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ABSTRACT
STUDY OF PSEUDOMONAS SYRINGAE EFFECTOR PROTEIN HOPM1 AND
ITS HOST TARGET ATMIN7 IMPLICATED IN VESICLE TRAFFICKING IN
ARABIDOPSIS THALIANA
By
Young Nam Lee

In the pathogenic interaction between Arabidopsis thaliana and Pseudomonas
syringae pv. tomato DC3000 (Pst DC3000), it has been suggested that one function of
type III secretion system (TTSS) effector proteins of Pst DC3000 is to interfere with the
defense-associated cellular trafficking pathway(s) in Arabidopsis. This study focuses on
characterization of HopM1, a TTSS effector of Pst DC3000, and its host target AtMIN7,
a putative adenosine-diphosphate ribosylation factor-guanine nucleotide-exchanging
factor (ARF-GEF) implicated in intracellular vesicle trafficking in Arabidopsis.

The localization of full-length and truncated HopM1 was studied using confocal
microscopy. In tobacco cells, full-length HopM1 fusion proteins were found in small,
punctate structures, which were co-localized with a trans-Golgi network (TGN) marker
VHA-al and an early endosome marker ARAG6. The fusion protein of the N-terminus of
HopM1 (HopM1,.300) was found in punctate structures co-localizing with VHA-al.
Approximately 5 hours after their expression, full-length HopM1 fusion proteins were
found in punctate structures, whereas truncated HopM1 fusion proteins (HopM1 .30 and
HopM13,.712) were dispersed in the cells. Full-length HopM1 fusions induced death of
tobacco leaf tissue by 48 hours after their induction. Some of the HopM1 fusion proteins

transformed into Arabidopsis (Col-0 and atmin7 backgrounds) showed similar

localization patterns as in tobacco. It is suggested that HopM1 is localized in the



endosomes in the host cell and that HopM 1,390 contains an organelle-targeting signal.

Whether other Arabidopsis ARF-GEFs besides AtMIN7 are involved in host
defense is not known. The roles of three ARF-GEFs (4¢BIG2, AtBIG3 and AtBIG4) in
defense were studied by examination of bacterial multiplication in corresponding T-DNA
insertional mutants. None of the examined mutants showed a clear defect in defense
against Pst DC3000, the ACEL mutant (lacking HopM1), or the ArcC ‘'mutant (defective
in the TTSS). The HopM1,.300 was previously shown to interact with the C-terminus of
AtMIN7. The C-termini of four ARF-GEFs (AtBIG1, AtBIG3, GNL1 and GNL2) were
examined by yeast two-hybrid assay to determine whether they also interacted with
Hole 1-300. The C-terminus of GNL2 did not interact with HopM1,_309. The interactions
between HopM1,.3¢0 and the C-termini of AtBIG1, AtBIG3 and GNL1 were not
determined because of the failure to express these proteins in yeast.

To determine whether AtMIN7 regulates the secretion of defense-related proteins,
three Ardbidopsis proteins (PR1, a putative lipid-transfer protein encoded by At2g10940,
and FLA9, a putative arabinogalactan protein encoded by At1g03870) were fused with
GFP, and expressed in Arabidopsis (Col-0 and atmin7 background) followed by confocal
microscopic examination. PR1-GFP was localized in the intercellular space both in Col-0
and atmin7 backgrounds. At2g10940-GFP was localized in the intercellular space in Col-
0 background, but in armin7 background, unidentified intracellular structures appeared.
FLA9-GFP fusion was not expressed in Arabidopsis. These results suggest that the
localization of At2g10940-GFP may be dependent on the AtMIN7-mediated vesicle

trafficking pathway(s) whereas the localization of PR1-GFP is not.
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CHAPTER1

Literature Review



General aspects of plant-pathogen interactions

During evolution, plants have been exposed to a variety of micro-organisms and
developed various types of interactions with them. Among these interactions, the
interactions between plants and pathogenic microorganisms have been extensively
studied in plant science, in order to advance our understanding of these processes and
how they have been evolved. Moreover, the study of plant-pathogen interactions is
important for agriculture, considering that the crop loss caused by plant disease is one of
the major limiting factors in food production (reviewed by Savary et al., 2006).

The aspects of the interactions between plants and pathogens are diverse
depending on types of plants and pathogens. However, an emerging theme of these
interactions is that plants and their pathogens are in a continuous cycle of attack, defense,
and counterattack. In this ongoing “battle”, the pathogens have continuously affected the
physiological state of the plants for obtaining nutrition for their survival and proliferation.
In many cases, these effects compromise or severely interfere with the normal physiology,
growth and proliferation of plants. Plants have evolved defense mechanisms in order to
cope with these pathogen attacks, as summarized in different reviews (Katagiri et al.,
2002; Chisholm et al., 2006; Speth et al., 2007; Boller and He, 2009). This evolutionary
arms race enabled both pathogens and plants to develop multiple strategies for attack and
defense. As a result, this arms race has significantly affected the evolution of plants and

pathogens at the genetic and molecular level (Ma et al., 2006; Stavrinides et al., 2008).

The Arabidopsis thaliana-Pst DC3000 model



In many cases the interactions between plants and pathogens are specific. Some of
these interactions have been studied as model systems, in which a specific plant species
and a specific pathogen are connected as an interaction pair. In this thesis, I focus on one
plant-pathogen interaction model, in which Arabidopsis thaliana is the host plant and
Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) is the pathogen. This model
was introduced in 1990s with several other Arabidopsis thaliana-Pseudomonas syringae
interaction models, and has been widely used in plant-pathogen interaction studies since
then (Davis et al., 1991; Dong et al., 1991; Whalen et al., 1991; Katagiri et al., 2002).
Both Arabidopsis and Pst DC3000 have advantages for studying the molecular basis of
plant-pathogen interactions, because both of them have well-developed resources of
molecular genetic and genomic manipulations, including their full genome sequences (for

Arabidopsis genome, refer to Rhee et al. (2003) and www.arabidopsis.org; for Pst

DC3000 genome, refer to Buell et al. (2003) and http://pseudomonas-syringae.org).

Pseudomonas syringae pv. tomato DC3000 as a bacterial phytopathogen

P.syringae is a gram-negative bacterium. It is included in the Pseudomonas genus,
which has approximately 50 pathogenic species with different host specificities (Deng et
al., 1998; Anzai et al., 2000). As a plant pathogen P.syringae has more than 50 pathovars
(Gardan et al., 1999) which differ largely in host range among different plants (Gardan et
al., 1999). Different races and strains are assigned to these pathovars, based on their

ability to infect different plant cultivars (Alfano and Collmer, 1997; http://pseudomonas-

syringae.org). Pathovars of P.syringae infect various crops such as tomato, soybean, rice,

tobacco and wheat (Gardan et al., 1999).



Pst DC3000 is a strain included in the pathovar P.syringae pv. tomato, which is
the cause of speck disease in tomato (Cuppels, 1986). Speck disease on tomato is one of
the representative examples of disease caused by P.syringae, with characteristic
symptoms such as necrotic lesions on the tomato leaves and dark spots on the fruit

(Cuppels et al., 1990; http://pseudomonas-syringae.org). Pst DC3000 is assigned to race

0, on the basis of its avirulence on tomato cultivars carrying Pto resistance (Ronald et al.,
1992). Pst DC3000 is also a pathogen of A. thaliana (Whalen et al., 1991; Katagiri et al.
2002).

Pst DC3000 is considered as a hemibiotrophic pathogen: it typically enters plant
leaves through openings such as stomata or through wounds and aggressively multiplies
(to the level of 10® cells/cm? of leaf) in the intercellular space (also known as apoplast),
followed by formation of necrotic lesions (Whalen et al., 1991; Hirano and Upper, 2000;
Katagiri et al., 2002; Nomura et al., 2005; Melotto et al., 2008). Upon infection by Pst
DC3000, A. thaliana displays disease with visible symptoms, such as leaf yellowing
(chlorosis) and the water-soaking phenomenon, followed by eventual tissue necrosis
(Whalen et al., 1991, Katagiri et al., 2002).

The pathogenicity and virulence of Pst DC3000 depend on at least two
pathogenicity factors, the type III secretion system (TTSS) with its effector proteins and
the phytotoxin coronatine (Katagiri et al., 2002). Pst DC3000 injects 30-40 bacterial
proteins collectively called “TTSS effectors” into the plant cells through its TTSS
(Alfano and Collmer, 2004). The TTSS of Pst DC3000 is encoded by a cluster of
hypersensitive response and pathogenicity (hrp) genes; hrp” mutants of Pst DC3000 are

impaired in regulation or secretion of type Il effectors, and lose the ability to multiply



and cause disea_se in compatible hosts (Yuan and He, 1996; Roine et al., 1997). The
TTSS (and its effector proteins) and hrp genes are not specific to Pseudomonas, but
found in other plant pathogens such as Xanthomonas, Ralstonia, and Erwinia spp.
(Alfano and Collmer, 1997; Alfano and Collmer, 2004) and in several animal pathogens
like Yersinia, Salmonella, and Shigella spp. (He et al., 2004).

The TTSS and its effectors are essential for the pathogenicity and virulence of Pst
DC3000 and other pathogens (Yuan and He, 1996; Deng et al., 1998; Collmer et al.,
2002). Accumulated research results indicate that TTSS effectors contribute to
pathogenicity and virulence by manipulating the physiological states of host plants
(Nobuta and Meyers, 2005; Cunnac et al., 2009). These manipulations will be further
discussed in later parts of this chapter.

On the other hand, coronatine is a phytotoxin made by several pathovars of
P.syringae including Pst DC3000 (Bender et al., 1999). It is composed of two moieties,
coronafacic acid and coronamic acid. The structure of coronatine shares a high similarity
to that of jasmonoyl isoleucine (JA-lle), and it has been thought that coronatine is a
functional mimic of JA-Ile in plant-pathogen interactions (Katagiri et al., 2002; Melotto
et al., 2008). The role of coronatine in pathogenicity and virulence of Pst DC3000 has
been studied in Arabidopsis and tomato, and it is generally accepted that coronatine
contributes to symptom development, activation of jasmonate (JA)-related responses and
suppression of the expression of defense-related genes in plants (Mittal and Davis, 1995;
Zhao et al., 2003; Thilmony et al., 2006). The JA-mediated defense pathways and the
salicylic acid (SA)-mediated defense pathways are often antagonistic (Kunkel and Brooks,

2002; Heil and Bostock, 2002), and the suppression of SA-mediated defenses in plants by



coronatine was shown in multiple studies (Zhao et al., 2003; Uppalapati et al., 2007).
More recently a role of coronatine in the regulation of stomatal opening was shown

(Melotto et al., 2006; Melotto et al., 2008).

Arabidopsis thaliana as a model plant in plant-pathogen interactions

Arabidopsis thaliana has advantages in laboratory research due to its small plant
size, short generation time (around 8 weeks), high seed production, natural self-
pollination, small genome size and well-established genomic resource (Meyerowitz,
1987; Ausubel et al., 1995; Nobuta and Meyers, 2005). Arabidopsis has been used as a
model plant for studying the interactions with several pathogenic P.syringae strains
including Pst DC3000 and showed clear resistance or susceptibility to different strains of
P.syringae, depending on the genotypes of those strains (Davis et al., 1991; Dong et al.,
1991; Whalen et al., 1991; Ausubel et al., 1995). As mentioned above, Arabidopsis
exhibits susceptibility to Pst DC3000, showing symptom development including water-
soaking, chlorosis, and tissue necrosis, followed by death of whole plant (Katagiri et al.,

2002).

A four-part model for the interaction between Arabidopsis and Pst DC3000

The Arabidopsis-Pst DC3000 interaction can be explained by a recently suggested
“four-part model” (Bent and Mackey, 2007). This model shows the roles of TTSS
effector proteins of Pst DC3000 in inducing plant resistance and suscéptibility (Chisholm

et al., 2006; Jones and Dangl, 2006; Bent and Mackey, 2007) and includes two major



concepts of two major plant defenses, PAMP-triggered immunity (PTI) and effector-
triggered immunity (ETI). This model also reflects the hypothetical evolutionary steps of

the interaction between Arabidopsis and Pst DC3000.

I* step: the activation of PAMP-triggered immunity (PTI)

In the first part of four-part model, generic, conserved components of micro-
organismic pathogens called pathogen-associated molecular patterns (PAMPs), or more
recently called microbe-associated molecular patterns (MAMPs: Ausubel, 2005), are
perceived by plants. This recognition of PAMPs/MAMPs by plants activates a basal layer
of defense responses, which are believed to be sufficient for preventing infections by a
wide range of microbes (Alfano and Collmer, 2004; Nomura et al., 2005; Bent and
Mackey, 2007). In recent reviews this layer of defense responses are referred to as
PAMP-triggered immunity (PTI) (Chisholm et al., 2006; Jones and Dangl, 2006; Bent
and Mackey, 2007). In earlier studies PTI was not an independent concept, but it was
incorporated in “nonhost” resistance, which allows a given plant species to confer broad-
spectrum resistance against most microorganisms (Heath, 2000; Niirnberger and Brunner,
2002; Mysore and Ryu, 2004). In this context PAMPs/MAMPs were studied as “general
elicitors” activating defense responses in the species level (Boller, 1995; Niirnberger et
al., 2004). However, the PTI is now accepted as the first line of plant defense against
different microorganisms.

Well-known PTI-associated defense responses include formation of papillae
(localized apposition of callose and other materials) in the plant cell wall, induction of

defense genes, accumulation of reactive oxygen species (ROS) and plant secondary



metabolites (Alfano and Collmer, 2004; Nomura et al., 2005). Modification of the plant
cell wall is likely an important part of plant immunity (Hauck et al., 2003; DebRoy et al.,
2004; Keshavarzi et al., 2004).

Various PAMPs/MAMPs have been reported from different pathogens. They
include bacterial flagellin, bacterial lipopolysaccharide (LPS), fungal cell wall
components like chitin, heptaglucosides of oomycetes, and fungal ergosterol (Niirnberger
et al., 2004; Bent and Mackey, '2007). Among these PAMPs/MAMPs, bacterial flagellin
(especially the 22-amino-acid conserved epitope in the N-terminus of flagellin (flg22))
has been well studied (Felix et al., 1999; Gomez-Gomez et al., 1999). The flg22 peptide
is sufficient to induce PTI (Gomez-Gomez et al., 1999). Recognition of flg22 contributes
to enhanced resistance against non-pathogenic bacteria (Hann and Rathjen, 2007). Flg22
is recognized by and binds to Arabidopsis FLS2, which is a transmembrane receptor
protein with extracellular leucine-rich repeats (LRR) and intracellular protein kinase
(Gomez-Gomez et al., 1999; Gomez-Gomez and Boller, 2000; Zipfel et al., 2004;
Chinchilla et al., 2006). The recognition of flg22 by FLS2 enhances plant resistance
against Pst DC3000, presumably through activation of downstream §ignal transduction
pathways, including expression of defense-related genes (Asai et al., 2002; Navarro et al.,
2004; Zipfel et al., 2004; Livaja et al., 2008).

Besides flagellin (or its flg22), the elongation factor Tu (EF-Tu) of bacteria was
also reported as a PAMP/MAMP (Kunze et al., 2004). EF-Tu induces defense responses
in plants including Arabidopsis, such as ethylene biosynthesis and oxidative burst (Kunze
et al., 2004). Later, another Arabidopsis transmembrane LRR-receptor-like kinase, EFR,

was reported as the binding receptor of EF-Tu (Zipfel et al., 2006). EFR and FLS2



induce a common set of defense-related responses, including oxidative burst and MAP
kinase activation, after recognizing EF-Tu and flg22, respectively (Zipfel et al., 2006).
LPS, another example of bacterial PAMPs/MAMPs, extracted from Xanthomonas
campestris pv. vesicatoria induced papilla formation and delay of symptom development
in pepper (Keshavarzi et al., 2004).

Although not common, there are a few cases that PAMPs/MAMPs induce
localized cell death in nonhost plants. For example, the flagellin monomer or flg22 from
Pst DC3000 induces cell death in Nicotiana benthamiana, which is a nonhost plant to Pst
DC3000 (Taguchi et al., 2003; Hann and Rathjen, 2007). This cell death is dependent on
an orthologue of Arabidopsis FLS2 in N.benthamiana, NbFis2 (Hann and Rathjen, 2007).
Also, certain LPS activates the generation of ROS and activations of defense genes

associated with local cell death (Desaki et al., 2006).

2nd step: the suppression of PTI by TTSS effector proteins

In the 2™ step of the “four-part model”, successful pathogens including Pst
DC3000 release pathogenic proteins, which target host plants and suppress PTI. TTSS
effectors of Pst DC3000 is among the most extensively studied examples of PTI
suppression by bacterial proteins.

As shown in previous reports, wild type bacterial pathogens with intact TTSS
(Kesharvarzi et al., 2004) or even specific TTSS effectors such as AvrPto (Hauck et al.,
2003; He et al., 2006; Hann and Rathjen, 2007) suppress PTI. AvrPto was later shown to
also suppress flg22-induced MAP kinase signal transduction pathways and early gene

expressions for defense (He et al., 2006). Remarkably, it was recently shown that AvrPto
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physically interacts with FLS2 or EFR to block innate immunity of Arabidopsis (Xiang et
al., 2008). In addition to AvrPto, other TTSS effectors of Pst DC3000 like AvrPtoB (de
Torres et al., 2006; Hann and Rathjen, 2007), HopM1 (DebRoy et al., 2004), HopU1 (Fu
et al., 2007), AvrRpt2 and AvrRpm1 (Kim et al., 2005), or HopAOI1 (also known as
HopPtoD2 [Underwood et al., 2007; Guo et al., 2009]) suppress PTI.

The local cell death in nonhost plants is also a target of some TTSS effectors.
AvrPto and AvrPtoB expressed in Nicotiana benthamiana suppresses the localized
PAMP-induced cell death (Kang et al., 2004; Hann and Rathjen, 2007). There are cases
in which the induction of certain plant genes during PTI is suppressed by TTSS effectors
(de Torres et al., 2006; He et al., 2006; Underwood et al., 2007).

The suppression of PTI by the TTSS effectors often contributes to the enhanced
multiplication of non-pathogens or mutants of virulent pathogens, as shown in the cases
of AvrPto or AvrPtoB (Hauck et al., 2003; He et al., 2006; de Torres et al., 2006; Hann

and Rathjen, 2007).

3rd step: the recognition of TTSS effectors by plants and activation of effector-
triggered immunity (ETI)

The third part of the four-part model is essentially the classic gene-for-gene
interaction model (Flor, 1971), in which TTSS effectors are recognized by plant
resistance (R) proteins, followed by the eliciting of defense responses called the
hypersensitive response (HR). It is a relatively recent trend that the gene-for-gene
interaction is incorporated in the bigger plant-pathogen interaction model emphasizing its

evolution as a counterattack to the suppression of plant defenses by TTSS effectors, and
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it is called effector-triggered immunity (ETI) (Chisholm et al., 2006; Jones and Dangl,
2006; Bent and Mackey, 2007).

Gene-for-gene resistance was studied in the context of specific plant genotypes
(for instance, cultivars) and specific pathogen genotypes (strain or race). According to
this model, a plant-pathogen interaction can be compatible (leading to plant disease) or
incompatible (leading to plant resistance). The incompatible interaction occurs when the
plant expresses a specific plant resistance gene (R) and the (avirulent) pathogen expresses
a specific avirulence (avr) gene (Dangl and Jones, 2001). During the incompatible
interaction, downstream signal transduction pathways lead to defense responses, such as
the expression of pathogenesis-related (PR) genes (Uknes et al., 1992), the rapid and
localized cell death in the infected region (HR) (Heath, 2000), and the activation of
systemic acquired resistance (SAR).

Many avr and R gene pairs have been discovered in various plant-pathogen
interactions (Martin et al., 2003; Alfano and Collmer, 2004). In the four-part model,
bacterial Avr proteins (TTSS effectors) suppress basal defense, and the R proteins detect
this defense-suppressing virulence factors by detecting the effect of a TTSS effector on
the designated host protein. The host protein which is affected by the TTSS effector is
indispensable to the plant defense (Chisholm et al., 2006; Bent and Mackey, 2007).
Initially it was thought that Avr proteins and R proteins were directly interacting and that
this interaction activates downstream defense pathways. This is based on several
examples of direct interactions between Avr proteins and R proteins, such as the
interaction between Pi-ta of rice and AVR-Pita of rice blast fungus (Magnaporthe grisea)

(Jia et al., 2000) and that between R proteins of flax and AvrL567 variants of rust
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(Melampsora lini) (Dodds et al., 2006). However, this was not the case for the majority
of Avr-R interactions, and an alternative explanation called “guard hypothesis” was
introduced (Dangl and Jones, 2001). In this hypothesis, Avr proteins interact with and
manipulate plant target proteins which are independent of, but often physically associated
with, R proteins. This indirect recognition of Avr protein by R protein through the third
plant target protein induces downstream defense pathways. The interaction between
AvrPto of P.syringae and tomato proteins Pto and Prf is explained by the guard
hypothesis: AvrPto physically interact with Pto (Scofield et al., 1996; Tang et al., 1996),
which may be a virulence target in tomato, and this interaction is recognized by Prf
followed by HR (Salmeron et al., 1996; van der Biezen and Jones, 1998; Dangl and Jones,
2001; Zipfel and Rathjen, 2008). Other TTSS effectors of P.syringae, AvtRpm1, AvrB or
AvrRpt2 phosphorylates or eliminates RIN4, which is a regulator of basal defense of
Arabidopsis, and these modifications of RIN4 activate RPM1- or RPS2-mediated defense
responses (Mackey et al., 2002; Axtell and Staskawicz, 2003; Mackey et al., 2003).
Recently another model referred to as “decoy model” was introduced for
explaining the relationship between Avr protein (TTSS effector), its corresponding R
protein and the plant target protein of Avr protein. Compared to the guard hypothesis, in
the decoy model the plant protein targeted by Avr protein (TTSS effector) does not have
functions in virulence, and this target protein works as a decoy to detect pathogen

effector protein (Zipfel and Rathjen, 2008; van der Hoorn and Kamoun, 2008).

4th part: evasion or suppression of ETI by pathogens through TTSS effectors
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In the final part of the four-part model, ETI activated by the recognition of TTSS
effectors by plant R proteins are evaded or suppressed (Bent and Mackey, 2007). The
suppression of ETI is sum.marized in several reviews (Abramovitch and Martin, 2004;
Nomura et al., 2005; Grant et al., 2006).

The HR induced by gene-for-gene resistance can be suppressed by TTSS effectors.
Ritter and Dangl (1996) reported that AvrRpt2 suppresses HR and disease resistance
activated by the AvrRpm1-RPM1 interaction in Arabidopsis. This suppression of HR by
AvrRpt2 is mediated by the action of AvrRp2 as a cysteine protease, cleaving
Arabidopsis RIN4 which is required for HR activated by the AvrRpm1-RPMI interaction
(Axtell et al., 2003; Mackey et al., 2003). In addition, in the interaction between
P.syringae pv. phaseolicola and soybean, it was shown that the TTSS effectors of
P.syringae pv. phaseolicola can suppress HR induced by gene-for-gene resistance on the
cultivar level (Jackson et al., 1999; Tsiamis et al., 2000). On the other hand, Abramovitch
et al. (2003) showed that HR induced by AvrPto-Pto was suppressed by AvrPtoB;
however, this result is based on the transient expression of AvrPto, Pto and AvrPtoB in

the nonhost plant N. benthamiana, not in the host plant tomato or Arabidopsis.

Systemic acquired resistance (SAR)

Systemic acquired resistance (SAR) is a long-lasting, broad-spectrum resistance
which is systemically induced in plant by pathogen infection (Durrant and Dong, 2004)
and not included in the four-step model. SAR is usually activated during the incompatible
interaction between a pathogen with an avr gene and a plant with an R gene (with HR).

However, non-HR-inducing bacteria also can activate SAR through their
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PAMPs/MAMPs, showing the systemic resistance against bacterial infection,
accumulation of SA and defense-associated gene transcripts (such as flg22 or LPS:
Mishina and Zeier, 2007). During SAR, local and systemic accumulation of salicylic acid
(SA) occurs, followed by expression of defense-related genes such as pathogenesis-
related (PR) genes and activation of signal transduction cascades (Durrant and Dong,
2004; Vlot et al., 2008).

Salicylic acid (SA) is an essential signal for SAR (Gaffney et al., 1993), and
exogenous application of SA (Ryals et al., 1995) or SA analogues such as
benzothiadiazole (BTH) or 2,6-dichloroisonicotinic acid (INA) can activate SAR as well
(Uknes et al., 1992; Lawton et al., 1996). However, SA itself is not a mobile signal for
activating SAR in systemic tissue (Vernooji et al, 1994). Several metabolites such as
methyl salicylate (MeSA), jasmonic acid (JA) or azaleic acid were suggested as potential
mobile signals in SAR (Park et al., 2007; Truman et al., 2007; Jung et al., 2009).
Research results show that SA induces redox reactions to reduce the protein NPR1 (non-
expressor of pathogenesis-related 1, also known as non-immunity 1 (NIM1)), which is
activated and moves to the nucleus of the plant cell in order to activate transcription of
defense-related genes. This activation is regulated by several proteins in plants. Also,
there are NPR 1-independent signaling pathways affecting SAR activation and regulation
(Durrant and Dong, 2004; Grant and Lamb, 2006; Loake and Grant, 2007). SA-mediated
defense signaling pathway is also affected by cross-talk with other signaling pathways,
including JA/ethylene, abscisic acid (ABA), and nitric oxide (NO)-mediated signaling

pathways (Loake and Grant, 2007).
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Suppression of defense-associated cellular trafficking pathway in plants by
TTSS effectors

Recent literature suggests that plant vesicle trafficking machineries are associated
with PTI, ETI and SAR, and are a target of TTSS effector-mediated suppression. The
importance of vesicle trafficking system in plant defense was initially suggested from
studies of cell wall-associated PTI, the formation of papillae. As briefly mentioned above,
the papilla is a microscopic apposition which is formed in the intercellular space of the
plant (apoplast) (Smart et al., 1985); it consists of heterogeneous materials such as callose
(B-1,3-glucan), phenolics and proteins (reviewed by Schmelzer, 2002). Papilla formation
were reported in the interactions between fungal pathogens (such as Blumeria graminis or
Erysiphe graminis) and plants (Zeyen and Bushnell, 1979; Smart et al., 1985; Koga et al.,
1990; Mendgen et al., 1995; Collins et al., 2003; Gjetting et al., 2004), as well as those
between bacterial pathogens such as P. syringae or Xanthomonas campestris (Bestwick et
al., 1995; Brown et al., 1995) and plants. Papillae also can be induced by treatment of
PAMPs/MAMPs such as flg22 (Gomez-Gomez et al., 1999; Zipfel et al., 2004; de Torres
et al., 2006).

It has been suggested that the cellular vesicle trafficking pathway is important for
papilla deposition. Although callose is synthesized in the plasma membrane (Turner et al.,
1998; Jacobs et al., 2003; Nishimura et al., 2003), earlier research results suggested that
polarized vesicle trafficking may be involved in the formation of papillae (Bestwick et al.,
1995; Mendgen et al., 1995). Later, more evidence showing that components of vesicle
trafficking pathways of plants play roles in papilla formation was obtained. In particular,

mutation of the Arabidopsis PENI gene which encodes a plasma membrane syntaxin
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(SYP121), which is a member of soluble N-ethylmaleimide-sensitive factor adaptor
protein receptors (SNAREs) involved in vesicle docking to a target membrane (Bassham
et al., 2008), resulted in delayed papilla formation in response to a fungal pathogen
Blumeria graminis f.sp. hordei (Bgh) (Collins et al., 2003). Also, both PENI and its
closest homologue SYP122 accumulated at the papilla formation site upon Bgh infection,
indicating that vesicle trafficking plays an important role in papilla formation (Collins et
al., 2003; Assaad et al., 2004).

Another syntaxin from Nicotiana benthamiana, NbSYP132 (an orthologue of
SYP132 in Arabidopsis), is required for gene-for-gene resistance activated by the
AvrPto-Pto interaction and for extracellular accumulation of the PR1 protein. N6SYP132
contributes to basal defense against the Arp4™ mutant of Pst DC3000 and SA-associated
defense (Kalde et al., 2007). Also, an ER-chaperone BiP2 was required for SA-associated
defense responses and PR1 accumulation in Arabidopsis (Wang et al, 2005). In addition,
the importance of cellular trafficking in plant defense is suggested in several studies of
gene expression profiling: microarray data of Wang et al. (2005) showed that protein
secretion pathway-associated genes were included in the primary targets of Arabidopsis
NPRI, which is a key regulator of SAR.

Hauck et al. (2003) showed that around 40% of the Arabidopsis genes which are
suppressed by a TTSS-dependent manner encoded putative secretion-related proteins.
Similar results were obtained later in a whole-genome microarray study (Thilmony et al.,
2006). Supporting evidence for the hypothesis that TTSS effectors suppress defense-
associated cellular trafficking pathway(s) comes from the following studies: one of the

putative host cellular targets of AvrPto is Arabidopsis RabE1d, which is involved in
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vesicle targeting (Speth et al., 2009). A TTSS effector of Xanthomonas campestris pv.
vesicatoria (XopJ) suppresses cell wall-associated PTI by interfering with plant protein
secretion (Bartetzko et al., 2009). Finally, research on the Pst DC3000 effector HopM1
provide more detailed information, as summarized below, about the action of a TTSS
effector on the defense-associated trafficking mechanisms in host plants (Badel et al.,

2003; DebRoy et al., 2004; Badel et al., 2006; Nomura et al., 2006).

HopM1 and AtMIN7: a TTSS effector involved in the suppression of defense-
associated cellular trafficking pathway(s) and its target in Arabidopsis

HopM1 is one of the TTSS effectors whose contribution to the virulence of Pst
DC3000 was experimentally confirmed (Badel et al., 2003; DebRoy et al., 2004). The
virulence-associated functions of HopM1 were mainly studied in cell wall-associated
PTI: transgenic expression of HopM1 in Arabidopsis plants caused suppression of papilla
formation, restored multiplication of the Pst DC3000 ACEL mutant, in which hopM1 and
several adjacent TTSS effector genes are deleted (Alfano et al., 2000), and eventually
caused tissue death (Nomura et al., 2006). Nomura et al. (2006) found that HopM1
interacts and destroys several Arabidopsis proteins (AtMINs), including AtMIN7.
AtMIN7 is a member of the Arabidopsis adenosine-diphosphate ribosylation factor-
guanine nucleotide-exchanging factor (ARF-GEF) family, whose members have roles in
vesicle formation for intracellular trafficking (Memon, 2004; Gillingham and Munro,
2007; Anders and Jiirgens, 2008; Bassham et al., 2008). T-DNA insertional mutants of
AtMIN7 show énhanced multiplication of the ACEL mutant of Pst DC3000 (Nomura et

al., 2006). Also, callose deposition in papillae of armin7 by the ACEL mutant is reduced

17



compared with that in wild-type Arabidopsis plants (Nomura et al., 2006). Therefore,
AtMIN?7 functions in the defense-associated vesicle trafficking pathway(s), and HopM1

interferes with the action of AtMIN7 by degrading it.

Summary of thesis research subjects

One of the major questions in the study of plant-pathogen interactions is how a
virulent pathogen suppresses the plant defense mechanisms. Various mechanisms of
suppression of plant defenses by pathogens have begun to be determined. In the
interaction between Pst DC3000 and Arabidopsis thaliana, it has been suggested that one
function of TTSS effector proteins of Pst DC3000 is to interfere with the defense-
associated cellular trafficking pathway(s) in Arabidopsis. The strongest evidence for this
comes from the discovery of the action of HopM1 on AtMIN7 in Arabidopsis (Nomura et
al., 2006). The activity of HopM1 on a regulator of vesicle trafficking is intriguing and
raises a number of questions for further study. My thesis research focuses on answering
some of these questions.

In chapter 2, I describe the results of my study to determine the subcellular
localization of HopM1 in plant cells. In a membrane fractionation experiment, HopM1
was not present in the plasma membrane, but was detected in an unidentified
endomembrane compartment of Arabidopsis cells (Nomura et al., 2006). To more
precisely determine the localization of HopM1 in plant cells, I constructed fusions of
HopM1 with fluorescence proteins, and examined the localization of these fusion proteins

by confocal microscopy.
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As mentioned above, there are seven other ARF GEF genes in Arabidopsis,
besides AtMIN7 (Cox et al., 2004; Anders and Jiirgens, 2008). In chapter 3, I describe
my study to determine whether any of these other ARF-GEF genes has a role in defense.
Nomura et al (2006) studied this possibility with a few ARF-GEF genes, but not all ARF-
GEF genes were studied. Therefore, I focused on the unstudied ARF-GEF genes using
two approaches: one was yeast two-hybrid assay between ARF-GEFs and HopMI in
order to determine whether HopM1 interact with those ARF-GEFs in addition to AtMIN7.
The other was the investigation of multiplication of the ACEL mutant in T-DNA
insertional mutants of these ARF-GEF genes to determine if mutants of other ARF-GEF
genes, like atmin7, also showed enhanced multiplication of the ACEL mutant.

In chapter 4, I describe a study of several defense-associated Arabidopsis
extracellular proteins. By tagging them with fluorescence proteins and confocal
microscopic examination, I monitored the localization of those fluorescence protein
fusions in wild type and atmin7 background to determine whether the secretion of these

selected Arabidopsis extracellular proteins is affected in the armin7 background.
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