]1 encodes a MYC transcription factor essential to discriminate between
different jasmonate-regulated defense responses in Arabidopsis. Plant Cell 16, 1938-
1950.

161



Lorenzo, O., Piqueras, R., Sanchez-Serrano, J. J., and Solano, R. (2003). ETHYLENE
RESPONSE FACTORI1 integrates signals from ethylene and jasmonate pathways in plant
defense. Plant Cell 15, 165-178.

Loria, R., Coombs, J., Yoshida, M., Kers, J., and Bukhalid, R. (2003). A paucity of
bacterial root diseases: Streptomyces succeeds where others fail. Physiological and
Molecular Plant Pathology 62, 65.

Lu, M., Tang, X., and Zhou, J. M. (2001). Arabidopsis NHO1 is required for general
resistance against Pseudomonas bacteria. Plant Cell 73, 437-447.

Maurhofer, M., Hase, C., Meuwly, P., Metraux, J. P., Defago, G. (1994). Induction of
systemic resistance of tobacco to tobacco necrosis virus by the root-colonizing
Pseudomonas fluorescens strain CHAO: Influence of the gacA gene and pyroverdine
production. Phytopathology 84, 139-146.

McDowell, J. M., Williams, S. G., Funderburg, N. T., Eulgem, T., and Dangl, J. L.
(2005). Genetic analysis of developmentally regulated resistance to downy mildew

(Hyaloperonospora parasitica) in Arabidopsis thaliana. Mol Plant Microbe Interact /8,
1226-1234.

Medzhitov, R., Preston-Hurlburt, P., and Janeway, C. A., Jr. (1997). A human homologue
of the Drosophila Toll protein signals activation of adaptive immunity. Nature 388, 394-
397.

Melotto, M., Underwood, W., Koczan, J., Nomura, K., and He, S. Y. (2006). Plant
stomata function in innate immunity against bacterial invasion. Cell /26, 969-980.

Meyer, A., Puhler, A., and Niehaus, K. (2001). The lipopolysaccharides of the
phytopathogen Xanthomonas campestris pv. campestris induce an oxidative burst
reaction in cell cultures of Nicotiana tabacum. Planta 213, 214-222.

Meyer, K., Cusumano, J. C., Somerville, C., and Chapple, C. C. (1996). Ferulate-5-
hydroxylase from Arabidopsis thaliana defines a new family of cytochrome P450-
dependent monooxygenases. Proc Natl Acad Sci U S A 93, 6869-6874.

Meziane, H., Van der Sluis, I., Van Loon, L. C., Hofte, M., Bakker, P. A. H. M. (2005).
Determinants of Pseudomonas putida WCS358 involved in inducing systemic resistance
in plants. Molecular Plant Pathology 6, 177-185.

Mikkelsen, M. D., Hansen, C. H., Wittstock, U., and Halkier, B. A. (2000). Cytochrome
P450 CYP79B2 from Arabidopsis catalyzes the conversion of tryptophan to indole-3-

acetaldoxime, a precursor of indole glucosinolates and indole-3-acetic acid. J Biol Chem
275,33712-33717.

Mishina, T. E., and Zeier, J. (2007). Pathogen-associated molecular pattern recognition

rather than development of tissue necrosis contributes to bacterial induction of systemic
acquired resistance in Arabidopsis. Plant J 50, 500-513.

162



Mittal, S., and Davis, K. R. (1995). Role of the phytotoxin coronatine in the infection of
Arabidopsis thaliana by Pseudomonas syringae pv. tomato. Mol Plant Microbe Interact
8, 165-171.

Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K., Narusaka, Y.,
Kawakami, N., Kaku, H., and Shibuya, N. (2007). CERK1, a LysM receptor kinase, is
essential for chitin elicitor signaling in Arabidopsis. Proc Natl Acad Sci U S A 104,
19613-19618.

Mizutani, M., Ohta, D., and Sato, R. (1997). Isolation of a cDNA and a genomic clone
encoding cinnamate 4-hydroxylase from Arabidopsis and its expression manner in planta.
Plant Physiol /73, 755-763.

Morgan, J. A., Bending, G. D., and White, P. J. (2005). Biological costs and benefits to
plant-microbe interactions in the rhizosphere. J Exp Bot 56, 1729-1739.

Morikawa, T., Mizutani, M., Aoki, N., Watanabe, B., Saga, H., Saito, S., Oikawa, A.,
Suzuki, H., Sakurai, N., Shibata, D., et al. (2006). Cytochrome P450 CYP710A encodes
the sterol C-22 desaturase in Arabidopsis and tomato. Plant Cell /8, 1008-1022.

Morris, K., MacKerness, S. A., Page, T., John, C. F., Murphy, A. M., Carr, J. P., and
Buchanan-Wollaston, V. (2000). Salicylic acid has a role in regulating gene expression
during leaf senescence. Plant J 23, 677-685.

Mucyn, T. S., Clemente, A., Andriotis, V. M., Balmuth, A. L., Oldroyd, G. E.,
Staskawicz, B. J., and Rathjen, J. P. (2006). The tomato NBARC-LRR protein Prf

interacts with Pto kinase in vivo to regulate specific plant immunity. Plant Cell /8, 2792-
2806.

Nafisi, M., Goregaoker, S., Botanga, C. J., Glawischnig, E., Olsen, C. E., Halkier, B. A,
and Glazebrook, J. (2007). Arabidopsis cytochrome P450 monooxygenase 71A13

catalyzes the conversion of indole-3-acetaldoxime in camalexin synthesis. Plant Cell 79,
2039-2052.

Naur, P., Petersen, B. L., Mikkelsen, M. D., Bak, S., Rasmussen, H., Olsen, C. E., and
Halkier, B. A. (2003). CYP83A1 and CYP83B1, two nonredundant cytochrome P450

enzymes metabolizing oximes in the biosynthesis of glucosinolates in Arabidopsis. Plant
Physiol 733, 63-72.

Navarro, L., Dunoyer, P., Jay, F., Arnold, B., Dharmasiri, N., Estelle, M., Voinnet, O.,
and Jones, J. D. (2006). A plant miRNA contributes to antibacterial resistance by
repressing auxin signaling. Science 372, 436-439.

Newman, M. A., Daniels, M. J., and Dow, J. M. (1995). Lipopolysaccharide from
Xanthomonas campestris induces defense-related gene expression in Brassica campestris.
Mol Plant Microbe Interact 8, 778-780.

163



Ntoukakis, V., Mucyn, T. S., Gimenez-Ibanez, S., Chapman, H., Gutierrez, J. R.,
Balmuth, A. L., Jones, A. M. E., Rathjen, J. P (in press). Host inhibition of a bacterial
virulence effector triggers immunity to infection. Science.

Nuhse, T. S., Bottrill, A. R., Jones, A. M., and Peck, S. C. (2007). Quantitative
phosphoproteomic analysis of plasma membrane proteins reveals regulatory mechanisms
of plant innate immune responses. Plant J 57, 931-940.

Nurnberger, T., Nennstiel, D., Jabs, T., Sacks, W. R., Hahlbrock, K., and Scheel, D.
(1994). High affinity binding of a fungal oligopeptide elicitor to parsley plasma
membranes triggers multiple defense responses. Cell 78, 449-460.

O'Neill, L. A. (2008). The interleukin-1 receptor/Toll-like receptor superfamily: 10 years
of progress. Immunol Rev 226, 10-18.

Oerke, E. C. (2006). Crop losses to animal pests, plant pathogens and weeds, In
Encyclopedia of pest management, D. Pimentel, ed. (Taylor and Francis), pp. 116-120.

Okubara, P., and Paulitz, T. (2005). Root defense responses to fungal pathogens: A
molecular perspective, In Root Physiology: from Gene to Function, pp. 215.

Ongena, M., Jourdan, E., Adam, A., Paquot, M., Brans, A., Joris, B., Arpigny, J. L., and
Thonart, P. (2007). Surfactin and fengycin lipopeptides of Bacillus subtilis as elicitors of
induced systemic resistance in plants. Environ Microbiol 9, 1084-1090.

Ongena, M., Jourdan, E., Schafer, M., Kech, C., Budzikiewicz, H., Luxen, A., and
Thonart, P. (2005). Isolation of an N-alkylated benzylamine derivative from

Pseudomonas putida BTP1 as elicitor of induced systemic resistance in bean. Mol Plant
Microbe Interact 18, 562-569.

Ori, N., Eshed, Y., Paran, L., Presting, G., Aviv, D., Tanksley, S., Zamir, D., and Fluhr, R.
(1997). The 12C family from the wilt disease resistance locus /2 belongs to the nucleotide
binding, leucine-rich repeat superfamily of plant resistance genes. Plant Cell 9, 521-532.

Parker, J. E., Holub, E. B, Frost, L. N., Falk, A., Gunn, N. D., and Daniels, M. J. (1996).
Characterization of eds1, a mutation in Arabidopsis suppressing resistance to

Peronospora parasitica specified by several different RPP genes. Plant Cell 8, 2033-
2046.

Pavet, V., Olmos, E., Kiddle, G., Mowla, S., Kumar, S., Antoniw, J., Alvarez, M. E., and
Foyer, C. H. (2005). Ascorbic acid deficiency activates cell death and disease resistance
responses in Arabidopsis. Plant Physiol 739, 1291-1303.

Pieterse, C. M., van Wees, S. C., van Pelt, J. A., Knoester, M., Laan, R., Gerrits, H.,

Weisbeek, P. J., and van Loon, L. C. (1998). A novel signaling pathway controlling
induced systemic resistance in Arabidopsis. Plant Cell 10, 1571-1580.

164



Poueymiro, M., and Genin, S. (2009). Secreted proteins from Ralstonia solanacearum: a
hundred tricks to kill a plant. Curr Opin Microbiol /2, 44-52.

Radutoiu, S., Madsen, L. H., Madsen, E. B., Felle, H. H., Umehara, Y., Gronlund, M.,
Sato, S., Nakamura, Y., Tabata, S., Sandal, N., and Stougaard, J. (2003). Plant

recognition of symbiotic bacteria requires two LysM receptor-like kinases. Nature 425,
585-592.

Ralston, L., Kwon, S. T., Schoenbeck, M., Ralston, J., Schenk, D. J., Coates, R. M., and
Chappell, J. (2001). Cloning, heterologous expression, and functional characterization of

5-epi-aristolochene-1,3-dihydroxylase from tobacco (Nicotiana tabacum). Arch Biochem
Biophys 393, 222-235.

Robatzek, S., Bittel, P., Chinchilla, D., Kochner, P., Felix, G., Shiu, S. H., and Boller, T.
(2007). Molecular identification and characterization of the tomato flagellin receptor
LeFLS2, an orthologue of Arabidopsis FLS2 exhibiting characteristically different
perception specificities. Plant Mol Biol 64, 539-547.

Robatzek, S., Chinchilla, D., and Boller, T. (2006). Ligand-induced endocytosis of the
pattern recognition receptor FLS2 in Arabidopsis. Genes Dev 20, 537-542.

Robineau, T., Batard, Y., Nedelkina, S., Cabello-Hurtado, F., LeRet, M., Sorokine, O.,
Didierjean, L., and Werck-Reichhart, D. (1998). The chemically inducible plant
cytochrome P450 CYP76B1 actively metabolizes phenylureas and other xenobiotics.
Plant Physiol 778, 1049-1056.

Robinette, D., and Matthysse, A. G. (1990). Inhibition by Agrobacterium tumefaciens
and Pseudomonas savastanoi of development of the hypersensitive response elicited by
Pseudomonas syringae pv. phaseolicola. J Bacteriol 172, 5742-5749.

Rodriguez Milla, M. A., Maurer, A., Rodriguez Huete, A., and Gustafson, J. P. (2003).
Glutathione peroxidase genes in Arabidopsis are ubiquitous and regulated by abiotic
stresses through diverse signaling pathways. Plant J 36, 602-615.

Ron, M., and Avni, A. (2004). The receptor for the fungal elicitor ethylene-inducing
xylanase is a member of a resistance-like gene family in tomato. Plant Cell 76, 1604-
1615.

Rosebrock, T. R., Zeng, L., Brady, J. J., Abramovitch, R. B., Xiao, F., and Martin, G. B.
(2007). A bacterial E3 ubiquitin ligase targets a host protein kinase to disrupt plant
immunity. Nature 448, 370-374.

Rotblat, B., Enshell-Seijffers, D., Gershoni, J. M., Schuster, S., and Avni, A. (2002).

Identification of an essential component of the elicitation active site of the EIX protein
elicitor. Plant J 32, 1049-1055.

165



Ryu, C. M., Farag, M. A., Hu, C. H., Reddy, M. S., Kloepper, J. W., and Pare, P. W.
(2004). Bacterial volatiles induce systemic resistance in Arabidopsis. Plant Physiol /34,
1017-1026.

Saito, S., Hirai, N., Matsumoto, C., Ohigashi, H., Ohta, D., Sakata, K., and Mizutani, M.
(2004). Arabidopsis CYP707As encode (+)-abscisic acid 8'-hydroxylase, a key enzyme in
the oxidative catabolism of abscisic acid. Plant Physiol 734, 1439-1449.

Salmeron, J. M., Oldroyd, G. E., Rommens, C. M., Scofield, S. R., Kim, H. S., Lavelle,
D. T., Dahlbeck, D., and Staskawicz, B. J. (1996). Tomato Prf is a member of the

leucine-rich repeat class of plant disease resistance genes and lies embedded within the
Pto kinase gene cluster. Cell 86, 123-133.

Schoch, G., Goepfert, S., Morant, M., Hehn, A., Meyer, D., Ullmann, P., and Werck-
Reichhart, D. (2001). CYP98A3 from Arabidopsis thaliana is a 3'-hydroxylase of
phenolic esters, a missing link in the phenylpropanoid pathway. J Biol Chem 276, 36566-
36574.

Schuhegger, R., Nafisi, M., Mansourova, M., Petersen, B. L., Olsen, C. E., Svatos, A.,
Halkier, B. A., and Glawischnig, E. (2006). CYP71B15 (PAD?3) catalyzes the final step
in camalexin biosynthesis. Plant Physiol /47, 1248-1254.

Schuler, M. A., Duan, H., Bilgin M., Ali, S. (2006). Arabidopsis cytochrome P450s
through the looking glass: a window on plant biochemistry. Phytochemistry reviews J,
205-237.

Schuler, M. A., and Werck-Reichhart, D. (2003). Functional genomics of P450s. Annu
Rev Plant Biol 54, 629-667.

Schwessinger, B., and Zipfel, C. (2008). News from the frontline: recent insights into
PAMP-triggered immunity in plants. Curr Opin Plant Biol /7, 389-395.

Segal, G., Sarfatti, M., Schaffer, M. A., Ori, N., Zamir, D., and Fluhr, R. (1992).
Correlation of genetic and physical structure in the region surrounding the /2 Fusarium
oxysporum resistance locus in tomato. Mol Gen Genet 2317, 179-185.

Shan, L., He, P., Li, J., Heese, A., Peck, S. C., Nurnberger, T., Martin, G. B., and Sheen,
J. (2008). Bacterial effectors target the common signaling partner BAK1 to disrupt

multiple MAMP receptor-signaling complexes and impede plant immunity. Cell Host
Microbe 4, 17-27.

Sono, M., Roach, M. P., Coulter, E. D., and Dawson, J. H. (1996). Heme-Containing
Oxygenases. Chem Rev 96, 2841-2888.

Spaepen, S., Vanderleyden, J., and Remans, R. (2007). Indole-3-acetic acid in microbial
and microorganism-plant signaling. FEMS Microbiol Rev 31/, 425-448.

Staswick, P. E. (2008). JAZing up jasmonate signaling. Trends Plant Sci /3, 66-71.

166



Staswick, P. E., Su, W., and Howell, S. H. (1992). Methyl jasmonate inhibition of root
growth and induction of a leaf protein are decreased in an Arabidopsis thaliana mutant.
Proc Natl Acad Sci U S A 89, 6837-6840.

Staswick, P. E., Yuen, G. Y., and Lehman, C. C. (1998). Jasmonate signaling mutants of
Arabidopsis are susceptible to the soil fungus Pythium irregulare. Plant J 15, 747-754.

Stone, J. M., Heard, J. E., Asai, T., and Ausubel, F. M. (2000). Simulation of fungal-
mediated cell death by fumonisin B1 and selection of fumonisin B1-resistant (fbr)
Arabidopsis mutants. Plant Cell /2, 1811-1822.

Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A., Liu, G., Nomura, K., He, S.
Y., Howe, G. A., and Browse, J. (2007). JAZ repressor proteins are targets of the
SCF(COI1) complex during jasmonate signalling. Nature 448, 661-665.

Thomma, B. P., Nelissen, 1., Eggermont, K., and Broekaert, W. F. (1999). Deficiency in
phytoalexin production causes enhanced susceptibility of Arabidopsis thaliana to the
fungus Alternaria brassicicola. Plant J 19, 163-171.

Tsuda, K., Sato, M., Glazebrook, J., Cohen, J. D., and Katagiri, F. (2008). Interplay
between MAMP-triggered and SA-mediated defense responses. Plant J 53, 763-775.

Umemoto, N., Kakitani, M., Iwamatsu, A., Yoshikawa, M., Yamaoka, N., and Ishida, I.
(1997). The structure and function of a soybean beta-glucan-elicitor-binding protein. Proc
Natl Acad Sci U S A 94, 1029-1034.

Uppalapati, S. R., Ishiga, Y., Wangdi, T., Kunkel, B. N., Anand, A., Mysore, K. S., and
Bender, C. L. (2007). The phytotoxin coronatine contributes to pathogen fitness and is
required for suppression of salicylic acid accumulation in tomato inoculated with
Pseudomonas syringae pv. tomato DC3000. Mol Plant Microbe Interact 20, 955-965.

Van der Ent, S., Verhagen, B. W., Van Doorn, R., Bakker, D., Verlaan, M. G., Pel, M. J.,
Joosten, R. G., Proveniers, M. C., Van Loon, L. C., Ton, J., and Pieterse, C. M. (2008).
MYB72 is required in early signaling steps of rhizobacteria-induced systemic resistance
in Arabidopsis. Plant Physiol 746, 1293-1304.

van Loon, L. C., Bakker, P. A., and Pieterse, C. M. (1998). Systemic resistance induced
by rhizosphere bacteria. Annu Rev Phytopathol 36, 453-483.

Van Wees, S. C., Pieterse, C. M., Trijssenaar, A., Van 't Westende, Y. A., Hartog, F., and
Van Loon, L. C. (1997). Differential induction of systemic resistance in Arabidopsis by
biocontrol bacteria. Mol Plant Microbe Interact 10, 716-724.

Vasse, J., Frey, P., Trigalet, A. (1995). Microscopic studies of intercellular infection and

protoxylem invasion of tomato roots by Pseudomonas solanacearum. Mol Plant Microbe
Interact 8, 241-251.

167



Veit, S., Worle, J. M., Nurnberger, T., Koch, W., and Seitz, H. U. (2001). A novel protein
elicitor (PaNie) from Pythium aphanidermatum induces multiple defense responses in
carrot, Arabidopsis, and tobacco. Plant Physiol /27, 832-841.

Veronese, P., Nakagami, H., Bluhm, B., Abugamar, S., Chen, X., Salmeron, J., Dietrich,
R. A., Hirt, H., and Mengiste, T. (2006). The membrane-anchored BOTRYTIS-
INDUCED KINASE] plays distinct roles in Arabidopsis resistance to necrotrophic and
biotrophic pathogens. Plant Cell /8, 257-273.

Vijayan, P., Shockey, J., Levesque, C. A., Cook, R. J., and Browse, J. (1998). A role for
jasmonate in pathogen defense of Arabidopsis. Proc Natl Acad Sci U S A 95, 7209-7214.

Vlot, A. C., Liu, P. P., Cameron, R. K., Park, S. W., Yang, Y., Kumar, D., Zhou, F.,
Padukkavidana, T., Gustafsson, C., Pichersky, E., and Klessig, D. F. (2008).
Identification of likely orthologs of tobacco salicylic acid-binding protein 2 and their role
in systemic acquired resistance in Arabidopsis thaliana. Plant J 56, 445-456.

Wagstaff, C., Yang, T. J., Stead, A. D., Buchanan-Wollaston, V., and Roberts, J. A.
(2009). A molecular and structural characterization of senescing Arabidopsis siliques and

comparison of transcriptional profiles with senescing petals and leaves. Plant J 57, 690-
705.

Wang, C., Knill, E., Glick, B. R., and Defago, G. (2000). Effect of transferring 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase genes into Pseudomonas
fluorescens strain CHAO and its gacA derivative CHA96 on their growth-promoting and
disease-suppressive capacities. Can J Microbiol 46, 898-907.

Wei, Z. M., Laby, R. J., Zumoff, C. H., Bauer, D. W., He, S. Y., Collmer, A., and Beer,
S. V. (1992). Harpin, elicitor of the hypersensitive response produced by the plant
pathogen Erwinia amylovora. Science 257, 85-88.

Weiler, E. W., Kutchan, T. M., Gorba, T., Brodschelm, W., Niesel, U., and Bublitz, F.
(1994). The Pseudomonas phytotoxin coronatine mimics octadecanoid signalling
molecules of higher plants. FEBS Lett 345, 9-13.

Werck-Reichhart, D., Bak, S., Paquette, S. (2002). Cytochromes P450, In The
Arabidopsis Book (Rockville, MD: American Society of Plant Biologists).

Werck-Reichhart, D., and Feyereisen, R. (2000). Cytochromes P450: a success story.
Genome Biol /, REVIEWS3003.

Whipps, J. M. (2001). Microbial interactions and biocontrol in the rhizosphere. J Exp Bot
52,487-511.

Whitehead, N. A., Byers, J. T., Commander, P., Corbett, M. J., Coulthurst, S. J., Everson,
L., Harris, A. K., Pemberton, C. L., Simpson, N. J., Slater, H., et al. (2002). The
regulation of virulence in phytopathogenic Erwinia species: quorum sensing, antibiotics
and ecological considerations. Antonie Van Leeuwenhoek &7, 223-231.

168



Wiermer, M., Feys, B. J., and Parker, J. E. (2005). Plant immunity: the EDS1 regulatory
node. Curr Opin Plant Biol 8, 383-389.

Wildermuth, M. C., Dewdney, J., Wu, G., and Ausubel, F. M. (2001). Isochorismate
synthase is required to synthesize salicylic acid for plant defence. Nature 474, 562-565.

Wittstock, U., and Halkier, B. A. (2000). Cytochrome P450 CYP79A2 from Arabidopsis
thaliana L. Catalyzes the conversion of L-phenylalanine to phenylacetaldoxime in the
biosynthesis of benzylglucosinolate. J Biol Chem 275, 14659-14666.

Woo, H. R., Kim, J. H., Nam, H. G., and Lim, P. O. (2004). The delayed leaf senescence
mutants of Arabidopsis, orel, ore3, and ore9 are tolerant to oxidative stress. Plant Cell
Physiol 45, 923-932.

Wubben, M. J., Jin, J., and Baum, T. J. (2008). Cyst nematode parasitism of Arabidopsis
thaliana is inhibited by salicylic acid (SA) and elicits uncoupled SA-independent
pathogenesis-related gene expression in roots. Mol Plant Microbe Interact 27, 424-432.

Xiang, T., Zong, N., Zou, Y., Wu, Y., Zhang, J., Xing, W., Li, Y., Tang, X., Zhu, L.,
Chai, J., and Zhou, J. M. (2008). Pseudomonas syringae effector AvrPto blocks innate
immunity by targeting receptor kinases. Curr Biol /8, 74-80.

Xiao, F., Goodwin, S. M., Xiao, Y., Sun, Z., Baker, D., Tang, X., Jenks, M. A., and
Zhou, J. M. (2004). Arabidopsis CYP86A2 represses Pseudomonas syringae type 111
genes and is required for cuticle development. Embo J 23, 2903-2913.

Xiao, S., Calis, O., Patrick, E., Zhang, G., Charoenwattana, P., Muskett, P., Parker, J. E.,
and Turner, J. G. (2005). The atypical resistance gene, RPWS§, recruits components of
basal defence for powdery mildew resistance in Arabidopsis. Plant J 42, 95-110.

Xing, W., Zou, Y., Liu, Q., Liu, J., Luo, X., Huang, Q., Chen, S., Zhu, L., Bi, R., Hao,
Q., et al. (2007). The structural basis for activation of plant immunity by bacterial
effector protein AvrPto. Nature 449, 243-247.

Xu, X., Chen, C., Fan, B., and Chen, Z. (2006). Physical and functional interactions
between pathogen-induced Arabidopsis WRKY 18, WRKY40, and WRKY60
transcription factors. Plant Cell /8, 1310-1326.

Yamada, T., Palm, C. J., Brooks, B., Kosuge, T. (1985). Nucleotide sequences of the
Pseudomonas savastanoi indoleacetic acid genes show homology with Agrobacterium
tumefaciens T-DNA. Proc Natl Acad Sci U S A 82, 6522-6526.

Yamaguchi, Y., Pearce, G., and Ryan, C. A. (2006). The cell surface leucine-rich repeat
receptor for AtPepl, an endogenous peptide elicitor in Arabidopsis, is functional in
transgenic tobacco cells. Proc Natl Acad Sci U S A 703, 10104-10109.

Yao, J., and Allen, C. (2006). Chemotaxis is required for virulence and competitive
fitness of the bacterial wilt pathogen Ralstonia solanacearum. J Bacteriol /88, 3697-3708.

169



Zeevaart, J. A. D., and Creelman, R. A. (1988). Metabolism And Physiology Of
Abscisic-Acid. Annual Review Of Plant Physiology And Plant Molecular Biology 39,
439-473.

Zhou, N., Tootle, T. L., Tsui, F., Klessig, D. F., and Glazebrook, J. (1998). PAD4
functions upstream from salicylic acid to control defense responses in Arabidopsis. Plant
Cell 10, 1021-1030.

Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J. D., Boller, T., and Felix, G.
(2006). Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts
Agrobacterium-mediated transformation. Cell 725, 749-760.

Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E. J., Jones, J. D., Felix, G., and Boller, T.
(2004). Bacterial disease resistance in Arabidopsis through flagellin perception. Nature
428, 764-767.

170



171



Résumé

Au cours de I’évolution, les plantes ont développé des mécanismes de défense sophistiqués contre les
pathogeénes. L’une des premicres lignes de défense se base sur la reconnaissance par la plante de motifs
moléculaires trés conservés associés aux pathogenes (PAMP/MAMP). Cette reconnaissance active divers
mécanismes de défense, en particulier le dépot de callose au niveau de la zone infectée. Malgré 1’abondance des
interactions racine-microbes, la réponse aux MAMPs dans cette partie de la plante reste largement inexplorée.
Nous avons développé un systéme de culture hydroponique qui nous a permis d’étudier cette réponse chez
Arabidopsis thaliana en se basant sur I’étude de lignées promoteur:GUS ainsi que sur le dépot de callose. Nous
avons trouvé que les racines répondent fortement aux MAMPs dans des régions bien spécifiques, en particulier
dans la zone d’élongation. Cette réponse dépend de la voie de signalisation de 1’éthyléne, du facteur de
transcription MYB51, du cytochrome P450 CYP81F2 ainsi que de la myrosinase PEN2. En outres, nous
montrons que Pseudomonas syringae et Pseudomonas fluorescens sont capables de bloquer ce mécanisme de
défense. En particulier, dans le cas de P. syringae, cette suppression s’effectue grace a la production de
coronatine (COR). L’action de la COR est dépendante de 1I’E3 ligase COIl et du facteur de transcription
JIN1/MYC2. Un screen génétique m’a permis d’isoler de nouveaux mutants incapables de bloquer la réponse
aux MAMPs, dans le but d’identifier de nouveaux geénes impliqués dans la réponse a la COR. Enfin, ma thése a
porté sur 1’étude du cytochrome P450 CYP76C2, fortement induit par les pathogénes. CYP76C2 est activé
localement lors d’une infection par P. syringae ou Botrytis cinerea ainsi que lors des mécanismes de mort
cellulaire. Je démontre que 1’activation de CYP76C2 est partiellement dépendante de la voie de signalisation de
I’acide salicylique et que ce géne est potentiecllement impliqué dans le contréle du stress oxydatif.

Mots clés: plante, racines, pathogenes, PAMP, callose, coronatine, cytochrome P450, stress oxydatif.

Abstract

Over the course of evolution, plants developed sophisticated defense mechanisms against bacterial and
fungal pathogens. One of the first layers of plant defense is called PAMP triggered immunity (PTI) and is based
on the recognition of conserved epitopes of pathogen-derived molecules called PAMPs/MAMPs
(Pathogen/Microbe Associated Molecular Patterns). This recognition activates defense responses including the
deposition of callose at the site of pathogen attack. Despite the fact that roots are the organs most subject to
microbial interactions, MAMP signaling in roots remains largely unexplored. I developed an Arabidopsis
thaliana seedling assay to study PTI in roots based on the detection of callose and the activation of
promoter:GUS reporters of MAMP-responsive genes. I found that MAMPs trigger a strong response in roots
dependent on ethylene signaling, the MYBS51 transcription factor, the cytochrome P450 CYP81F2, and the
PEN2 myrosinase, but independent of salicylic acid signaling. In addition, I show that the bacteria
Pseudomonas syringae and Pseudomonas fluorescens suppress this response and that P. syringae is doing so by
producing the phytotoxin coronatine. I found that coronatine acts via the E3 ligase COI1 and the transcription
factor JIN1/MYC2. I performed a forward genetic screen to isolate mutants impaired in COR-mediated
suppression in an attempt to identify new players involved in COR signaling. In this thesis, I also present data
concerning CYP76C2, a gene encoding a cytochrome P450 that is highly induced by MAMPs and pathogens in
Arabidopsis leaves. 1 confirmed that CYP76C2 is activated during pathogen infection and various cell death
elicited scenarios. Furthermore, I demonstrate that CYP76C2 is partially dependent on SA signaling and may be
involved in controlling oxidative damage during infection.

Keywords: plant, roots, pathogens, PAMP, callose, coronatine, cytochrome P450, oxidative stress.
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