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ABSTRACT

Plants and pathogenic microorganisms are in constant conflict with each other. Understanding
the molecular networks that trigger resistance, along with the molecular networks that pathogens
might co-opt to infect susceptible plants, is important for developing the integrated, holistic
perspective that is necessary for innovative development of engineered resistance to current and
emerging pathogens.
The first objective of the dissertation was to increase the understanding of mechanisms by which
plants recognize pathogen attack and mount an appropriate defense response. These experiments
focused on resistance triggered by the Arabidopsis thaliana R gene, RPP7, which encodes a
coiled-coil nucleotide binding-leucine-rich repeat (CC-NB-LRR) protein that activates racespecific resistance to the downy mildew pathogen, Hyaloperonospora parasitica (Hpa).
Previously-published genetic epistasis tests have established that RPP7 activates defense
responses through a signaling mechanism that does not require accumulation of salicylic acid
(SA), or components of the ethylene and jasmonate response pathways. Furthermore, RPP7 is
not strongly compromised by mutations in genes associated with defense signal transduction
(PAD4, NDR1, NPR1, RAR1).

Double mutant combinations of these signal transduction

components were analyzed to detect additive or functionally-redundant contributions to RPP7dependent resistance.

Most of the double mutants support an enhanced level of asexual

sporulation compared to the single mutant parental lines.

Time-course experiments with

histochemical stains revealed that these double mutants delay, but do not suppress, the oxidative
burst and the hypersensitive response.

These results suggest that RPP7 activates multiple

signaling pathways, each of which makes incremental contributions to the timing of defense
activation.
The second objective of the dissertation was to investigate the role that auxin plays in enabling
virulent H. parasitica to colonize Arabidopsis. Transcript profiling revealed induction of auxinassociated genes in response to infection of Arabidopsis thaliana by virulent strains of the
oömycete pathogen, H. parasitica. Experiments with the DR5::GUS reporter gene demonstrated
that auxin responses are activated at interaction sites following hyphal penetration. A strong
reduction-of-susceptibility phenotype was observed in the cyp79B2/cyp79B3 double mutant that
lacks cytochrome p450 monoxygenases that catalyze for a key step in biosynthesis of indole
acetic acid.

Cytological and molecular experiments demonstrated that uninfected

cyp79B2/cyp79B3 double mutants do not exhibit constitutive defense activation. However,
penetration by an otherwise virulent H. parasitica isolate induces cell death at infection sites and
transcription of defense-marker genes, suggesting that reduction of susceptibility in
cyp79B2/cyp79B3 is due to derepression of defenses. Similar phenotypes were observed in the
twisted dwarf (TWD1) auxin transport mutant, twd1-1, and in response to application of auxin
export inhibitors. Together, these data indicate that auxin is a susceptibility factor for successful
infection by H. parasitica, most likely because it retards defense responses at early stages in the
interaction. Manipulation of auxin biosynthesis and transport may therefore play an important
role

in

colonization

of

susceptible

iii

hosts

by

H.

parasitica.
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Chapter 1

General Introduction

1

INTRODUCTION AND OBJECTIVES

The experiments in this dissertation were designed around two objectives: 1. To increase
the understanding of mechanisms by which plants recognize a pathogen attack and mount an
appropriate defense response; 2. to increase the understanding of physiological conditions in the
plant that allow biotrophic pathogens to successfully establish an infection. The model system
that I utilized is Arabidopsis thaliana, along with the Hiks1 and Emco5 isolates of the oömycete
pathogen, Hyaloperonospora parasitica. Arabidopsis is an ideal model plant for these objectives
because of its short life cycle, sequenced genome, availability of mutants, ease of genetic
manipulation, and abundant sets of data from ―omic‖ experiments. Arabidopsis is also able to
mount defense responses against many pathogens, which include tissue strengthening,
production of chemicals and proteins with antibiotic capability, and programmed cell death
(referred to as the hypersensitive response or HR) at the site of infection. These defenses are
triggered when a pathogen is recognized by a product of a resistance gene (R gene), called an R
protein. R proteins are activated by cognate ―avirulence genes‖ (Avr) that code for effector
proteins from the pathogen that are expressed during infection. A large number of R genes,
against diverse pathogens, have now been molecularly defined in Arabidopsis, but the
downstream pathways that they activate to trigger resistance are not well understood.
H. parasitica is a naturally-occurring downy mildew pathogen of Arabidopsis and cultivated
Brassicas (Holub and Beynon 1996). H. parasitica is an oömycete that resembles true fungi in
morphology, but belongs to the kingdom Stramenopila, which includes brown algae and diatoms
(Sogin and Silberman 1998). Downy mildews, as a group, infect a large number of crops and
significantly impact agriculture. H. parasitica and other downy mildews are "biotrophic",
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meaning that they extract nutrients from living host tissue. In addition, all downy mildews are
―obligate‖ pathogens that cannot be cultured on synthetic media and are incapable of surviving
apart from their hosts. This obligate lifestyle constitutes a major hurdle for experimental
manipulation of the pathogen. However, H. parasitica is the most frequently occurring
eukaryotic pathogen of natural populations of Arabidopsis. Powdery mildew is the only other
disease caused by eukaryotic microbe that occurs frequently in natural Arabidopsis populations.
Powdery mildews are also obligate biotrophs, and much less genetic variability for resistance and
susceptibility has been defined in the Arabidopsis-powdery mildew pathosystem, compared to
Arabidopsis- H. parasitica. For this reason, H. parasitica has become one of the two most
widely used ―model‖ pathogens (along with the bacterium Pseudomonas syringae) for studies of
Arabidopsis defense networks (Slusarenko and Schlaich 2003). More recently, H. parasitica has
been developed as a model to explore the mechanisms that underlie pathogenicity of oömycetes
and obligate biotrophs in general. A number of experimental tools have been developed for H.
parasitica , including a genetic linkage map, ESTs, and a BAC library that enable molecular
cloning of two avirulence loci (Bittner-Eddy, Allen et al. 2003; Rehmany, Grenville et al. 2003;
Allen, Bittner-Eddy et al. 2004; Rehmany, Gordon et al. 2005). More recently, a draft genome
sequence has been generated (Tyler et al. personal communication)
The signal transduction network that the R proteins trigger is extremely complex, with
many protein and chemical components, and alternative signaling pathways. R proteins vary in
the downstream components that they employ to trigger defense. My research on the defense
signaling network is focused on RPP7, which activates race-specific resistance in Arabidopsis to
the Hiks1 isolate of H. parasitica. It has been shown in previously-published genetic epistasis
experiments that neither salicylic acid nor components of the ethylene or jasmonic acid pathways
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are required for RPP7 resistance (McDowell, Cuzick et al. 2000). RPP7 is also not suppressed
by mutations in the genes of putative signal transduction proteins used by other resistance genes,
such as PAD4, NDR1, NPR1, and RAR1 (see below for details). All of the above components
have previously been defined as key players in resistance signaling, and mutation or silencing of
these genes have been shown to suppress resistance triggered by a large number of NB-LRR
proteins in Arabidopsis (Cao, Bowling et al. 1994; Century, Holub et al. 1995; Delaney,
Friedrich et al. 1995; Shah, Tsui et al. 1997; Warren, Merritt et al. 1999; Feys, Moisan et al.
2001; Shapiro and Zhang 2001). These findings indicate that RPP7 signal transduction differs
from other well-studied R proteins, providing an opportunity to gain new insight into the
configuration of defense regulatory networks. I examined the effect of several combinations of
double mutants that individually do not significantly affect RPP7 resistance. I characterized
pathogen reproduction, timing of the hypersensitive response, and timing of the oxidative burst.
I also assayed whether the mutants affected the timing of induction of resistance pathways that
utilize salicylic acid and jasmonic acid.
The second half of my dissertation research focused on understanding how auxin and the
auxin response is involved in the establishment of a compatible interaction between Arabidopsis
and H. parasitica, specifically at early time points in the infection cycle. Auxin influences many
aspects of growth and development. Recent studies in other pathosystems suggest that auxin is
relevant to plant-microbe interactions and perhaps functions as a component that enhances the
ability of the pathogen to infect the host (Navarro, Dunoyer et al. 2006). However, its role remains
largely unexplored and is only beginning to be addressed in the Arabidopsis-H. parasitica model
interaction. I examined how susceptibility to H. parasitica is affected by mutations that change
the level of auxin in the plant and mutations in the transport of auxin into and out of the cell. I
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also addressed whether reductions in susceptibility are a result of an increase in the speed at
which the plant responds or constitutive activation of defense responses. I was also interested in
how different types of auxin transport inhibitors change the Arabidopsis- H. parasitica
interaction.

SIGNIFICANCE

Plants and pathogenic microorganisms are in a constant battle. Plants are at an adaptive
disadvantage in this fight because of their longer life cycle, compared to microorganisms. This
longer life cycle does not allow the plants to adapt to the new abilities of the microorganisms as
fast as the microbes can adapt to the new defenses of the plants. Economically-important crops
have the added disadvantage of forced selection of certain traits by humans. During this forced
selection process, genes that are advantageous for crop yield have been chosen over disease
resistance genes. With plant defense mostly left up to chemicals.
This is especially evident in potato and its extreme susceptibility to Phytophthora
infestans. This oömycete (a relative of H. parasitica and other downy mildews) was responsible
for the devastating famine in Ireland in the nineteenth century, and continues to cause damage to
potato with losses estimated in tens of millions of dollars annually (Guenthner, Michael et al.
2001). In addition, other members of the Phytopthora genus cause significant damage to a
variety of crops. Downy mildews and other oömycetes can adapt quickly to pesticides and
genetic resistance (i.e., R genes bred into crops), so new resistance strategies are desperately
needed.
Understanding the network that triggers resistance, along with what the pathogen needs
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from the plant to establish a successful infection is important for developing the integrated,
holistic perspective that is necessary for innovative development of engineered resistance to
existing and emerging pathogens. For example, rational design of proteins that are able to
activate the defense network at multiple points will add to robustness of engineered resistance
strategies. It will also be useful to be able to breed or create altered crop lines that are missing
specific genes that would normally make them hosts of a pathogen, in effect creating a non-host
out of a host. This will be even more relevant in the future, as pathogens are able to overcome
the available pesticides and with the increasing public pressure, and a clear environmental
benefit of moving away from chemical means of pest control.
BACKGROUND
Life cycle of H. parasitica

A.

Sporangiophore
Spore

Hypha

Haustorium

C.
B.
Suppress
Defenses

Effectors

Reprogram
Metabolism

Metabolism

Carbon
Water

Nutrients

Figure 1.1: Overview of the H. parasitica life cycle. A. Schematic cross-section of an infected
6

leaf, showing pathogen infection structures.

B. Bi-directional molecular traffic in a

haustorial cell: Effector proteins are exported into the plant cell to reprogram plant
defenses and metabolism, while nutrients and water are extracted from the plant cell for
pathogen metabolism. C. Downy mildew disease of Arabidopsis. This is a picture of the
conidiafors on the surface of a cotyledon of a H. parasitica susceptible plant.
The biotrophic life cycle of H. parasitica begins when a spore attaches to the surface of a
host leaf (Fig. 1.1A). An infection thread (hypha) emerges from the spore, penetrates the leaf,
and differentiates into a branched web of hyphae that grow in the spaces between photosynthetic
mesophyll cells inside the leaf. Eventually the hyphal tips emerge from the leaf and differentiate
into spore-producing structures called conidiaphores (these appear ―downy‖, Fig. 1.1C). Direct
associations form between hyphae and mesophyll cells through structures called haustoria that
penetrate the host cell wall and project into the plant cell (Fig. 1.1B). It is widely believed that
haustoria play a key role in exploitation of the plant by actively importing carbon, water, and
inorganic nutrients (Staples 2001; Voegele and Mendgen 2003). Furthermore, there is evidence
that downy mildews export ―effector‖ proteins through the haustorium into the plant cell, to
reprogram plant defenses and metabolism to better suit the pathogen (Fig.1.1B) (Allen, BittnerEddy et al. 2004).

STRUCTURE AND FUNCTION OF R PROTEINS

Plant-pathogen interactions are often classified as being ―compatible‖ or ―incompatible‖.
In compatible interactions the plant does not detect the pathogen and the disease cycle is allowed
to go to completion. In incompatible interactions the plant senses the presence of the pathogen
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and activates defense responses (Jakob, Goss et al. 2002).
It has been demonstrated that when a pathogen begins to parasitize its host cell it secretes
"effector" proteins that enter plant cells to manipulate the host’s defense responses and
metabolism to better suit the pathogen. These effectors or their effects on host proteins are
thought to be perceived by resistance proteins (R proteins) in resistant hosts (Guttman, Vinatzer
et al. 2002; Greenberg and Vinatzer 2003). There are two models that describe how R proteins
may work. The first is the receptor-elicitor model, in which the R protein directly binds the
effector and then triggers the defense response. The second is the guard model, in which the R
protein monitors the target of the effector protein for modification by the pathogen (Van der
Biezen and Jones 1998). When this modification is perceived, the R protein triggers a defense
response (Hammond-Kosack and Parker 2003). According to this model the effector and R
proteins might not necessarily interact directly. Examples of both models have been described,
but it is still unclear which of these models is more prevalent.

Overview of functional domains in R proteins:

R proteins can recognize pathogens ranging from insects to viruses. Every plant
examined so far has hundreds of R gene homologs (Michelmore and Meyers 1998). Many R
proteins are encoded by genes that belong to gene families with two or more members. New R
genes originate through the process of gene duplication, and then diverge to new recognition
specificities. This process of R gene creation allows for many different structural possibilities for
new R proteins. New R genes do not always code for resistance against currently relevant
pathogens to the plant but are available for possible recognition of a new pathogen.
8

R proteins can be cytosolic or transmembrane (Song, Wang et al. 1995; Van der Biezen
and Jones 1998). Many R genes belong to the NB-LRR superfamily, which encode cytosolic
proteins (Boyes, Nam et al. 1998). This class is defined by a nucleotide-binding site (NB), and a
C-terminal leucine rich repeat (LRR) region that is hypervariable between R genes and is thought
to mediate recognition specificity (Van Der Hoorn, Roth et al. 2001; McDowell and Woffenden
2003). The NB-LRR class can be further divided into two subclasses, the TIR-NB-LRR and the
CC-NB-LRR group. The TIR-NB-LRR group is defined by a N-terminal Toll-Interluken-1
receptor (TIR) like region.

In Drosophila, the Toll domain was first characterized in

specification of the body axis in development and in pathogen defense in adult flies. TIR-like
domains are frequently found in proteins, from animals, that are involved in innate immunity
(Rock, Hardiman et al. 1998). The second subclass of NB-LRR proteins has an N-terminal
coiled coil (CC) domain instead of a TIR domain. RPP7 is a member of the CC-NB-LRR group
of R proteins. The TIR and CC domains are thought to be involved in signal transduction, but
their exact roles are unclear (Dinesh-Kumar, Tham et al. 2000).

Function of the NB domain

The NB domain is positioned between the TIR/CC and the LRR domains of the R gene.
The NB region contains three motifs that suggest ATPase activity: kinase-1a, kinase-2 and a
kinase-3a. Mutations in the NB region have shown to inactivate resistance genes.

It has been

shown that the NB in the tomato R proteins, I-2 and Mi-1, have ATPase activity in vitro
(Tameling, Elzinga et al. 2002). Mutational analysis on the R protein, Rx, from potato showed
that a functional P-loop, a motif that is known to bind ATP and be involved in ATP hydrolysis, is
9

needed for Rx to activate the defense network (Bendahmane, Farnham et al. 2002). It is possible
that hydrolysis of ATP is needed for signal transduction by the R gene after recognition of a
pathogen. It could be that ATP hydrolysis induces a conformational change in the R proteins and
thereby changes the R protein’s affinity for downstream components.
Proposed function of the LRR domain

The LRR regions of R proteins have a consensus sequence of LxxLxLxx, where x can be
any amino acid and L is a leucine residue. This region may be involved in protein-protein
interactions. It has been shown by x-ray crystallography of ribonuclease A, angiogenin, and
other LRR proteins that the LRRs are a ligand-binding region. Structural studies on LRRs from
other types of proteins have shown that each LRR forms right-handed β-loop-α structures that
are sequentially joined together.

Together the repeats form a curved open structure that

resembles a horseshoe with the α-helices on the outside and the β-sheet forming the inside wall
(Branden and Tooze 1999). In these two proteins, the ligand interacts with the β-sheet on the
concave surface of the LRR region. Based on mutational analysis, this concave surface is
important for ligand binding in other LRR proteins. It is thought that the variable x residues face
into the ligand-binding site and give the R protein its specificity to discriminate different effector
proteins (Kobe and Kajava 2001).
Research with the tomato R proteins, Cf-4 and Cf-9, which are 91% identical, showed
that if the LRR domains were swapped then the Avr protein that the R proteins would normally
recognize would also be switched. Although there is no evidence that Cf-4 or Cf-9 directly
interact with their corresponding effector proteins, this does show that the LRR region is
responsible for recognition specificity (Van Der Hoorn, Roth et al. 2001). Immunoprecipitation
10

experiments with the NB-LRR protein RPS2 from Arabidopsis have shown that it forms a
complex with both avrRpt2 and avrB, two effector proteins from Pseudomonas syringae. RPS2
triggers the HR in response to avrRpt2. This is direct evidence that a NB-LRR protein is able to
recognize the avr protein that is responsible for that particular R protein to trigger a defense
response (Leister and Katagiri 2000).
The exact function of these LRR domains in R proteins and what their actual structure
looks like is only based on models of other proteins that have similar sequences. To fully
understand how R proteins work it will be necessary to determine their exact structure and
understand how the various domains associate with each other if at all, and how these domains
associate with other proteins that relay the "recognition signal" downstream.
Intermolecular interactions

The mechanism by which R proteins work is even more complicated than first thought. Studies
of the R protein Rx, which recognizes potato virus X in the Solanaceae, have shown that when
the CC-NB and the LRR domains of Rx are expressed in separate constructs they can interact
with each other in trans, and are able to efficiently recognize the corresponding effector and
trigger the HR. It was also shown that it was possible to trigger a weak HR when the NB-LRR
domain from the R protein Bs2 and the CC region of Rx were co-expressed as separate
constructs (Moffett, Farnham et al. 2002). This suggests that interactions between the domains
of the protein are important for triggering the defense response and also that R proteins are
modular, and that these molecules can complement each other even when expressed in trans.

11

MECHANISMS OF SIGNAL TRANSDUCTION

Small molecules
The phenolic, salicylic acid (SA), is important in the defense response to many
pathogens. This was most clearly shown by the shift toward susceptibility when the bacterial
gene NahG (degrades SA into catechol) is transformed into plants (Delaney, Uknes et al. 1994).
SA accumulation is important for initiation of the HR (Gaffney, Friedrich et al. 1993; Delaney,
Uknes et al. 1994) and for initiation of systemic acquired resistance (SAR) in which the entire
plant gains a state of transient, broad-spectrum resistance following an initial, "local" infection.
It has been shown by molecular and genetic techniques that the lipase-like proteins, EDS1 and
PAD4 (described below), are necessary for the buildup of SA and it is thought that these three
components are involved in a positive feedback loop that triggers the accumulation of SA in the
cell. This SA accumulation is thought to amplify signals for defense (Feys, Moisan et al. 2001).
The mechanism(s) by which this occurs remain unclear, but clues have come from experiments
in which SA has been shown to inhibit the activity of catalase, acorbate peroxidase and similar
enzymes that convert H2O2 to H2O and O2. H2O2 and other reactive oxygen intermediates (ROI)
are part of an early signal in the defense response, the oxidative burst. During the inhibition of
these enzymes SA is converted to a free radical, which initiates lipid peroxidation. The products
of the SA lipid peroxidation have been shown to trigger a defense response in cell culture
(Klessig, Durner et al. 2000; Shah 2003). SA has also been genetically linked to activating the
defense response through the downstream transcription factor NPR1 (Zhang, Fan et al. 1999;
Kinkema, Fan et al. 2000). Ethylene and jasmonic acid, two other small molecules in the
defense network, are thought to be mainly involved in signaling resistance to insects,
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necrotrophic pathogens, and in response to wounding (Gozzo 2003).

Genes
Genetic epistasis tests are a powerful approach to understanding interactions (direct or
indirect) between components that make up a regulatory pathway. By mutating or removing the
genes that encode the elements, it is possible to determine whether those elements are necessary
for the proper functioning of the pathway. By combining different mutations it is possible to
place the elements in a genetic hierarchy. In Arabidopsis, each isolate of H. parasitica is
recognized by specific R proteins. This allows the use of epistasis tests, with mutants acting
downstream in the defense signaling hierarchy. By using the different isolates as "probes" for
specific R proteins, we can test whether a particular signal transducer is necessary for the
functionality of many R proteins or if it is specific to just a few or even one R protein. By
probing the defense network in this way, we can determine the necessary components for
activation and successful execution of defense responses triggered by specific R genes (i.e.,
determine how many pathways are utilized by a particular R gene and what their relative
contributions are to the resistance response).
Table 1.1 lists some of the mutants that have been used to study the genetic
requirements for R gene-mediated resistance in Arabidopsis.

Most of these mutants were

originally isolated by challenging mutagenized plants with pathogens or defense response
elicitors and selecting those plants that had a compromised defense response. Previous epistasis
tests have shown that the two major subfamilies of NB-LRR proteins use two distinct pathways.
The TIR-NB-LRR proteins are suppressed by mutations in PAD4 or EDS1, genes that encodes
putative lipases (Jirage, Tootle et al. 1999). Conversely, a mutation in NDR1, which encodes a
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putative transmembrane protein, suppresses certain genes in the CC class of NB-LRR R proteins
(Coppinger, Repetti et al. 2004).
Figure 1.2 is an illustration of how these components are related in the pathway for most
NB-LRR genes. This model explains the genetic signaling requirements of most R genes, but
RPP7 provides one of three notable exceptions. RPP7 encodes a CC-NB-LRR R protein;
however RPP7 is still able to function when either of these two pathways is disabled. In
eds1/ndr1 double mutants, which disable both known genetic pathways, RPP7-mediated
resistance to Hiks1 is only slightly shifted toward susceptibility. Similarly, no effect on RPP7
resistance is observed in coi1 and jar1 mutants, which disable the jasmonic acid defense
pathway, and ein2 which disables ethylene mediated defense pathways (McDowell, Cuzick et al.
2000). The addition of the transgene NahG, which degrades SA, has no effect on RPP7-mediated
resistance. RPP7 is also not affected by the npr1 mutant (McDowell, Cuzick et al. 2000).
NPR1 is a transcription factor that acts downstream of SA (Zhang, Fan et al. 1999; Kinkema, Fan
et al. 2000). Mutations in NPR1 have been shown, in pathogen challenge assays, to disable
members of both the TIR and CC class of NB-LRR proteins (Cao, Bowling et al. 1994; Delaney,
Friedrich et al. 1995; Shah, Tsui et al. 1997). Combinations of npr1 with either coi1 or NahG
also had no effect on RPP7 resistance. This indicates that RPP7 does not use a redundant SA
jasmonic acid pathway and that RPP7 does not enter the SA pathway below the EDS1/PAD4 or
NDR1/RAR1 components.
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NBS

TIR

CC

EDS1

NBS

NDR1

PAD4

RAR1

SA

NPR1

Resistance

Figure 1.2: Model illustrating the genetic relationship between most TIR and CC domain NBS-LRR R
proteins and downstream components of the defense pathway. The TIR class R proteins are predicted to
use the EDS1/PAD4 pathway and the CC-NB-LRR proteins use the NDR1/RAR1 pathway. Both these
pathways converge on SA and utilize NPR1 to trigger resistance. Note that many other component of
resistance signaling (e.g. reactive oxygen intermediates) are not included in this figure for the sake of
simplicity.
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Table 1.1: Arabidopsis mutants used to dissect resistance pathways
Mutant

Phenotype

Related

symbol

parasitica Resistance

pad4-1

Partially suppresses

to

H. Hypothesized Function of WildType Protein

TIR-NB- Production of a lipid signaling

LRR genes against P. parasitica molecule (Falk, Feys et al. 1999)
(Feys, Moisan et al. 2001)
ndr1-1

Partially suppresses some of the Transmembrane protein (Century,
RPP genes (Century, Holub et al. Shapiro et al. 1997)
1995),

(Shapiro

and

Zhang

2001)
rar1-20

Suppresses CC-NBS-LRR genes Ubiquitin

-mediated

proteolysis

against P. parasitica (Warren, (Azevedo, Sadanandom et al. 2002)
Merritt et al. 1999)
Col::NahG

Salicylic

Acid

is

degraded. Expresses a bacterial gene that

Some R genes are suppressed degrades salicylic acid (Gaffney,
(Delaney, Uknes et al. 1994)
npr1-1

Friedrich et al. 1993)

Partially suppresses some TIR- A transcription factor that functions
NBS-LRR and CC-NBS-LRR downstream of SA (Zhang, Fan et al.
genes (Delaney, Friedrich et al. 1999), (Kinkema, Fan et al. 2000)
1995), (Cao, Bowling et al.
1994), (Shah, Tsui et al. 1997)

ein2

Ethylene insensitive (Thomma, Metal ion transporter, links ethylene
Eggermont et al. 1999)

and
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jasmonic

acid

pathways

(Alonso, Hirayama et al. 1999)
coil1

Jasmonic

Acid

insensitive Ubiquitin-mediated proteolysis (Xie,

(Thomma,

Eggermont

et

al. Feys et al. 1998)

1999)
jar1-1

Jasmonic

Acid

insensitive May be related to acyl adenylate-

(Staswick, Yuen et al. 1998)

forming

firefly

luciferase

superfamily (Staswick, Tiryaki et al.
2002)
These data suggest that RPP7 could be using a third pathway to trigger the defense
response, that RPP7 is using both pathways in a redundant fashion, or that RPP7 is using both
known pathways and a third unknown pathway. This use of multiple pathways could be to
amplify a weak initial signal. The use of multiple pathways may also be an adaptation against
having one of the pathways blocked by the effector proteins from a pathogen.
The understanding of an R protein that uses multiple pathways to trigger resistance will
allow us to better understand the requirements to activate those pathways and understand the R
genes that use only one pathway to trigger resistance. We will able to begin to understand why
RPP7 is much more robust than other R proteins to perturbation in the defense network.

AUXIN: AN OVERVIEW

An endogenous plant growth ―substance‖ was first postulated by Charles Darwin in 1880
but it was not until 1930 that the molecule indole-3-acetic acid (IAA), a plant growth hormone
classified now as an auxin, was described (Stijn Spaepen 2007). Since then, three additional
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natural auxins have been discovered in plants: indole-3-propionic acid, indole-3-butyric acid and
1-naphthylacetic acid (Qiaomei Lu 2008). Of these, IAA is the most heavily studied and is the
most relevant to my dissertation research.
IAA production in plants is accomplished though two different pathways, the tryptophan
(Trp)-dependent and the Trp-independent pathway (Benjamins and Scheres 2008). The Trpdependent pathway is most relevant to my research. This pathway converts Trp to indole-3acetaldoxime (IAOx) by two functionally homologous enzymes, cytochrome P450 79B2
(Cyp79B2) and cytochrome P450 79B3 (Cyp79B3) (Benjamins and Scheres 2008). Trp can also
be converted to IAOx by a second pathway involving the enzyme, yucca, which is a flavin
monooxygenase (FMO)-like enzyme (Zhao, Christensen et al. 2001).
Importantly, IAOx represents a metabolic branch-point, because it can enter three
different metabolic pathways that respectively produce IAA, indole-glucosinolates, or
camalexins. IAOx is first metabolized into indole-3-S-alkyl-thiohydroximate by cytochrome
P450 83B1 (Cyp83B1) as the first step in the pathway to indole-glucosinolates (Naur, Petersen et
al. 2003; Halkier and Gershenzon 2006).

Cytochrome P450 71A13 (CYP71A13) and

cytochrome P450 75B15 (Cyp71A13) have been identified as steps in the pathway to camalexins
(Glawischnig 2007; Nafisi, Goregaoker et al. 2007). In contrast, the enzymes involved in IAA
production are not known at this time (Halkier and Gershenzon 2006) (Figure 1.3).
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Figure 1.3: The Trp-dependent pathway to the metabolic IOAx and the three downstream
pathways. Adapted from Halkier et al. Annu. Rev. Plant Biol 57:303-33 (2006)

Auxin Transport
Auxin is a phytohormone that exerts its action on plant organ development through its
transport through the plant down a concentration gradient.

Auxin is a weak acid and is

uncharged in the intercellular spaces of the plant. In this uncharged form auxin can freely diffuse
into cells. Once inside the cell, auxin is unprotonated and charged. This charge keeps auxin
from freely defusing back out. To prevent a buildup of auxin inside the cell, auxin is actively
transported outside the cell (J. A. RAVEN 1975; Benjamins and Scheres 2008).
Auxin does not just diffuse into cells and then get pumped out again in chaotic fashion.
Auxin has a polar flow, from the growing part of the leaves and shoot and down to the roots.
Once in the root tip it is then transported back up the plant. This polar flow also sets up an auxin
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concentration gradient inside the plant, with the with the highest concentration in the growing
part of the leaves and the lowest concentration in the roots (Boutté, Ikeda et al. 2007; Benjamins
and Scheres 2008).

This polar flow of auxin is set up by several auxin transporters. The pin

formed (PIN) proteins and multi-drug resistance (MDR)–p-glycoproteins (PGP) have been
shown to be involved in auxin export from cells. Both of these auxin exporter classes have been
shown to be encoded by multi-gene families. The members of these families that have been
studied to date have all been shown to export auxin in plant systems, but may differ in their
location on the plasma membrane and expression throughout the plant (Boutté, Ikeda et al. 2007;
Benjamins and Scheres 2008). Although auxin can diffuse freely into plant cells, the plant does
have at least one auxin importer family, called AUX1/LAX gene family (Blakeslee, Peer et al.
2005). AUX1, the most heavily studies auxin importer, is an auxin:proton symporter that
contributes to the polar flow of auxin and to gravotropism in the roots (Bennett, Marchant et al.
1996). This polar auxin flow is important for both vascular development and root development in
the plant (Mattsson, Sung et al. 1999; Sabatini, Beis et al. 1999).

Auxin perception and Signaling
One of the first auxin receptors to be identified was TIR1, which contains LRR domains
and an F-Box motif. This receptor functions as part of an ubiquitin-ligase (E3) complex called
SCF-TIR1 and is responsible for directing the degradation of the AUX/IAA proteins (Ruegger,
Dewey et al. 1998; Gray, del Pozo et al. 1999; Gray, Kepinski et al. 2001). The auxin receptor fbox AFB gene family has been shown to be somewhat functionally redundant with TIR1 and has

been shown to also direct the degradation of the AUX/IAA proteins in an auxin-dependent
manner (Dharmasiri, Dharmasiri et al. 2005). These AUX/IAA proteins are transcriptional
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regulators and interact with another transcriptional regulator family of called the auxin response
factors (ARF) (Benjamins and Scheres 2008). This degradation relieves the inhibitory effect that

AUX-IAA proteins have on ARF transcription regulators, allowing them to direct auxinassociated changes in gene expression (Mockaitis and Estelle 2008) (Figure 1.4).

Figure 1.4: The current model of how activation of TIR1 by auxin is responsible for
derepressing auxin response genes. Adapted from (Mockaitis and Estelle 2008).

Auxin and pathogens
There is a growing body of evidence indicating that auxin is important in many plant/pathogen
interactions. IAA was found to increase in interactions between the plant pathogen Xanthomonas
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campestris pv. Campestris and Arabidopsis (Philip J. O'Donnell 2003). It has also been shown
that incompatible interactions against Pseudomonas syringae result in the downregulation of
auxin receptors by miRNA. This downregulation of auxin receptors inhibits pathogen growth but
when this downregulation is inhibited the pathogen’s ability to grow and cause disease is
enhanced (Navarro, Dunoyer et al. 2006). It has been shown that the type III effector, AvrRpt2,
causes changes in the plant’s auxin response and free-to-total auxin ratios in Arabidopsis (Chen,
Agnew et al. 2007).

These recent results, along with others described in Chapter Three,

demonstrate that auxin is a key regulator of plant-pathogen interactions. However, its role in
plant interactions with oömycetes and obligate biotrophic pathogens like H. parasitica has not
been explored.

OBJECTIVES OF THIS DISSERTATION

The following objectives of my PhD. research are designed to increase the current understanding
of the architecture of the defense network in Arabidopsis and the role auxin plays in its
interaction with H. parasitica.

(1) To test the effect of various double mutants on RPP7-mediated resistance to the Hiks1
isolate of H. parasitica in Arabidopsis thaliana.
(2) To test the effect of various mutants and auxin transport inhibitors on the susceptibility of

Arabidopsis thaliana to the Emco5 isolate of H. parasitica.
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Chapter 2
Double Mutant Analysis Revealed Extensive
Interconnections in the RPP7 Signaling Network
of Arabidopsis thaliana.

Note:
This chapter represents a manuscript in preparation for submission to Molecular Plant-Microbe Interactions.
Alayne Cuzick will be included as a co-author; her contribution was to assist with isolation of the double
mutants.
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ABSTRACT:

The Arabidopsis thaliana R gene RPP7 encodes a coiled-coil nucleotide-leucine-rich repeat (CCNB-LRR) protein that activates race-specific resistance to the downy mildew pathogen
Hyaloperonospora parasitica (H parasitica). Previously published genetic epistasis tests have
established that RPP7 activates defense responses through a signaling mechanism that does not
require accumulation of salicylic acid (SA), or components of the ethylene and jasmonate
response pathways. Furthermore, RPP7 is not strongly compromised by mutations in genes
associated with defense signal transduction (PAD4, NDR1, NPR1, RAR1). We have constructed
double mutant combinations of these signal transduction components to test for additive or
functionally-redundant contributions to RPP7-dependent resistance. Most of the double mutants
support an enhanced level of asexual sporulation compared to the single mutant parental lines.
Time course experiments with histochemical stains revealed that most of the double mutants
delay, but do not suppress the oxidative burst and the hypersensitive response. These results
suggest that RPP7 activates multiple signaling pathways, each of which makes incremental
contributions to the timing of defense activation.

Keywords
Arabidopsis, Hyaloperonospora parasitica, double mutants, RPP7, PAD4, NDR1, NPR1, RAR1,
defense.
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INTRODUCTION:
Plants have evolved a vast array of defenses against microbial pathogens and insect
pests. These defenses include preformed barriers, tissue strengthening and an extensive range of
chemical and peptide-based defense compounds (Hammond-Kosack and Jones 1996; Osbourn
1996). Plants also have the ability to sacrifice their own cells to protect the greater organism.
This is evident in the hypersensitive response (HR), which comprises programmed cell death
triggered in response to a pathogen attack. This response is typified by production of reactive
oxygen species and cytotoxic compounds, along with destruction of cellular components and
eventually structural collapse of the host cell. This is an attempt by the plant to place a toxic
barrier of cell debris filled with toxic compounds between healthy tissue and the pathogen
(Hammond-Kosack and Jones 1996).
Conceptually, plant defenses are organized into three different levels. Each level of
defense has a higher level of specificity to the attacking pathogen. The first line of defense is
comprised of preformed barriers such as the cell wall, waxy cuticle, and constitutively-expressed
anti-pathogenic proteins and chemicals (Greenberg 1997). These preformed defenses are
nonspecific, in the sense that the plant activates them regardless of the type of attacking
pathogen. Some preformed defenses, like the cell wall, also serve structural purposes.
The second level of defense is MAMP-triggered immunity (MTI) in which defenses are
activated by recognition of evolutionarily-conserved microbial components called microbeassociated molecular patterns (MAMPS; e.g., flagellin, beta-glucan cell wall fragments, and
elongation factor Tu). These MAMPS are cellular components that are highly conserved across
different microorganisms and are essential for their survival. The MAMPS are perceived by
pattern recognition receptors (PRR) on the plant cell surface. Recognition of MAMPS by the
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plant results in transcriptional and metabolic changes in the plant, regardless of whether the
microbe is pathogenic or not (De Wit 2007).
The third level of defense is triggered by recognition of secreted virulence factors that are
often referred to as "effectors.‖ Many types of plant pathogens secrete effectors to the interior of
host cells.

In several cases effectors have been shown to circumvent MAMPS triggered

immunity by blocking the associated plant signaling components (Block, Li et al. 2008). Plants,
in turn, can recognize certain effectors using receptors encoded by resistance genes (R genes).
This level of defense is referred to as effector-triggered immunity (ETI). ETI is the most specific
level of resistance, in which individual proteins often recognize a specific strain of a pathogen
and then transfer that information to the nucleus to activate defense programs. Some R proteins
are able to detect a virulence factor from the pathogen directly (e.g. the flax L protein, or Pi-ta
from rice REFS), while in other cases the R protein "guards" the protein target of a pathogen
virulence factor and activates resistance when the R protein perceives a change in that target
(Flor 1955; Dangl and Jones 2001). This defense network operates through various enzymatic
and chemical intermediates, and contains positive and negative feedback loops that activate and
modulate the defense response in a timely and appropriate manner (Shirasu, Dixon et al. 1996;
Dong 1998). ETI often culminates in activation of the hypersensitive response.
There are several different structural classes of R proteins. The largest is the nucleotidebinding leucine-rich repeat class (NB-LRR). It is thought that the LRR region is involved with
detection of the virulence factor or the change in the virulence factors target (Moffett, Farnham
et al. 2002) . The NB region has been shown to have ATPase activity (Tameling, et al. 2002),
which has been speculated to provide energy for downstream signaling. The NB-LRR class has
two major subclasses that differ in the N-terminal domain: the Toll-like receptor (TIR) and the
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coiled-coil (CC) NB-LRR proteins. The TIR domain is similar to the cytoplasmic signaling
domain of the Toll-like receptors, which play roles in innate immunity and pattern formation in
the fruit fly. The TIR domain has been shown to have kinase recruiting and activating activity in
Drosophila (Takken and Joosten 2000). The coil-coil domain is thought to contain two stretches
of α-helices intertwined around each other. The CC and TIR domains have been proposed to be
involved in signal transduction, however their exact molecular roles remain to be defined
(McDowell and Woffenden 2003; McHale, Tan et al. 2006).
Hyaloperonospora parasitica (Hpa) is an oomycete plant pathogen that is the causative
agent of downy mildew on Arabidopsis. As one of only a handful of pathogens that is coevolving with Arabidopsis in the wild, H. parasitica provides a useful pathogen system to study
the defense signaling network of plants. The visual symptoms of downy mildew are chlorosis
and a blanketing of conidiophores on the surface of infected leaves. H. parasitica does not infect
any other crucifer tested so far and exists in a gene-for-gene resistance/susceptibly relationship
with Arabidopsis.
H. parasitica has both an asexual and sexual reproductive cycle. The asexual cycle
consists of infection of leaves by conidiospores, resulting in the growth of a coenocytic
mycelium in the intercellular spaces in the plant tissue. During the reproductive stage of the
asexual reproductive cycle, conidiophores emerge from the stomata and bear conidiospores,
which continue the cycle (Holub, Beynon et al. 1994; Slusarenko and Schlaich 2003). H.
parasitica employs an obligate biotrophic life strategy, in which it extracts nutrients from living
plant tissue. H. parasitica forms haustorial interfaces with host cells, through which nutrient
exchange and delivery of effector proteins are presumed to occur.
R proteins work through various signaling proteins to trigger resistance. Some of the
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more extensively-studied resistance signal transduction proteins are RAR1, NDR1, NPR1, and
PAD4. RAR1 is a defense protein that is involved in R protein stabilization. In previous defense
signaling studies, RAR1 has been shown to work in the same pathway as NDR1 (Non RaceSpecific Disease Resistance 1) (Muskett, Kahn et al. 2002; Tornero, Merritt et al. 2002). NDR1
is a membrane-associated, GPI-anchored protein thought to be involved in resistance signal
transduction (Century, Shapiro et al. 1997; Coppinger, Repetti et al. 2004). Plants without a
functional copy of NDR1 are unable to express the defense marker gene, PR-1, in response to
certain stimuli and are insensitive to SA. NPR1 is an ankyrin repeat-containing protein that is
necessary for systemic acquired resistance (SAR) as well as resistance triggered by certain R
genes (Cao, Glazebrook et al. 1997; Loake and Grant 2007). NPR1 is activated after the
oxidative burst and moves into the nucleus where it interacts with transcription factors to trigger
defense (Kinkema, Fan et al. 2000). PAD4 is essential to basal resistance in Arabidopsis. PAD4
works in conjunction with EDS1 to produce a positive feedback loop with SA. PAD4 is a lipaselike protein with catalytic motifs similar to those in EDS1 (Feys, Moisan et al. 2001; Wiermer,
Feys et al. 2005).
A great deal of work has previously been done to elucidate the architecture of the
signaling pathways between R protein-dependent pathogen recognition and the ultimate
activation of defenses. For example, loss-of-function mutants in various defense signaling
components have been screened by challenge with H. parasitica and other pathogens that are
recognized by different R genes.

In these epistasis tests, mutant plants were screened for

increased susceptibility to various strains of H. parasitica and other pathogens that are
recognized by various R genes. One generality to emerge from these studies is that resistance
mechanisms activated by the TIR-NB-LRR group of R proteins were disabled by mutations in
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EDS1.

In contrast, resistance activated by CC-NB-LRR proteins were unaffected by eds1

mutations, but were suppressed by mutations in NDR1 (Aarts, Metz et al. 1998). RAR1 was also
found to be vital to the function of certain TIR-NB-LRR and CC-NB-LRR R proteins (Feys,
Moisan et al. 2001). Similarly, the function of both classes of R proteins was disrupted when
NPR1 was disabled (Cao, Bowling et al. 1994; Cao, Li et al. 1998). These epistasis studies have
resulted in a "two pathway model," which predicts that TIR-NB-LRR and CC-NB-LRR proteins
activate different signaling pathways, mediated respectively by EDS1 and NDR1. (Falk, Feys et
al. 1999; McDowell, Cuzick et al. 2000; Feys, Moisan et al. 2001). These two pathways are then
thought to converge downstream at NPR1 into one pathway, which then triggers defense.
This "two-pathway" model holds true for most R proteins but not for the CC-NBS-LRR
proteins RPP7, RPP8, and RPP13, all of which provide resistance to different isolate of H.
parasitica. RPP7 mediates resistance to H. parasitica Hiks1 in the Col-0 accession, while RPP8
provides resistance to H. parasitica Emco5 in the Landsberg erecta accession. RPP13 in the Nd0 accession confers resistance to several isolate of H. parasitica (Bittner-Eddy, Can et al. 1999).
RPP7, RPP8, and RPP13 are not significantly suppressed by mutations in EDS1 or NDR1 and
only weakly suppressed in the eds1/ndr1 double mutant.

These three R proteins are also

unaffected by the presence of the NahG transgene, which encodes an enzyme that converts SA to
catechol, demonstrating their independence from SA accumulation (McDowell, Cuzick et al.
2000; Bittner-Eddy and Beynon 2001). RPP7 is similarly unaffected by mutations in EIN2,
JAR1 or COI1, which disable the ethylene and jasmonic acid pathway traditionally associated
with defense against necrotrophic pathogens. The coi1/npr1 double mutant and coi1/NahG
mutant/transgene combination also have no effect on RPP7-mediated resistance. This is in
contrast to the other R proteins from Arabidopsis that can be significantly suppressed by many of
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the mutations described above (McDowell, Cuzick et al. 2000).

Removal of either the

PAD4/EDS1 or NDR1/RAR1 pathways individually does not affect the ability of RPP7, RPP8,
or Rpp13 to trigger an effective defense response. This level of robustness in defense signaling
against H. parasitica has so far only been seen for these three R proteins (McDowell, Cuzick et
al. 2000; Bittner-Eddy and Beynon 2001).
Here we present experiments performed to further understand how RPP7 can have such a
robust signaling function. To do this we created double mutant combinations of the various
components of the two known defense signaling pathways, namely NDR1, NPR1, PAD4, and
RAR1. Previous studies have shown that single mutants of these components have no affect on
the RPP7 triggered resistance response. We assayed these double mutants for effects on overall
defense to the pathogen by assessing the ability of the pathogen to complete its life cycle. The
extent and timing of the HR was assayed visually with trypan blue staining, and the timing of the
oxidative burst was assayed with diaminobenzidine (DAB) staining. We also examined the
timing of gene transcript accumulation of molecular markers for two types of defense: PR1, a
marker for SA mediated defense, and PDF1.2, a marker for ethylene/jasmonic acid mediated
defense, which are usually associated with biotrophic and necrotrophic pathogens respectively
(Ward, Uknes et al. 1991; McDowell and Dangl 2000). The results indicate that each of these
defense signaling components makes a quantitative contribution to RPP7 resistance. Removal of
components of this network affects the timing and kinetics of the HR and the oxidative burst. We
conclude that RPP7 activates multiple pathways, and that these pathways function as an
integrated network to amplify the initial signal and adapt to perturbations and loss of components
of the network.
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RESULTS:

Double mutant combinations of pad4-1, ndr1-1, npr1-1, and rar1-20 partially compromise
RPP7-mediated resistance
Double mutants pad4-1/ndr1-1, npr1-1/pad4-1, pad4-1/rar1-20 and npr1-1/ndr1-1, were
made by crossing single mutants and collecting F1 seed. PCR-based markers were used to
identify F2 seedlings that were homozygous for each mutant allele (described in Experimental
Procedures). Homozygous double mutant lines were allowed to set seed, and these progeny were
used for experiments described below.
The first assay of our study was to count conidiophores on the surface of cotyledons at
seven days after infection of seven day-old plants with H. parasitica isolate, Hiks1, which is
recognized specifically by RPP7 in the Col background. This assay quantifies the ability of the
pathogen to complete its life cycle and is a gauge of the overall functionality of RPP7-dependent
resistance. Consistent with previous reports (McDowell, Cuzick et al. 2000), no conidiophores
were observed on wild-type Columbia Col-0 (Table 2.1). In contrast, Col plants containing a
loss-of-function mutation in RPP7 (rpp7.1) supported abundant conidiophore production. This
provides a standard for complete inactivation of RPP7 resistance. The Col-0 mutants ndr1-1,
npr1-1, pad4-1, and rar1-20 showed only a slight increase in the average number of
conidiophores per cotyledon, compared to the Col-0 wild-type resistant control. This increase
suggests that RPP7 does signal through mechanisms that employ NDR1, NPR1, PAD4, and
RAR1, but these components individually are not major contributors to RPP7 resistance.
The incremental contributions of NDR1, NPR1, PAD4, and RAR1 were further
established through the analysis of double mutants. Every double mutant, with one exception,
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supported higher production of condiophores than did the single mutant parental lines. For
example, the pad4-1/ndr1-1 and pad4-1/rar1-20 double mutants exhibited increases in
susceptibly of 4.5 and 8.1 conidiophores per cotyledon, respectively, compared to an average of
less than 1 conidiophore per cotyledon for the three single mutants. These data suggest that
PAD4 acts additively with NDR1 and RAR1 to activate defense. Similarly, the ndr1-1/rar1-20
double mutant, which had an average of 4.3 conidiophores per cotyledon, indicates that NDR1
and RAR1 act additively.
The contribution of NPR1 was tested in ndr1-1/npr1-1, npr1-1/rar1-20, and pad4-1/npr11 double mutants. Both ndr1-1/npr1-1 and npr1-1/rar1-20 double mutants showed an additive
effect, but the pad4-1/npr1-1 double mutant did not. This is consistent with previous models that
place NPR1 and PAD4 in the same SA-dependent resistance pathway (Jirage, Tootle et al. 1999).

Double mutants affect the timing of the resistance response

Previous studies have shown that RPP7 activates multiple downstream responses, which
include an oxidative burst and programmed cell death at the infection site, as well as extensive
reprogramming of gene expression (McDowell, Cuzick et al. 2000; Tor, Gordon et al. 2002;
Eulgem, Weigman et al. 2004).

In principle, the observed increase in susceptibility to H.

parasitica in the double mutants could result from delays in all downstream responses, or a
complete suppression of one or more of these responses. To better understand the basis of
partially compromised resistance in the double mutants, the extent and timing of programmed
cell death, the oxidative burst, and defense gene expression were compared in double mutants,
single mutants and wild-type controls over a time course following inoculation with Hiks1.
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The first assay utilized trypan blue to test whether the HR was delayed or completely
suppressed.

A time course experiment was performed in which samples were collected and

stained at 0, 12, 24, 36, 48, and 72 hours post inoculation (Figure 1). These time points were
chosen to observe the differences in the timing of the development of the HR. Pilot experiments
indicated that mutants had delays in the initiation of visible signs of a defense response; it was
found that this delay was not longer than 48 hours (Figure 2). Twelve hour intervals were
determined to give an adequate level of resolution without creating an impractical number of
samples to score. The final time point of 72 hours post inoculation was chosen to ensure that all
initiated HRs were able to proceed to completion. After 72 hours post inoculation no differences
in responses could be distinguished at the cytological level between the mutant lines, and
individual pathogen interaction sites on the rpp7-1 line were indistinguishable from each other.
Individual pathogen interaction sites were scored as either HR (hypersensitive response, in which
pathogen growth is arrested immediately after penetration into the mesophyll layer), trailing
necrosis (TN, in which hyphae extend significantly but are then halted by a delayed HR), or free
hyphae (FH) with no apparent cell death.
In a wild-type, fully resistant Col-0 plant the RPP7-dependent HR was visually
discernible at 12 hours post inoculation and was typically completed by 24 hours post
inoculation. At the 48 hour time point most of the pathogen infection sites on Col-0 were
contained by the HR with some interaction sites exhibiting trailing necrosis (Figs 2.1A, 2.2A). A
small number of free hyphae were apparent, which could result from variability in the timing of
the response, or from late germinating conidiospores. In contrast, almost all interactions on the
rpp7-1 mutant were visualized as free hyphae. This demonstrates that the HR induced by Hiks1
in a Col-0 background is absolutely dependent on RPP7. The single mutants, pad4-1, npr1-1,
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ndr1-1, exhibited a higher percentage of free hyphae and trailing necrosis compared to Col-0, but
supported a much lower percentage of free hyphae compared to rpp7-1. The ndr-1-1/npr1-1 and
pad4-1/ndr1-1 double mutants had much higher amounts of both free hyphae and trailing
necrosis compared to their single mutant parental lines, or the Col-0 wild-type. The npr11/pad4-1 double mutant showed levels very similar to the npr1-1 single mutant but less HR and
trailing necrosis interactions than the pad4-1 single mutant.
At 72 hours post-inoculation in all single and double mutant lines, almost all of the
pathogen interaction sites were contained by programmed cell death (Fig 2.1B). This is evident
by the marked increase in trailing necrosis compared to HR and free hyphae. rpp7-1 was not
scored at this time point because individual pathogens were indistinguishable from each other
due to the amount of growth and overlap of hyphae from different interaction sites. The increase
in trailing necrosis as a result of the plant containing the pathogen with the HR shows that even
in the double mutants the signal to trigger cell death is still functional, although it was delayed in
activating the HR.

Double mutants delayed the oxidative burst

The production of ROS in the ―oxidative burst‖ is an early chemical signal in the HR
after defenses have been activated, and may also directly inhibit pathogen growth (Alvarez,
Pennell et al. 1998; Delledonne, Zeier et al. 2001). We utilized a histochemical assay in which
3,3-diaminobenzidine (DAB) was used to visualize the production of ROS and to determine if
this response was absent or delayed in the double mutants (Alkio, Tabuchi et al. 2005). This
assay reveals ROS production by the presence of a brown insoluble precipitate, formed when
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DAB is oxidized by ROS in plant cells interacting with the pathogen (Figure 2.3).

Pilot

experiments showed that all ROS production was concluded by 48 hours (therefore assays of
later time points would not be informative), while time points earlier than 24 hours were not
measured to ensure the majority of the conidiospores had germinated and penetrated into plant
tissue. We examined infection sites between the pathogen and the host cells where the pathogen
triggered ROS, as evidenced by DAB staining.
At 24 hours Col-0 showed significant DAB staining (Fig. 2.3A). The rpp7-1 susceptible
control, showed no interaction sites as expected, because ROS should not be produced if the
plant is unable to recognize the pathogen. The single mutant pad4-1 also showed significant
DAB staining while the other single mutants, ndr1-1 and npr1-1, showed light to moderate DAB
staining at interaction sites (data not shown). Double mutant pad4-1/ndr1-1 showed no brown
DAB precipitant, suggesting that PAD4 and NDR1 act additively to control the timing of the
oxidative burst (Fig. 2.3B). npr1-1/pad4-1 and ndr1-1/npr1-1 showed light to moderate staining
indicative of partial suppression of the oxidative burst (data not shown).
At 48 hours all lines except rpp7-1 showed significant DAB staining at the infection
points. Col-0 and pad4-1 did not show an increase in their number of infection points from the
24 hour levels, suggesting that any HR that was going to be triggered at 24 hours post
inoculation was active or completed by 48 hours post inoculation (data not shown). All other
single mutant and double mutant lines showed a significant increase in the number of infection
points between 24 and 48 hours post inoculation. In the double mutant lines the DAB stain
traveled along the path of hyphal growth, with an apparent progression from the initial infection
site toward the growing distal tip of the pathogen (Fig. 2.3C). The delay in activation observed
in the double mutants mirrored the results seen in the trypan blue assay; all double mutants
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retained the capability to produce the oxidative burst, but this response was delayed compared to
wild-type. The data also shows that the oxidative burst in a Col-0 background in response to
Hiks1 is dependent on functional RPP7 protein.

Effects of RPP7 signaling components on defense gene transcript accumulation

The effects of the single and double mutants on defense marker gene expression were
analyzed at the transcript level by semi-quantitative PCR and gel electrophosis. Transcripts from
the PR-1 and PDF1.2 genes were assayed as markers for the SA and the Et/JA pathways,
respectively. This analysis was performed by comparing the transcript level change within
single- and double-mutant lines to Col-0 and rpp7.1, across a time course following infection.
As shown in figure 2.4, the Col-0 wild-type PR-1 gene expression was not strongly
activated until 36 hours post inoculation but then increased in intensity. PR-1 gene expression
appeared to be activated at the same time in the rpp7 mutant, but the level of transcript appeared
to be significantly lower compared to wild-type Col-0. In the pad4-1 mutant PR-1 transcript
levels were undetectable until 72 hours post inoculation, consistent with previous reports that
pad4 mutants are severely compromised in PR-1 induction (Jirage, Tootle et al. 1999). The ndr11 mutant did not show any PR-1 transcript accumulation until 36 hours post inoculation and then
showed a biphasic pattern decreasing at 48 hours and then increasing at 72 hours post
inoculation. As expected from previous reports, PR-1 transcript levels in the npr1-1 mutant were
undetectable through the time course.
The double mutants displayed a range of PR-1 expression phenotypes. As expected, the
PR-1 transcript was undetectable in the pad4-1/npr1-1 double mutant line though out the time
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course (Fig. 2.4). In contrast, the ndr1-1/npr1-1 double mutant pattern most closely resembled
the ndr1-1 single mutant phenotype, which displayed a biphasic PR-1 transcript pattern with
strong levels at 12 hours to 36 hours that decreased at 48 hours, and increased again at 72 hours
post inoculation. PR-1 transcript was undetectable in the ndr1-1/pad4-1 double mutant line until
48 hours when it appeared weakly and then increased significantly at 72 hours post inoculation.
Analysis of PDF1.2 transcript levels revealed that this gene is strongly activated in wildtype Col-0 at 12 hours post inoculation and then decreases though the remainder of the time
course. This was somewhat unexpected because JA-associated resistance pathways have been
previously associated with interactions with necrotrophic interactions rather than biotrophic
interactions. As with PR-1, PDF1.2 is activated with similar kinetics in rpp7.1 compared to Col0, but the magnitude of activation is lower. Thus, the presence of a functional RPP7 is not
necessary for activation of PR-1 or PDF1.2 in response to H. parasitica infection, but RPP7
increases the magnitude to which both genes (and presumably the SA and JA pathways) are
induced.
Analysis of PDF1.2 in double mutants revealed that as components of the SA pathway
are removed, the magnitude of PDF1.2 activation increases substantially. In the pad4-1 single
mutant PDF1.2 had a strong transcript presence at 12 hours but then increased dramatically at 36
hours post inoculation and maintained this level thought the end of the time course. PDF1.2
levels for the ndr1-1 mutant showed strong expression at 12 hours, and then transcript levels
steadily decreased throughout the time course. In the npr1-1 single mutant PDF1.2 levels were
strong at 12 hours, decreased at 24 hours, and then steadily increased through the 72-hour time
point.
PDF1.2 transcript levels were similarly elevated in double mutants. In both the ndr1-

45

1/pad4-1 and pad4-1/npr1-1 double mutants the PDF1.2 transcript levels resemble the pad4-1
single mutants with strong expression at 12 and 24 hours that reached a maximum at 36 hours
and remained at high levels though the 72 hour time point (Fig. 2.4). PDF1.2 transcript levels
peaked rapidly at 12 hrs and remained high throughout the time course in the ndr1-1/npr1-1
double mutant.

DISCUSSION:

These experiments were performed in order to better understand the mechanism by which
RPP7 transmits a defense signal in response to Hiks1, and to assess the robustness of RPP7dependent resistance to perturbations of its downstream signaling network. To determine the
signaling pathways used by RPP7, we performed cytological assays looking at early and late
indicators of the HR on double mutants of various components of the canonical SA signaling
system.

Semi-quantitative assays were conducted to measure transcript levels of defense

markers from both the SA and ET/JA pathways. We found that RPP7 does use the components
of the two pathway model proposed by Aarts et al. (Aarts, Metz et al. 1998). The data suggest
that these components however are organized into at least three pathways. These data are
consistent with previous findings (McDowell, Cuzick et al. 2000) and suggest that RPP7
activates multiple pathways, including the JA/ET pathway, to trigger defense.
RPP7 appears to employ a complex, highly resilient signaling system. This is evident in
that no combination of mutants tested caused complete loss of resistance to the Hiks1 isolate of
H. parasitica when triggered by RPP7. However, the double mutants have did show an additive
effect on the level of susceptibility of Arabidopsis to H. parasitica. None of the components of
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the HR that were assayed in this study, such as the oxidative burst and collapse of the cell, were
abolished the double mutants tested. As the plants mounted a defense against the pathogen, the
oxidative burst still occurred in the mutants along with cellular collapse. However, the timing of
initiation of this reaction was significantly delayed. Although pathogen interaction sites were
eventually encompassed by ROIs and programmed cell death, the delay in these responses
provided a brief window of opportunity for Hiks1 to produce conidiophores and thereby
complete its lifecyle. However, most interaction sites were contained before this could occur.
The end result is pathogen reproduction that occurs at moderate levels in double mutant lines,
compared to the highly susceptible rpp7.1 mutant in which RPP7 resistance is fully disabled.
These results underscore the redundancy present in the RPP7 defense network. This
redundancy could be used to amplify and modulate the initial signal to give the cell more control
over the response, to make the signal more resilient to interference by pathogen effectors, or to
amplify an initial weak signal. By removing the components of the signaling cascade, the
initiation signal appears to take longer to reach the activation threshold. This retardation may be
due to weak interactions between other network components or a less active feedback loop.
Our data suggest that RPP7 functions through at least three different pathways: The first
utilizes PAD4, EDS1, and NPR1 and activates the salicylic acid response. The second pathway
functions through NDR1, while the third pathway functions through ET/JA, previously thought
not to play a role in defenses against biotrophic pathogens. The proposed model is then
complicated by these pathways possibly sharing components with the PAD4/EDS and Et/JA
pathway sharing NPR1 and the Et/JA and NDR1 pathways sharing RAR1. Taken together, the
RT-PCR of the defense markers and the trypan blue assays for HR timing show that the pathway
that triggers induction of PR-1 expression is not necessary for production of the HR. In addition,
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although RPP7 does enhance the magnitude of PR-1 and PDF1.2 induction, the accumulation of
PR-1 and PDF1.2 transcripts is not absolutely dependent on a functional allele of RPP7. One
possibility is that the moderate increase in PR-1 and PDF1.2 transcript levels in rpp7 plants is
the result of PTI. In this scenario, PTI against Hiks1 is sufficient to trigger activation of defense
markers and perhaps prime the defenses, but is insufficient to activate the HR without the signal
from the R protein. It is also possible that PR-1 and PDF1.2 could be triggered by a weak genefor-gene interaction, or by perception of physical wounding (e.g., penetration).
It is surprising to see activation of the JA/ET pathway, because R proteins in general, and
particularly those against H. parasitica, have previously been associated with SA responses. In
contrast, JA pathways have been previously shown to mediate responses to necrotrophic
pathogens. Moreover, it has been previously shown that SA and the SA derivative methyl
salicylate (MeSA) have an antagonistic relationship with JA (Kunkel and Brooks 2002; Beckers
and Spoel 2006). It was previously reported that the coi1 and jar1 mutants in the JA response
have no effect on RPP7-mediated resistance (McDowell, Cuzick et al. 2000). Recent studies
suggest that JA plays a role in SAR, with JA triggering SAR in local parts of the plant and then
triggering production of MeSA, a putative long distance and interplant signal of SAR (Park,
Kaimoyo et al. 2007; Truman, Bennett et al. 2007). MeSA then triggers the production of
monoterpenes which in turn causes feedback inhibition of JA production. It is possible that
RPP7 triggers both the SA and JA pathways to deal with pathogens at hand and to turn on SAR
in distal parts of the plant. It may be that with most R proteins (including RPP7 under normal
conditions) the JA pathway only plays a modulating role, but with RPP7 the JA pathway can be
fully activated and provide effective ―backup‖ signaling when the other pathways fail. This
could explain why JA pathway mutants have previously shown no effect on RPP7 resistance
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(McDowell, Cuzick et al. 2000).
RPP7 is more robust in its signaling network than all other R proteins in Arabidopsis
except for RPP8 and RPP13 (McDowell, Cuzick et al. 2000; Bittner-Eddy and Beynon 2001).
For example, R proteins such as RPP4 are partially or completely suppressed by single mutations
in any one of a number of signaling components, including DTH9, EDS1, PAD4, NDR1, NPR1
among others (van der Biezen, Freddie et al. 2002). This robustness may be the result of RPP7
accessing multiple pathways with a strength that is capable of triggering robust resistance
through any of those pathways individually. Previous studies suggest that other R proteins need
all components intact; this may be the result of a weaker signal through the other redundant
pathways.

It is also possible that RPP7 is unique in that it activates the JA/ET pathway at a

much higher level than other R proteins in response to the other isolates of H. parasitica, leading
to the ability of RPP7 to function without an intact SA pathway or NDR1. When the SA and
NDR1 pathways are knocked out, the time to HR activation is extended. This time delay may be
because the signal is going through the ET/JA pathways and the defense pathway actually being
activated is SAR. In most other R proteins, removing functional PAD4 or NDR1 removes an
effective defense response. This may be because these R proteins do not activate the JA/Et
pathway or they do not activate it to a level high enough to trigger the SAR.
It is also possible that Hiks1 and Emco5 produce a pathogen-associated molecular pattern
molecule that triggers all of the AtPep feedback loops at a very high level. These peptide signals
form a positive feedback loop that requires an oxidative burst to trigger the activation of
defenses. These signals are divided into two groups: one that activates PR-1 expression and one
that activates PDF1.2 expression (Huffaker and Ryan 2007). The peptides could activate weak
PR-1 and PDF1.2 transcript accumulation seen in the rpp7.1 mutant possibly because they build
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up to such a high level that there is some defense gene activation without the oxidative burst. A
quick buildup of both pools of these defense signal peptides would also allow RPP7 to trigger
both the PR-1 and PDF1.2 pathways for a defense response.
In sum, our data indicate that RPP7 is robust to perturbation of its downstream signaling
network because it produces a ―strong‖ signal that does not require optimal functionality of the
amplification network.

For future study it may be useful to create triple mutants of the

components of the canonical signaling network. Also, combining the double mutants with
components of the JA/ET pathway may reveal that RPP7 possibly uses this pathway to ―backup‖
the canonical SA pathway.
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EXPERIMENTAL PROCEDURES:
Plant Lines
All mutants used in this study were created by EMS mutagenesis and obtained from Dr. Jeff
Dangle. All mutants are in the Col-0 background and mutations were confirmed by cleaved
amplified polymorphic sequence (CAPS) markers that distinguish between mutant and wild-type
alleles. The single mutants were crossed to each other and F1 seeds were allowed to selfpollinate. The F2 progeny were screened with PCR markers that identify homozygous mutant
geneotypes in each of the genes of interest. The PCR markers were generated by amplifying the
genes of interest from genomic DNA from the F2 population. The PCR products were digested
with restriction enzymes that would produce different restriction patterns for mutant and wildtype alleles. This pattern was then interpreted and plant lines were classified as homozygous
wild-type, homozygous mutant, or heterozygous for each of the two mutations.

Doubly

homozygous F2 plants were allowed to set seed, and F3 and F4 seeds were used in the
experiments described herein.
PCR markers
Mutant

Primer Name

Primer Sequence

Enzyme for
PCR
Product
Digest

Expected
product size:
mutant

Expected product
size: Col wildtype

ndr1-1

ndr1-1 Primer1

CGAGATTGCTCATTGCCATTGG

None

780bp

2kb, 555bp

Nla3

Doublet at 300bp

300bp, 100bp

BsmF1

391bp

110bp, 281bp

Mut ndr1-1
Primer1
WT NDR1
Primer1
npr1-1

pad4-1

GGGACGGTTTCAATTCTGTGATAG
CACAAGAAACTAAGGAAAGAGA

npr1-1 Primer1

GAAGCTATTGGATAGATG

npr1-1 Primer2

TTGAGCAAGTGCAACT

pad4-1 Primer1

GCGATGCATCAGAAGAG

pad4-1 Primer2

TTAGCCCAAAAGCAAGTATC
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rar1
(pbs2)

rar1 Primer1

GAAGTAGGAGCCGCAACAGGATG

rar1 Primer2

ACGACGGAATGAAAGAGTGGAG

None

No Product

116bp

Pathogen assays
H. parasitica isolate Hiks1 was maintained by weekly sub-culturing on susceptible rpp7.7
(McDowell lab, unpublished) and WS/eds1-1 plants (Parker, Holub et al. 1996). Inoculations
were conducted by spraying seven day old plants with a spore suspension (104 ml-1 in dH2O).
Inoculated seedlings were grown for 7 days at 20/18oC (day/night), 8 hour day length at 80100% humidity. Asexual sporulation was assessed at 7 days post inoculation by counting
conidiophores on both sides of the cotyledons and scoring the individual cotyledons as either 019 conidiophores or heavily infected (H) (20 or more). Cotyledons scored as H were given the
value of 20 to calculate the average number of conidiophores per cotyledon.

Trypan Blue Staining
Plants were grown for 1-1.5 weeks and inoculated with Hiks1 spores at a concentration of 105
conidiospores ml-1 in dH2O. Plants were collected at 24, 48, and 72 hours post-inoculations and
stained in an aqueous solution of trypan blue (50g phenol, 50ml lactic acid, 50ml glycerin,
100mg trypan blue, 50ml diH2O), diluted with two parts 95% EtOH (2 EtOH:1 staining
solution). The plants were incubated in the stain at 95oC for 3 minutes, followed by five minutes
at room temperature. Samples were then de-stained in chloral hydrate (1 ml H2O per 2.5 g
chloral hydrate) for 1 to 1.5 days. Samples were then placed in glycerol and mounted on slides.

3,3-Diaminobenzidine (DAB) Staining:
Plants were grown for 1.5 weeks and inoculated with Hiks1 spores at a concentration of 105
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spores ml-1 in dH2O. At 24 and 48 hours post inoculation samples were collected, the root was
removed and the stem was placed in the DAB stain (25 mg DAB, 25 ml diH2O, 20 μl HCl) for 6
hours in high humidity at room temperature. Samples were then immersed in a 3:1:1 mix of
ethanol: lactic acid: glycerol until all chlorophyll was removed. Samples are then placed in
chloral hydrate (1 ml H2O per 2.5 g chloral hydrate) for 1 to 1.5 days. Samples were then placed
in glycerol and mounted on slides.

RT-PCR
Plants were grown for 1.5 weeks and inoculated with Hiks1 conidiospores at a concentration of
105 conidiospores ml-1 in dH2O. At 0, 12, 24, 36, 48, and 72 hours post inoculation, samples
were frozen in liquid nitrogen. The samples were then ground into a fine powder and total RNA
was extracted using Sigma Tri Reagent following product instructions. Ambion Turbo DNase
was used as per product instructions to remove genomic DNA contamination. The cDNA was
synthesized using Qiagen Omniscript as per product instructions.
PCR Primers and Assay Conditions
Actin2 PCR
The

Actin2

PCR

was

preformed

(GCTTTTTAAGCCTTTGATCTTGAGAG)

with

and

Actin2
Actin2

Primer1
Primer2

(TCGGTGGTTCCATTCTTGCT). The reaction was heated to 96oC for 3 minutes and then
cycled for thirty-five cycles at 94oC for 20 seconds, 57oC for 15 seconds, and 72oC for 45
seconds. A final extension was performed at 72oC for 10 minutes.
PR-1 PCR
The PR-1 PCR was preformed with PR-1 Primer1 (TTCTTCCCTCGAAAGCTCAA) and PR-1
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Primer2 (CGTTCACATAATTCCCACGA). The reaction was heated to 95oC for 2 minutes and
then cycled for thirty-five cycles at 94oC for 30 seconds, 50oC for 15 seconds, and 72oC for 45
seconds. A final extension was performed at 72oC for 10 minutes.

PDF1.2 PCR
The PDF1.2 PCR was preformed with PDF1.2 Primer1 (TCATGGCTAAGTTTGCTTCC) and
PDF1.2 Primer2 (GGTAGATTTAACATGGGACG). The reaction was heated to 95oC for 2
minutes and then cycled for thirty-five cycles at 94oC for 30 seconds, 49oC for 30 seconds, and
72oC for 50 seconds. A final extension was performed at 72oC for 10 minutes.
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FIGURES AND TABLES:

Table 2.1

Quantitative Assesment of Single and Double Mutants’ Affect RPP7-dependent Resistance
to Hiks1.
Total combined means and standard errors of conidiophores on single and double mutants were
from six independent experiments.
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Figure 2.1

Quantitative Assessment of Plant Pathogen Interaction Sites with Trypan Blue Staining.
Quantitation based on three interaction classifications: Hypersensitive response (HR), Delayed
HR, and no recognition of pathogen (Free Hyphae).
A) Interactions at 48 hours post inoculation with Hiks1
B) Interactions at 72 hours post inoculations with Hiks1
Interactions between the pathogen and rpp7.1 at 72 hours showed no recognition of pathogen but
individual pathogen interaction sites were indistinguishable from each other.
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Figure 2.2

Representative Interaction Sites in Col-0 and ndr1-1/pad4-1 Stained with Trypan Blue.
A.)

Col at 24h post inoculation shows a very strong HR and very little pathogen growth.

B.)

pad4-1/ndr1-1 at 24h shows a large amount of pathogen growth compared to Col-0 and is

just beginning to initiate the HR at the initial infection site.

C.)

pad4-1/ndr1-1 at 48h post inoculation has contained the pathogen with the HR along the

path of pathogen growth as indicated by the large amount of trailing necrosis, however, the
pathogen was able to grow extensively inside the host and the amount of necrotic tissue is much
greater than in Col-0.
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Figure 2.3

Representative Interaction Sites in Col-0 and ndr1-1/pad4-1, Stained with DAB

A.)

Col at 24h post inoculation shows strong expression of ROSs by evidence of heavy DAB

staining around the infection site.

B.)

pad4-1/ndr1-1 at 24h post inoculation does not recognize the pathogen as indicated by

lack of DAB stain. The pathogen at this time point is able to grow freely in the plant tissue.

C.)

pad4-1/ndr1-1 at 48h post inoculation has a trail of DAB stain along the path of growth

of the pathogen. This is indicative of trailing necrosis.
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Figure 2.4

Effect of Single and Double Mutants on Transcript Accumulation of Actin2, PR-1 and
PDF1.2

RT-PCR products of the corresponding marker at 0, 12, 24, 36, 48, and 72 hours post inoculation
with 1.5 x 105 conidiospores per ml. Loading control Actin2.
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Chapter 3

Dissecting Auxin’s Role in Mediating the
Susceptibility of Arabidopsis thaliana to the
Downy Mildew Pathogen Hyaloperonsopora
parasitica
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ABSTRACT:

Very little information exists about plant susceptibility factors that are necessary for pathogens to
colonize plants and promote disease. Transcript profiling revealed induction of auxin-associated
genes in response to infection of Arabidopsis thaliana by virulent strains of the oömycete
pathogen, Hyaloperonospora parasitica (H. parasitica).

Experiments with the DR5::GUS

reporter gene demonstrated that auxin responses are activated at interaction sites following
hyphal penetration.

A strong reduction-of-susceptibility phenotype was observed in the

cyp79B2/cyp79B3 double mutant that lacks cytochrome p450 monoxygenases responsible for a
key step in biosynthesis of indole acetic acid.

Cytological and molecular experiments

demonstrated that the uninfected cyp79B2/cyp79B3 double mutant does not exhibit constitutive
defense activation. However, penetration by an otherwise virulent H. parasitica isolate induced
cell death at infection sites and transcription of defense-marker genes, suggesting that reduction
of susceptibility in cyp79B2/cyp79B3 is due to derepression of defenses. Similar phenotypes
were observed in the twisted dwarf (TWD1) auxin transport mutant, twd1-1, and in response to
application of auxin export inhibitors. Together, these data indicate that auxin is a susceptibility
factor for successful infection by H. parasitica, most likely because it retards defense responses
at early stages in the interaction. Manipulation of auxin biosynthesis and transport may therefore
play an important role in colonization of susceptible hosts by H. parasitica.
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INTRODUCTION:

The molecular mechanisms that enable plants to recognize pathogens and mount
successful immune responses are increasingly well understood. In contrast, very little is known
about the physiological requirements, in disease-susceptible plants, for successful colonization of
susceptible plants. It is evident that fungal and oömycete pathogens actively suppress defense
responses and manipulate host cell structure and metabolism (Panstruga 2003). Secreted effector
proteins undoubtedly play a major role in these processes (Rentel, Leonelli et al. 2008); however,
little knowledge exists regarding genes in the plant that are necessary for successful infection.
As one of only a few pathogens that is co-evolving with Arabidopsis in the wild,
Hyaloperonospora parasitica (H. parasitica) provides an excellent model system for exploring
the molecular basis of plant-pathogen compatibility (Holub, Beynon et al. 1994; Slusarenko and
Schlaich 2003). Hpa is an oömycete plant pathogen that is the causative agent of downy mildew
on Arabidopsis. The visual symptoms of downy mildew are chlorosis and a blanketing of
conidiophores on the surface of infected leaves giving the leaves a ―downy‖ appearance.

H.

parasitica has a "gene-for-gene" relationship with Arabidopsis, in which resistance can be
provided by resistance (R) genes that belong to the nucleotide-binding, leucine rich repeat
superfamily of plant innate immune receptors. For example, the Landsberg erecta (Ler) ecotype
is resistant to the H. parasitica Emco5 isolate through the action of the RPP8 gene (McDowell,
Williams et al. 2005). In contrast, Arabidopsis ecotype Wassilewskijia (Ws) does not contain
any R genes that provide for resistance to H. parasitica Emco5 and so is fully susceptible to this
strain. Columbia (Col-0) has age-dependent resistance to Emco5, in which cotyledons are
susceptible, but the first true leaves display partial resistance that increases to full resistance by
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four to five weeks after planting (McDowell, Williams et al. 2005). By utilizing those ecotypes
of Arabidopsis that lack resistance to a particular H. parasitica strain we can probe the plant
genetic requirements for a successful infection.
H. parasitica has both an asexual and a sexual reproductive cycle. The asexual cycle
consists of infection of leaves by conidiospores, resulting in the growth of a coenocytic
mycelium in the intercellular spaces in the plant tissue. During the reproductive stage of the
asexual reproductive cycle conidiophores emerge from the stomata and bear conidiospores,
which continue the cycle (Holub, Beynon et al. 1994; Slusarenko and Schlaich 2003). H.
parasitica forms haustorial interfaces with host cells, through which nutrient exchange and
delivery of effector proteins are presumed to occur. How this interface is established and
maintained and how nutrient exchange and defense suppression are accomplished is still
unknown. Some bacteria and fungi use hormones and other chemicals to establish infection
sites, create a suitable environment to grow, and subdue the plants defenses (Walters and
McRoberts 2006; Robert-Seilaniantz, Navarro et al. 2007; Hogenhout and Loria 2008). Here we
use Arabidopsis thaliana and H. parasitica to investigate how the phytohormone auxin plays a
role in the establishment of the initial infection site and its importance to the overall life cycle of
this particular pathogen.
Auxin was first described in the 1930s (Stijn Spaepen 2007). Auxin has subsequently
been shown to be a major regulator of almost every aspect of plant growth, development and
survival, ranging from the general organization of plant organs to gravotropic response to, more
recently, pathogen resistance and susceptibility (Woodward and Bartel 2005; Navarro, Dunoyer
et al. 2006; Chen, Agnew et al. 2007). In addition there is growing evidence that auxin acts as a
negative regulator of defense responses that can be exploited by pathogens to facilitate invasion
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(Spoel and Dong 2008; Vlot, Klessig et al. 2008).
Auxin exerts its effects on gene transcription and ultimately the change in cellular
function by triggering the degradation of AUX/IAA proteins that function as transcriptional
repressors (Tiwari, Wang et al. 2001; Zenser, Ellsmore et al. 2001). The AUX/IAA proteins exert
their influence through their association with ARF proteins, which are transcriptional regulators
(Mockaitis and Estelle 2008).
Auxin biosynthesis in plants is accomplished though at least two different pathways: the
tryptophan (Trp)-dependent and the Trp-independent pathway. The Trp-dependent pathway
converts tryptophan to indole-3-acetaldoxime (IAOx) by two functionally homologous enzymes
cytochrome P450 79B2 (Cyp79B2) and cytochrome P450 79B3 (Cyp79B3) (Benjamins and
Scheres 2008).

IAOx sits at a chemical branch point leading to three different metabolic

pathways. One pathway leads to the production of auxin though currently unknown enzymes.
Another pathway leads to indole-glucosinolates, in which IAOx is converted by cytochrome
P450 83B1 (Cyp83B1) into a highly reactive oxidized form of the precursor aldoxime, which is
spontaneously converted to the next compound in the pathway of glucosinolate biosynthesis
(Naur, Petersen et al. 2003; Halkier and Gershenzon 2006). A third pathway leads to camalexin.
Not all of the steps in this pathway are known but it has been shown that cytochrome P450
71A13 (CYP71A13) catalyzes one of the first steps. The last step requires cytochrome P450
75B15 (Glawischnig 2007; Nafisi, Goregaoker et al. 2007).
The polar transport of auxin is an important process in plants and is partially responsible
for some of its effects in relation to other plant hormones (Dettmer, Elo et al. 2008). Auxin has
been shown to freely diffuse into cells but because of the higher pH inside the cell this weak acid
disassociates and becomes charged. In its charged state the auxin molecule is trapped in the cell.
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The cell regulates the intracellular concentration of auxin through active import and export
(Raven 1975; Benjamins and Scheres 2008). Plants also have active auxin importers such as the
AUX1 protein, which is important in auxin’s effect on root gravotropism (Bennett, Marchant et
al. 1996). Auxin export is accomplished by two groups of proteins: the PIN FORMED (PIN)
proteins and MULTIDRUG RESISTANCE (MDR)–p-glycoproteins (PGP). The PIN proteins
have been shown to orient themselves on the plasma membrane in the direction of auxin flow in
transporting cells. However, the exact mechanism through which PIN proteins facilitate auxin
transport has not been determined. PIN proteins are encoded by a multi-gene family containing
eight members. These members whose function has been described so far have mix of unique
and redundant functions in respect to each other. PIN3 is an auxin export protein involved in
lateral auxin transport. PIN3 has been shown to be distributed in the cell in an actin-dependent
manner. PIN3 has also been shown to redistribute itself along the plasma membrane within
minutes in responses to changes in the gravity vector acting on the plant (Friml, Wisniewska et
al. 2002; Benjamins and Scheres 2008).
The MULTIDRUG RESISTANCE (MDR)–p-glycoprotein (PGP) family of auxin
transport proteins have been shown to be required for normal development and polar auxin
transport, however the single mutants have varying effects on the phenotype. Some PGP mutants
display epinasic effects where the plant is folded over while other PGP mutants show little
phenotypic effect (Noh, Murphy et al. 2001; Akitomo Nagashima 2008). The auxin export
activity of PGP proteins has also been shown to be under regulatory control by the
Immunophilin-like protein TWISTED DWARF1 (TWD1) (Geisler, Girin et al. 2004; Bouchard,
Bailly et al. 2006).
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To identify candidate ―susceptibility genes‖ that are necessary for successful infection of
Arabidopsis by H. parasitica, we have been collaborating with the group of Thomas Eulgem at
the University of California, Riverside. Dr. Eulgem's group has conducted an extensive set of
microarray experiments on several combinations of H. parasitica isolates and Arabidopsis lines.
They have previously used these data to explore the configuration of signal transduction
networks that control recognition and resistance to H. parasitica (Eulgem, Tsuchiya et al. 2007).
We have been re-analyzing these data to identify Arabidopsis genes that are upregulated in
susceptible plants.

Our initial analysis revealed several auxin-associated genes were up

regulated in susceptible plants at early time points in the infection (data not shown). This
observation prompted experiments to determine whether auxin was truly important in the
infection cycle and, if so, what aspect(s) of auxin-dependent physiology is important to the
successful establishment of infection by H. parasitica.
Here we present the results of experiments aimed at elucidating the role of auxin in the
infection cycle of H. parasitica on Arabidopsis. The experiments described below demonstrate
that the auxin response is turned on locally around initial infection sites. We also show that
mutants in the main IAOx biosynthetic pathway inhibit H. parasitica from completing its life
cycle and that an efferent auxin transport inhibitor blocks the ability of this pathogen to establish
an initial infection site. Cytological and molecular analyses suggest that incompatibility in auxin
mutants is due to activation of defenses, suggesting that auxin functions as a negative regulator
of defense. Together, these data indicate that auxin plays a major role in the establishment of H.
parasitica infection in Arabidopsis
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RESULTS:

The DR5::GUS reporter reveals auxin responses are activated at sites of interaction with H.
parasitica.

We used DR5::GUS transgenic plants to visually determine if the auxin response was
activated in Arabidopsis at early time points after infection with H. parasitica. DR5 is a
synthetic promoter that contains seven copies of an auxin-responsive element derived from the
soybean auxin early-response gene GH3 (Ulmasov, Murfett et al. 1997). DR5 is activated in
response to induction of the auxin sensory pathway inside the cell. This promoter is fused to the
reporter gene beta-glucuronidase (GUS), allowing a simple colorimetric assay that reports
patterns of auxin accumulation inside plant tissue (Ulmasov, Murfett et al. 1997).
Transgenic Col-0 Arabidopsis containing the DR5::GUS transgene were sprayed with
5x104 spores/ml of virulent Emco5 or a mock water inoculation at 7 days post germination.
Plants were collected at 24 hours and 48 hours post inoculation. Histochemical staining revealed
foci of GUS activity that was isolated to a small number of cells around pathogen infection sites
(Figure 3.1). GUS activity was not evident around ungerminated spores. Water-inoculated
controls did not show any focal staining except at the growing tips of the cotyledons, where it
was expected (Figure 3.1). These data indicate that auxin is produced at sites of interaction
between Arabidopsis and H. parasitica.
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Arabidopsis mutants impaired in auxin biosynthesis and transport exhibit reduced
susceptibility to H. parasitica.

The DR5-GUS assay indicates that the auxin is produced during infection by H.
parasitica.

To test whether perturbation of the auxin system in Arabidopsis affects the

pathogen’s ability to complete its life cycle, we inoculated several mutants that are impaired in
auxin biosynthesis or auxin transport, as well as two transgenic lines that overexpress auxinassociated genes.

In the first set of experiments we tested cyp79B2, cyp79B3, a

cyp79B2/cyp79B3 double mutant, pgp1, pgp19, a pgp1/pgp19 double mutant; twd1-1, and a
twd1-1 suppressor mutant twd sup 2x6 which has a second, unknown mutation that suppresses
the twd1-1 phenotype. The two transgenic overexpression lines that we tested were Cyp79B2ox,
which is a Cyp79B2 overexpressor line, and BusB, which is a TWD1 overexpressor line. All
single and double mutants were in the Ws background, except atr4-2 7 and sur2-3 that were in
the Col background (Table 3.1).
The assay in these experiments was to count conidiophores (asexual spore-producing
structures) on the surface of cotyledons at seven days after infection of seven day-old plants with
H. parasitica isolate Emco5 (virulent on wild-type Ws and Col-0). This assay quantifies the
ability of the pathogen to complete its life cycle and is a gauge of the overall susceptibility of the
plant. This assay revealed that cyp79B2 does not have any significant effect on susceptibility but
cyp79B3 shows a significant reduction in susceptibility, as evident in the lower number of
conidiophores per cotyledon.

When both of these proteins were inactivated in the

cyp79B2/cyp79B3 double mutant, conidiophore production dropped dramatically to an average
of 2.5 per cotyledon.
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Neither the pgp1 or pgp19 single mutants nor pgp1/pgp19 double mutant displayed a
significant reduction in susceptibility. In contrast, a mutation in the PGP-associated protein,
TWD1, caused a marked reduction in the conidiophore production, similar to the cyp79B2
cyp79B3 double mutant. The twd1-1 suppressor mutant twd sup2x6 displayed almost wild-type
levels of conidiophores. These data indicate that low levels of auxin in the host cell are
detrimental to successful completion of the H. parasitica life cycle.
In a second set of experiments we tested additional mutantations in auxin transport genes
(aux1-7, aux1-12, axr4-2, and pin3-4) for their effect on H. parasitica pathogenicity. All of these
mutants were in the Col-0 background and were compared to Col-0, WS, and Ler wild-type
controls. AUX1 is an auxin: proton import symporter and has been shown to directly bind auxin
(Carrier, Abu Bakar et al. 2008). AXR4 is a protein that is required for the correct localization of
the AUX1 auxin importer at the plasma membrane. It has been proposed that AXR4 acts as a
chaperone for Aux1 (Hobbie 2006). PIN3 is a member of the PIN family which are responsible
for polar auxin transport in the plant. PIN3 has been shown to be involved in lateral auxin
transport and has been shown to be able to quickly reorient its location on the plasma membrane
in response to changes in gravity vectors on the plant (Friml, Wisniewska et al. 2002).
In these experiments, the susceptible parental Col-0 wild-type displayed an average of
15.1 conidiophores per cotyledon, with the fully resistant Ler wild-type showing an average of 0
(Table 3.2). In this experiment aux1-7 and aux1-12 showed slight decreases in susceptibility
from the Col-0 wild-type at an average of 12.3 and 11.4 conidiophores per cotyledon. pin3-4
exhibited a small decrease in conidiophore production, while axr4-2 exhibited no significant
change in susceptibility.
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H. parasitica infection is not inhibited by mutations that suppress indole glucosinylate
biosynthesis

As mentioned in the introduction, cyp79B2 and cyp79B3 define a branch-point from
which different metabolic pathways lead to biosynthesis of auxin, the anti-microbial phytoalexin
camalexin, and to indole-glucosinolates.

To rule out the possibility that the reduction of

susceptibility in cyp79B2/cyp79B3 is due to glucosinolate deficiency, we tested two mutant
alleles of Cyp83B1, called sur2 and atr4 (Table 3.1 and Table 3.2). Because Cyp83B1 catalyzes
the first committed step in the conversion of IAOx to indole-glucosinolates this allows us to
determine whether this class of compounds is involved in the interaction between Arabidopsis
and H. parasitica. Cyp83B1 mutants also have increased auxin levels (Barlier, Kowalczyk et al.
2000). This allows us to test the effects of increased endogenous auxin levels. atr4-2 showed a
slight increase in susceptibility over the Col-0 wild-type while sur2-3 showed a slight decrease.
Both of these lines are knockouts of the Cyp83B1 gene and the differences in their phenotype
may be the result of variable expressivity of the mutant phenotype.
We also tested sur1 mutant, which disables the second enzyme in the production of
indole-glucosinolates.

Like sur2, plants with a mutation in sur1 have been shown to

overproduce auxin (Halkier and Gershenzon 2006). sur1 mutants were similar to the wild-type
Col parent. These results indicate that reduction of susceptibility in cyp79B2/cyp79B3 is not due
to glucosinolate deficiency.
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Auxin transport inhibitors reduce susceptibility to virulent H. parasitica

To further examine whether auxin transport is important to the infection cycle we tested
two

different

auxin

hydroxyphenylacetic acid

transport

inhibitors,

the

auxin

influx

inhibitor

3-chloro-4-

and the auxin efflux inhibitor 1-naphthylphthalamic acid (NPA)

(Geraint Parry 2001; Kaneyasu, Kobayashi et al. 2007). These experiments allowed us to test
whether auxin transport is important in early infection and to determine the relative importance
of import versus export of auxin during the establishment of disease.
Arabidopsis Ws-0 (susceptible to H. parasitica Emco5) plants were grown on ½ MS
plates with 1x10-5 M concentration of the inhibitors. This concentration minimized major
developmental effects from these inhibitors that would interfere with the pathogen test. Plants
grown on ½ MS plates without inhibitors were used as a control. Plants were sprayed with
1.5x105 spores/ml of Emco5 at 7 days post germination. Plants were then collected at five days
after infection and stained with Typan Blue.

Such staining often occurs as a result of

programmed cell death (hypersensitive response or HR) that accompanies recognition and
successful resistance against H. parasitica. Trypan blue also stains H. parasitica hyphae and
conidiophores a dark blue color.
Emco5 successfully completed its life-cycle on plants grown on ½ MS without inhibitors;
hyphae and conidiophores were abundant on cotyledons of Ws-0 plants by 5 days after
inoculation, similar to soil-grown plants (Figure 3.3). Plants grown in plates with the auxin
import inhibitor, 3-chloro-4-hydroxyphenylacetic acid were indistinguishable from control plants
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grown without inhibitors. In contrast, plants grown on media with NPA supported no growth of
Emco5.

Interaction sites were comprised of foci of cell death that strongly resembled a

hypersensitive response.
To illustrate these differences quantitatively, we scored individual interaction sites from
plants that were collected 24 hours after inoculation and stained with trypan blue.

Pilot

experiments indicated that the 24 hour time point was most informative because the majority of
spores had germinated, individual interaction sites were easily distinguished (i.e., hyphae from
adjacent sites had not grown far enough to overlap), and any cell death that was going to occur
had or was in the process at this time point. This time point also minimized the growth of
bacterial and fungal contaminants on the agar plate.

Individual interaction sites were

quantitatively scored as either ―free hyphae‖ (FH) in which the pathogen had successfully set up
feeding structures and was parasitizing the host cell, or ―HR‖ in which the pathogen was
surrounded by membrane-damaged plant cells that most likely reflect activation of the HR.
At 24 hours post inoculation the Ws/no inhibitor control exhibited a high percentage of
free hyphae as expected (Figure 3.4). Similarly the frequency of free hyphae in plants treated
with the auxin import inhibitor, 3-chloro-4-hydroxyphenylacetic acid, were approximately the
same as in the nontreated control. In contrast, the auxin export inhibitor NPA had a strong
inhibitory effect on H. parasitica growth;

NPA-treated plants displayed a large percentage of

HR interaction points compared to free hyphae. It is evident that the auxin export inhibitor
suppresses the ability of the pathogen to establish a stable infection site and allow the plant to
mount what appears to be a defense response even in a normally compatible plant/pathogen
combination. It should also be noted that similar results were seen in pilot experiments with WSeds1-1, demonstrating that the putative HR is triggered downstream or independently of EDS1
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(data not shown).

Defense marker genes are not constitutively induced in uninfected cyp79B2/cyp79B3, but
are induced following infection

The phenotypes of reduced susceptibility in twd1-1 and cyp79b2 cyp79b3, accompanied
by cell death at infection sites, raise the possibility that these mutants might constitutively
express defenses (i.e. in the absence of pathogen attack). Alternatively, the mutants might be
"primed" or sensitized in such a way that defenses are induced in response to pathogens that are
ordinarily virulent on the wild-type plants. To address these possibilities, we looked at transcript
levels of PR-1 and PDF1.2, markers for the SA and JA/ET resistance pathways, respectively, in
these two mutant lines and compared them to Ws and Ler wild-type lines (Figure 3.4). Samples
were taken at 0, 12, 24, 48 and 72 hour post inoculation from plants spayed with 2.5x105
spore/ml of Emco5. PR-1 assays in Ws showed low PR-1 transcript accumulation which did not
rise above the T0 levels at 12 and 24 hours post inoculation. It is not until 48 hours post
inoculation that a significant level of PR-1 transcript accumulation occurred. This higher level
was maintained at the 72 hour time point. Ler exhibited a steady increase in PR-1 levels starting
at 12 hours post inoculation through the 72 hour time point. The twd1-1 mutant, which is in the
Ws background, showed similar PR-1 transcript patterns to the Ws parental line with a large
increase at 48 hours post inoculation that was sustained through the 72 hour time point. There
was an increase at 12 hours post inoculation but the PR-1 levels then dropped at 24 hours. The
cyp79b/cyp79b3 mutant, which is also in the Ws background, showed a similar PR-1 transcript
pattern to the Ws parental line with the increase in levels at 72 and 48 hours. In the cyp79b2b3
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mutant levels at 12 hours actually decreased slightly.
PDF1.2 transcript accumulation pattern of Ws and Ler were very similar. Both showed a
steady increase in PDF1.2 transcript starting at 12 hours post inoculation which peaked at 48
hours post inoculation with a slight decrease at 72 hours. The twd1-1 mutant transcript pattern
was much different than either Ws or Ler. This mutant displayed a biphasic accumulation of the
PDF1.2 transcript in that there was no detectable transcript at T0 with a sharp increase at 12
hours, followed by a drop to undetectable levels by 24 hours, a sharp increase at 48 hours and a
drop to barely detectable levels at 72 hours post inoculation. The cyp79b2/cyp79b3 plants
exhibited a transcript pattern very similar to that of Ws and Ler, with a steady increase from 12
to 48 hours with a small decrease at 72 hours post inoculation. These results demonstrate that
SA and JA signaling pathways are not constitutively active in twd1-1 and cyp79b2/cyp79b3, but
are activated after pathogen attack.

CYP79B2 and CYP79B3 are induced during infection by H. parasitica Hiks1

The induction of DR5:GUS, following inoculation with H. parasitica , suggests that
auxin biosynthesis could be induced at interaction sites.

Using semiquantative PCR, we

examined transcript abundance of CYP79B2 and CYP79B3 over a time course following
inoculation with H. parasitica isolate Hiks1. Transcript levels in resistant Col-0 (in which Hiks1
is recognized by the R protein RPP7) were compared to susceptible rpp7.1 (a loss-of-function
RPP7 mutant in the Col-0 background).

These conditions were chosen to replicate the

microarray experiments that indicated induction of CYP79B genes. In the compatible interaction
of Hiks1 with the mutant rpp7.1, Cyp79B2 and Cyp79B3 accumulated over the time course
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peaking at 48 hours and then had a slight decrease in transcript levels at 72 hours (Figure 3.5).
TWD1 transcript levels in rpp7.1 did not change from the T0 levels until 48 hours where there
was a sharp increase, these levels fell back down to the T0 levels at 72 hours. In the incompatible
Col-0 wild-type, Cyp79B2, Cyp79B3 and TWD1 all showed a sharp increase at 12h post
inoculation and then held this level throughout the time course.

Transcript accumulation of auxin-associated genes during the H. parasitica infection cycle

We then tested transcript levels of additional auxin associated genes in compatible and
incompatible interactions with H. parasitica Emco5 to see if there were changes in the overall
auxin network. Plants were inoculated at 7 days after germination with 2.5x105 spores/ml of
Emco5. We collected samples at 0, 12, 24, 48, and 72 hours post inoculation. The gene
transcripts that we assayed were Cyp79B2, Cyp79B3, PIN3, AXR1, AXR4, SUR1 and TWD1. In
this assay we compared the change in transcript levels of the above-mentioned genes in wildtype Ws and Ler lines that were inoculated with the H. parasitica strain Emco5 (Figure 3.6). As
mentioned in the introduction, Ler is naturally resistant to Emco5 due to recognition provided by
the RPP8 resistance gene, while Ws is susceptible to Emco5. Transcript levels for Cyp79B2 and
Cyp79B3 and AXR4 did not appear to change over the time course in either Ws or Ler. In the Ws
line at 24 hour post inoculation, PIN3, AXR1 and SUR1 all decreased and then returned to 0 hour
levels at 48 hours. In Ler this decrease seemed to be shifted to the 12 hour time point with levels
rebounding at 24 hours and then again falling at 72 hours. In Ws TWD1 levels did not change
during the time course but in Ler TWD1 seems to be slightly elevated at 48 and 72 hours post
inoculation. These results conflict somewhat with data from Figure 5 that demonstrate induction
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of CYP79B2, CYP79B3, and TWD1 in response to Hiks1. The discrepancies between the
Emco5 and the Hiks1 experiments could be the result of experimental differences or differences
in the isolate’s infection cycle. Further experiments using quantitative-PCR should allow more
accurate readings to be able to isolate the cause of these differences.

DISCUSSION:

These experiments were performed to better understand the role of auxin in the early
stages of the interaction between Arabidopsis and the obligate biotroph H. parasitica. Our first
indication that auxin is relevant to the H. parasitica-Arabidopsis interaction came from analysis
of microarray data which indicated that several auxin-associated genes are upregulated during
early time points in the interaction.

Experiments with the DR5::GUS transgenic plants

demonstrate that the auxin response is indeed active in the cells around germinated spores that
have established an initial infection site. These observations are consistent with those of Wang et
al. (Wang, Pajerowska-Mukhtar et al. 2007), who recently described strong induction of
DR5::GUS in Arabidopsis inoculated with a different virulent isolate of H. parasitica (Noco2).
These researcher reported strong induction of DR5::GUS at seven days after inoculation, during
the time at which abundant sporulation occurs. They did not examine earlier time points. Our
results demonstrate that auxin responses are activated even at early time points (24 hours) in the
interaction between Arabidopsis and H. parasitica. At 24 hours, almost all of the spores have
germinated, penetrated into the mesophyll, and established haustoria in at least one cell. It is
possible that auxin responses are activated earlier, perhaps before the haustorial interfaces are
formed. This could be easily examined by looking at earlier time points with the DR5::GUS
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line.
The dramatic reduction in susceptibility observed in the cyp79b2/cyp79b3 double mutant
provided important genetic evidence that auxin biosynthesis is important for the interaction with
H. parasitica. Interestingly, cyp79b2/cyp79b3 mutants are not resistant to the hemi-biotrophic
bacterium Pseudomonas syringae; a virulent strain grows to the same level on cyp79b2/cyp79b3
as on wild-type (Nafisi, Goregaoker et al. 2007). This result suggests that the significance of
auxin biosynthesis differs for virulent oömycetes, compared to bacteria.
The lack of any significant drop in susceptibility in other mutants in auxin-related genes
(aux1-7, aux1-12, axr4-2, sur2-TDNA, sur1, and pin3-4) could be due to the fact that these auxin
transporters are part of multi-gene families and are most likely compensated for by other family
members. For example, the pgp1 and pgp19 mutants and even the pgp1/pgp19 double mutant
may have been compensated for by other gene family members and/or different auxin
transporters. In contrast, the twd1-1 mutant may affect the function of multiple exporters and
therefore display a phenotype.
It is important to consider that the Cyp79B2 and Cyp79B3 product (IAOx) can enter three
separate metabolic pathways for auxin, indole-glucosinolates, or camalexin, each of which has
previously been associated with plant-pathogen interactions (Navarro, Dunoyer et al. 2006;
Kusnierczyk, Winge et al. 2007; Qiu, Fiil et al. 2008). In this regard, the wild-type levels of
susceptibility observed in the glucosinolate-deficient sur1 and sur2 mutant alleles demonstrate
that loss-of-susceptibility in cyp79b2/cyp79b3 is not due to absence of glucosinolates. Similarly,
a previous study of various phytoalexin-deficient (pad) mutants demonstrated that H. parasitica
is capable of completing its life cycle on phytoalexin deficient plants (Thomma, Nelissen et al.
1999). Indeed, the pad4 mutant exhibits an ―enhanced disease susceptibility‖ phenotype in
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which virulent H. parasitica isolates grow at higher levels on pad4 plants, compared to wildtype susceptible plants.

Thus, it is highly unlikely that the loss-of-susceptibility in

cyp79b2/cyp79b3 is due to absence of phytoalexins.
The lack of detectable PR-1 and PDF1.2 transcript in unchallenged (i.e. 0 hour) twd1-1
and cyp79b2/cyp79b3 demonstrate that defense genes are not constitutively active in these
mutants. Accordingly, these mutants do not exhibit lesions of spontaneous, HR-like cell death
lesions as is often observed in mutants with constitutively active defense (data not shown).
However, these mutants did display cell death and defense gene induction after infection with
Hp. The similarity of PR-1 in twd1-1 and cyp79b2/cyp79b3, compared to susceptible wild-type
Ws, suggests that the reduction of susceptibility is not likely due to strong activation of the SA
pathway.

It is similarly unlikely that the JA pathway activation is the cause of lowered

susceptibility of the cyp79b2/cyp79b3 mutant. It might be possible that the biphasic pattern of
PDF1.2 transcript accumulation may play a role in its lack of susceptibility. This is however
unlikely because Ler the fully resistant and Ws the fully susceptible have very similar PDF1.2
transcript patterns and the activation of the JA pathway in Ws is not sufficient for resistance to
Emco5.
The data from the auxin transport inhibitor assays further supported the relevance of
auxin responses to the Arabidopsis-H. parasitica interaction and suggested that auxin export is
essential for establishment of a successful infection. This interpretation is supported by the
strong phenotype of the twd1-1 mutant which has previously been shown as deficient in auxin
export. Additionally, the pin3-2 displayed a modest decline in susceptibility. Based on the
effects of auxin export inhibitors and the apparent importance of auxin biosynthesis, we propose
a model in which auxin biosynthesis is induced ―locally‖ at H. parasitica interaction sites,
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through a mechanism that requires cyp79b2/cyp79b3. The data in Figure 7 suggest that induction
of auxin biosynthesis may involve upregulation of Cyp79B2 and Cyp79B3, through mechanisms
that are not clear at present. Auxin might then be exported to diffuse into neighboring cells to
―prepare‖ them for interaction with H. parasitica.
Our data integrates well with the emerging view that auxin enhances susceptibility to
other biotrophic pathogens such as Pseudomonas syringae (Navarro, Dunoyer et al. 2006).
Navarro et al. show that down regulation by miRNA of auxin receptors inhibits pathogen growth
but when this down regulation is inhibited it enhances the pathogen’s ability to grow and cause
disease. It has been shown that Pseudomonas syringae alters auxin response and free auxin
levels in Arabidopsis through the AvrRpt2 effector protein (Chen, Agnew et al. 2007). It is
possible that H. parasitica is altering Arabidopsis physiology through a similar method using
auxin to increase host susceptibility.
How might auxin promote susceptibility to biotrophic pathogens? One possibility is that
auxin acts as a negative regulator of defense.

This is consistent with the ability of

cyp79b2/cyp79b3 and twd1-1 to induce cell death in response to an isolate of H. parasitica that is
virulent on the wild-type parent. Loss of auxin biosynthesis or transport in these mutants may
enable activation of a ―weak‖ resistance that would ordinarily be attenuated by auxin in a wildtype plant. The mechanism(s) by which auxin could suppress defenses remain to be determined,
but it is conceivable that auxin could stimulate JA signaling, which may in turn suppress SA
signaling leading to attenuation of defenses that are ordinarily effective against biotrophs. In
support of this model, previous studies have shown that auxin can act as a positive regulator of
JA biosynthesis (Tiryaki and Staswick 2002; Nagpal, Ellis et al. 2005) therefore; manipulating
auxin to attenuate defenses may be a universal point of attack for biotrophic plant pathogens.
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Increased levels of auxin may also be important in creation of the haustorial interface
and/or secretion of pathogen effectors into host cells. It has been shown that auxin inhibits
endocytosis but still allows the trafficking to plasma membrane. This was shown with the
localization studies of the PIN proteins where increased auxin inhibited this continuously cycling
class of proteins from being internalized, causing a build up at the plasma membrane and
increasing the export of auxin from the cell (Paciorek, Zazimalova et al. 2005). This increased
auxin export would then cause the extracellular levels of auxin to increase, and because
extracellular auxin can freely diffuse into cell the surrounding cells are being prepped to become
new hosts for the pathogen. If this is true this would make the front of actual plant/pathogen
interaction farther away from the actual physical interaction than previously thought. This use
of auxin to establish a close association with the host and to set up a feeding site by the pathogen
may be a variation of the program used by other microorganisms to set up symbiotic
relationships with their host (Chiu, Peters et al. 2005; Peret, Swarup et al. 2007).
When considering the physiological mechanisms through which auxin could enhance
susceptibility, it is important to consider the complex relationship between auxin and other plant
hormone signaling pathways. As mentioned above, evidence exists that auxin may suppress SA
signaling indirectly, by promoting JA signaling. In addition, (Wang, Pajerowska-Mukhtar et al.
2007) recently demonstrated that application of SA down-regulates auxin-related genes including
TIR1, the auxin receptor. Thus, SA signaling may antagonize auxin responses. This is consistent
with some of our gene expression experiments, in which also show that in a compatible
interaction between Emco5 and Ws that there was a transient decrease in transcript levels of
PIN3, AXR1 and SUR1 at 24 hours and that the transcript levels returned to T0 levels at 48 hours
(Figure 3.6). Expression of genes in the Ler resistant line decreased at the 12 hour time point
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then returned to about T0 levels before falling again. This decrease in transcript levels may be
evidence of the plant adjusting its gene expression to a profile that is more conducive to fight the
pathogen, perhaps by using SA to antagonize auxin-induced susceptibility.

In sum, it is

conceivable that SA and auxin may be antagonistic, with the outcome (induction versus
suppression of SA-dependent defense) being dependent on the relative timing and magnitude of
induction of the two pathways.
It is also possible that other hormones, not previously associated with defense, play a role
in this interaction. For example it has been shown that alterations in brassinosteroid levels affect
transcription of the PIN genes and alter the cellular distribution of at least PIN2 and alter the
amount of free IAA in plant tissue (Li, Xu et al. 2005). It has also been shown that application of
brassinosteroids activate DR5::GUS (Nakamura, Higuchi et al. 2003).

A brassinosteroid

biosynthesis gene was also shown to be up-regulated early in compatible interactions in the
microarray data by Eulgem et al. (not shown). It is possible that brassinosteroids amplify auxin’s
effect but only after the interaction has been established and only in the parasitized cell because
brassinosteroids have limited if any range outside of the cells in which they are produced
(Symons, Ross et al. 2008). Brassinosteroids may enable the pathogen to ―slam the door‖ on
induction of defense responses. Finally, our analysis of microarray data revealed that many
genes that are upregulated during H. parasitica colonization are also responsive to cytokinin,
suggesting that the auxin-cytokinin interaction may also be relevant to susceptibility.
With all of these different possibilities, including hormone cross-talk, it is clear that a
multi-focal approach is necessary.

For example, combinations of cyp79B2/cyp79B3 with

mutations in the SA and JA pathways would reveal whether reduced susceptibility is dependent
on either of these pathways.

In addition, a more detailed cytological examination of the
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haustorial interface in cyp79B2/cyp79B3 mutants could reveal whether susceptibility is
compromised at this step. From a more global perspective, total and free levels of auxin and
other horomones should be quantified in both wild-type and hormone biosynthesis mutants. It
would also be useful to test multiple knockout combinations of the various PIN and PGP gene
and their associated protein control elements. It would also be useful and relatively simple to
pathogen test mutants of brassinosteroid biosyntheses, reception and response, and to create
mutant combinations in which multiple hormone pathways are compromised. Answering these
questions will provide insight into the questions of how the pathogen is able to suppress host
defenses and regulates its feeding to suit its needs but not kill its host.
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Experimental Procedures:
Pathogen assays
Hyaloperonospora parasitica isolates Hiks1 and Emco5 were maintained by weekly subculturing on susceptible rpp7.7 (McDowell lab, unpublished) and WS/eds1-1 plants (Parker,
Holub et al. 1996) respectively. Inoculations were conducted by spraying seven day old plants
with a spore suspension in dH2O (concentration as stated in the results). Inoculated seedlings
were grown for 7 days at 20/18oC (day/night), 8 hour day length at 80-100% humidity. Asexual
sporulation was assessed at 7 days post inoculation by counting conidiophores on both sides of
the cotyledons and scoring the individual cotyledons as either 0-19 conidiophores or H (20 or
more). Cotyledons scored as heavy were given the value of 20 to calculate the average number
of conidiophores per cotyledon.

GUS Assay
DR5::GUS plants were grown on soil for 7 days at 20/18oC (day/night), 8 hour day length at 80100% humidity. Plants were then sprayed with Emco5 spores (at the concentration stated in the
results) or water control, covered and placed back in the growth chamber. Samples were
harvested at 24 and 48 hours. Samples where then fixed for 1 hour in 90% acetone. Samples
where then equilibrated for two 30 minute incubations at room temperature in 50mM NaPO4, pH
7.0 (for 1L, 2.69g Monobasic (NaH2PO4), 4.33g Dibasic (Na2HPO4) in ddH2O). Samples were
then stained in X-Gluc solution (0.5mM X-gluc, 0.5mM K3FeCN6, 0.5mM K4F3CN6, 0.1%
Triton X-100) for 24 hours at 37oC. Chlorophyll was then extracted with 70% ethanol for 24-48
hours or until cleared. Samples were then stored in 70% glycerol.
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Inhibitor assay
WS seeds were surface sterilized in 95% EtOH for 5 minutes and then in 50% bleach 50% H2O
0.05% Tween solution for 5 minutes. Seeds where then rinsed in sterile diH2O for 1 minute with
heavy constant agitation 5 times and then placed in sterile diH2O. The seeds were then pipetted
on to the ½ MS with 1x10-5mM auxin inhibitors or water control plates and spread evenly with a
pipette tip. Plates were sealed with parafilm and grown in a growth chamber for 7 days at
20/18oC (day/night), 8 hour day length. Plates were then taken out and the seedlings were
sprayed with Emco5 spores (at the concentration stated in the results). Excess liquid was
decanted off the plates and then the plates placed in a growth chamber and grown for 24 hours or
five days at 20/18oC (day/night), 8 hour day length. Seedlings were then harvested and stained
with trypan blue stain as described below.

Trypan blue staining
Plants were stained in an aqueous solution of trypan blue (50g phenol, 50ml lactic acid, 50ml
glycerin, 100mg trypan blue, 50ml diH2O), diluted with two parts 95% EtOH (2 EtOH:1 staining
solution). The plants were incubated in the sta in at 95oC for 3 minutes, followed by five
minutes at room temperature. Samples were then destained in chloral hydrate (1ml H2O per 2.5g
chloral hydrate) for 1 to 1.5 days. Samples were then placed in glycerol and mounted on slides.

RT-PCR
Plants were grown for 1.5 weeks and inoculated with Hiks1 conidiospores at a concentration of
105 conidiospores ml-1 in dH2O. At 0, 12, 24, 48, and 72 hours post inoculation, samples were
frozen in liquid nitrogen. The samples were then ground into a fine powder and total RNA was
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extracted using Sigma Tri Reagent following product instructions. Ambion Turbo DNase was
used as per product instructions to remove genomic DNA contamination. The cDNA was
synthesized using Qiagen Omniscript as per product instructions.

Actin2 PCR
The

Actin2

PCR

was

preformed

(GCTTTTTAAGCCTTTGATCTTGAGAG)

with

and

Actin2
Actin2

Primer1
Primer2

(TCGGTGGTTCCATTCTTGCT). The reaction was heated to 96oC for 3 minutes and then
cycled for thirty-five cycles at 94oC for 20 seconds, 57oC for 15 seconds, and 72oC for 45
seconds. A final extension was performed at 72oC for 10 minutes.
PR-1 PCR
The PR-1 PCR was preformed with PR-1 Primer1 (TTCTTCCCTCGAAAGCTCAA) and PR-1
Primer2 (CGTTCACATAATTCCCACGA). The reaction was heated to 95oC for 2 minutes and
then cycled for thirty-five cycles at 94oC for 30 seconds, 50oC for 15 seconds, and 72oC for 45
seconds. A final extension was performed at 72oC for 10 minutes.

PDF1.2 PCR
The PDF1.2 PCR was preformed with PDF1.2 Primer1 (TCATGGCTAAGTTTGCTTCC) and
PDF1.2 Primer2 (GGTAGATTTAACATGGGACG). The reaction was heated to 95oC for 2
minutes and then cycled for thirty-five cycles at 94oC for 30 seconds, 49oC for 30 seconds, and
72oC for 50 seconds. A final extension was performed at 72oC for 10 minutes.
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PCR for AXR4, AXR1, SUR1, PIN3
The PCR was preformed with Primer1 (see below) and Primer2 (see below). The reaction was
heated to 95oC for 2 minutes and then cycled for thirty-five cycles at 94oC for 15 seconds, 51oC
for 15 seconds, and 72oC for 30 seconds. A final extension was performed at 72oC for 10
minutes.
AXR4 Primer1—TAAGGCTCTTCCGAAAGCAA
AXR4 Primer2—CACCAGCCTTTGCTTCTTCT
AXR1 Primer1—GCAAATGACAACGAAACAGA
AXR1 Primer2—TTGAGCCACTTGGTTAGATGC
SUR1 Primer1—GGCGTCTTCAGCTTCGATAC
SUR1 Primer2—GATAAGGCAGCGAAAGCATC
PIN3 Primer1—GAGCACCTGACAACGATCAA
PIN3 Primer2—GGCGTCTTTTGGTCTCTCTG

PCR for Cyp79B2 and Cyp79B3
The PCR was preformed with Primer1 (see below) and Primer2 (see below). The reaction was
heated to 96oC for 3 minutes and then cycled for thirty-five cycles at 94oC for 20 seconds, 52oC
for 15 seconds, and 72oC for 45 seconds. A final extension was performed at 72oC for 10
minutes.

Cyp79B2 Primer1—ATCACATCCCTAAAGGAAGTGA
Cyp79B2 Primer2—CCGGTACTGAACGAGATAAACC
Cyp79B3 Primer1—GGTTTGGTCTGATCCACTTAGC
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Cyp79B3 Primer2—CTAGCATCATGGTCGTTATCGC
PCR for TWD1
The TWD1 PCR was preformed with TWD1 Primer1 (CCATAGCATACATGGGGGACG) and
TWD1 Primer2 (TCTGTGGCGTCGAAAGATACG). The reaction was heated to 95oC for 2
minutes and then cycled for thirty-five cycles at 94oC for 30 seconds, 49oC for 30 seconds, and
72oC for 50 seconds. A final extension was performed at 72oC for 10 minutes.

FIGURES AND TABLES:

Table 3.1
Genotype
Ler
Col-0
cyp79b3
cyp79B2ox
pgp19
twd1-1
sur2-3
atr4-2 7

Mean
0
7.8
11.5
7.1
18.3
2.8
4.6
9.5

SEM
0
0.7
1.2
0.5
0.5
0.4
0.7
0.9

N
130
74
51
108
79
176
52
50

Genotype
WS
cyp79b2
cyp79b2/cyp79b3
pgp1
pgp1/19
TWD sup2x6
BusB

Mean
19.4
18.8
2.5
19.9
18.6
17.1
19.1

SEM
0.3
0.6
0.4
0.1
0.6
0.6
0.4

N
112
58
110
102
60
98
58

Quantitative Assessment of the Effect of Single and Double Mutants and Overexpressing
Lines on the Susceptibility to Emco5.
Experiment was repeated three times with similar results.
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Table 3.2
Genotype
Ler
Col-0
axr4-2
sur2-TDNA
pin3-4

Mean
0
15.1
14.5
15.4
12.7

SEM
0
0.6
0.6
0.6
0.6

N
50
50
50
50
50

Genotype
WS
aux1-7
aux1-12
sur1

Mean
20
12.3
11.4
13.2

SEM
0
0.6
0.6
0.6

N
50
50
50
50

Quantitative Assessment of Auxin related Mutants and Their Effect on Susceptibility to
Emco5.
Experiment was repeated three times with similar results.
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Figure 3.1

Representative Samples from the Emco5 challenged DR5::GUS Assay.
A) Water inoculated DR5::GUS at 24 hours post inoculation.
B) Emco5 inoculated DR5::GUS at 24 hours post inoculation.
C) Enlarged image of the interaction point from B.
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Figure 3.2

Relative Percentages of Plant Pathogen Interaction Sites Between Emco5 and WS,
Challenged with Polar Auxin Transport Inhibitors.
Plants were treated with auxin transport inhibitors assayed with trypan blue staining. Scoring was
based on two interaction classifications: hypersensitive response (HR) and free growing
pathogen (Free Hyphae or (FH)).
Interactions at 24 hours post inoculation with Emco5.
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Figure 3.3

Effect of Polar Auxin Inhibitors on Emco5/WS Interactions.
Plants were stained with trypan blue 24 hours after inoculation with Emco5. FH indicates free
hyphae. HR indicates the hypersensitive reaction.
A) ½ MS no inhibitor control
B) Auxin influx inhibitor 3-chloro-4-hydroxyphenylacetic acid (3-chloro-4)
C) Auxin efflux inhibitor 1-naphthylphthalamic acid (NPA)
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Figure 3.4

Effect of cyp79b2/cyp79b3 and the twd1-1 Mutants on Accumulation of Actin2 (Act2), PR-1
and PDF1.2 Transcripts.
RT-PCR products of the corresponding gene transcripts at 0, 12, 24, 48, and 72 hours post
inoculation with Emco5 at a concentration of 2.5 x 105 conidiospores per ml.
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Figure 3.5

Changes in Cyp79B2, Cyp79B3, TWD1 and Actin2 Transcript Levels in a Hiks1 Compatible
and Incompatible Interaction.
RT-PCR products of the corresponding gene transcripts at 0, 12, 24, 48, and 72 hours post
inoculation with Hiks1 at a concentration of 2.5 x 105 conidiospores per ml. rpp7.1 represents
the compatible interaction and Col-0 wild type represents the incompatible interaction.
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Figure 3.6

Changes in Various Auxin Associated Gene Transcript Levels in an Emco5 Compatible and
Incompatible Interaction.
RT-PCR products of the corresponding auxin-associated gene transcripts at 0, 12, 24, 48, and 72
hours post inoculation with Emco5 at a concentration of 2.5 x 105 conidiospores per ml. WS
represents the compatible interaction and Ler represents the incompatible interaction.
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Chapter 4

Conclusions
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The research in this dissertation contributes to the ultimate goal of understanding
plant/pathogen interactions from the perspectives of both resistance and susceptibility. This
understanding of "both sides of the coin" is essential for the development of durable resistance to
pathogens in economically-important crops.
The research described in Chapter One provides evidence that the traditional view of a
two-pathway system for R protein signal transduction is an incomplete picture. The defense
signaling network is far more complicated than this model predicts, and it is clear that R proteins
vary in the degree to which they are dependent on the functionality of different pathways in the
network. My results suggest that the extended network that is utilized by RPP7 may not be
activated as strongly by other R proteins that are suppressed strongly by single mutations in
network components. However, it is also possible that the strains of pathogens recognized by
such apparently "weak" R proteins might be able to block activation of the extended network
(e.g. through the action of effectors that target specific defense pathways). The evidence that the
JA pathway is activated alongside the SA pathway and in a biotrophic interaction prompts a shift
in the previously-held view that the JA and SA pathways operate exclusively for resistance
against necrotrophic or biotrophic pathogens, respectively. This cooperation between defense
pathways brings up the question of which pathogenic strategies came first and how the evolution
of a more specialized defense for the later-evolving strategies becomes integrated into the overall
network? Was this due to branching of the preexisting network? Or as the pathogens became
more specialized in their new strategy to live off the plant, did a new network evolve that
eventually became integrated into the existing network? In order to address these important
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evolutionary questions, all of the components of the defense network need to be known for each
type of pathogen.
With respect to the novel aspects of RPP7 resistance, elucidation of the network nodes
that are essential to defense against the Hiks1 strain of H. parasitica will require more extensive
epistasis tests. We have shown that certain double mutant combinations reduce but do not
eliminate resistance to Hiks1 by Arabidopsis and our data points to a third pathway or at least a
degree of connectivity that other R proteins in Arabidopsis apparently do not have. To better
understand the mechanisms behind RPP7 resistance, triple, quadruple and even higher order
mutants will be needed.

These combinations will need to be in components of both the

traditional SA and JA pathway. It must also be pointed out that subtle phenotypes cannot be
ignored because these may be evidence of cross talk between networks and fine tuning of the
signal through the main nodes. This cross talk may also have important effects under field
conditions, where plants encounter multiple types of pathogens and symbiotic organisms at the
same time, and must integrate responses to multiple microbes along with responses to other
environmental variables.
Our view of plant/pathogen interaction should not be so narrow as to exclude pathways or
systems that one may not even conceive of as playing an important role. Plant biology is based
on very complicated regulatory systems; with higher complexity comes a greater number of
points that can be exploited by rapidly evolving pathogens. Our data contributes to the rapidly
expanding collection of evidence that auxin, a plant hormone once thought to be mainly involved
in growth and development, is strongly involved in plant/pathogen interactions. Our data shows
that the production of auxin during early stages of the infection cycle is essential to the
establishment of a compatible interaction between H. parasitica and Arabidopsis. We also show
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through pharmacological tests that auxin export from the cell may be important; however in
chemical studies of this kind it is difficult to determine if the effect is the chemical's action in the
plant or on the pathogen. The chemicals that we used were polar auxin transport inhibitors.
Mutants in genes that code for the known regulators and associated proteins of these transporters
should also prove useful such as in our use of twd1-1. Through the use of various combinations
of mutants in these transport families it should be possible to determine if auxin transport is
important on the side of the plant, the pathogen, or both.
The complex auxin response network intertwines with many other systems. The study of
auxin and its role in defense and susceptibility to plant pathogens is complex and interesting
enough to give the field more than enough questions to ask and answer for quite a while. Though
the current and emerging recourses available to work with Arabidopsis, such as available T-DNA
lines, DNA and protein arrays, and micro-dissection techniques, to name a few, auxin’s role in
disease susceptibility should become increasingly clear.
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