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Phytohormone networks are used to regulate the plant response to virulent bacterial

pathogens. In this work by the use of salicylic acid (SA) deficient lines it is shown that

SA, a major player in the interaction between Arabidopsis and virulent Pseudomonas

syringae pv. tomato (Pst), down-regulates ethylene and jasmonates. SA influences

ethylene production in an NPR1-independent manner and jasmonate production in an

NPR1-dependent manner. Pst-produced coronatine, a jasmonate mimic, acts

independently of SA and does not compromise SA-dependent basal resistance. These

three phytohormones are also involved in the response of tomato to Xanthomonas

campestris pv. vesicatoria (Xcv). However, the hormone network is dramatically

different to that of Arabidopsis. It is demonstrated, by the use of phytohormone deficient

plants and pathogenesis-related marker gene expression profiling, that a systemic signal

is generated in tomato in response to an infection with virulent Xcv. This signal is SA-

dependent and leads to the development of a systemic acquired tolerance in tomato to



xi

subsequent infections with virulent Xcv. This systemic acquired tolerance is similar to the

systemic response that is generated in response to avirulent Xcv.
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CHAPTER 1
INTRODUCTION

Plant-Pathogen Interactions

The normal growth of a plant can be disrupted due to interactions with pathogenic

organisms such as bacteria, fungi, parasitic higher plants, nematodes, mycoplasmas and

viruses. Pathogens live in or on another organism, from which they derive nutrients.

Substances released by the pathogen, in order to penetrate plant cell walls and make the

nutrients accessible for their use, cause damage to the host tissues. These substances

include enzymes, toxins, growth regulators and polysaccharides, some of which are

induced upon host recognition.

Not all pathogens can cause disease on all hosts as some lack the necessary abilities

to penetrate and survive that host’s endogenous structural and chemical defenses. The

host range of a pathogen is defined as the host plants on which a particular pathogen can

recognize and grow successfully (Agrios, 1988).

 Resistant hosts can specifically recognize avirulent pathogens and cause an

incompatible interaction. Incompatible interactions often include a hypersensitive

response HR that consists of a rapid induction of host defenses and the death of cells in

contact with the pathogen. The faster this response occurs, the more resistant the plant is

to the pathogen. Compatible interactions occur between susceptible plants and virulent

pathogens, leading to successful invasion of host tissues (Ausubel et al., 1995;

Hammond-Kosack and Jones, 1996).
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In both compatible and incompatible interactions the plant attempts to limit damage

and control pathogen growth. This is done by the production of toxic substances around

the site of injury, as well as by the formation of protective layers such as callus and cork.

Some compounds are produced at high enough concentrations to limit pathogen growth.

These compounds include phenolic compounds such as chlorogenic and caffic acids,

oxidation products of phenolic compounds and phytoalexins (Agrios, 1988; Jackson and

Taylor, 1996).

Pathogenesis-Related (PR) Genes

As well as the production of substances and structures, several plant genes are

induced in response to pathogens. PR genes are used as markers of the disease response

in many plant species. They are defined as plant-encoded genes that are only expressed in

the tissue in response to a pathogen or related stress. PR genes are classified by function

and homology; these classes include PR-2 (β-1,3-glucanase), PR-6 (proteinase-inhibitor),

PR-12 (defensin) and PR-1 whose function is unknown (Van Loon and Van Strien,

1999).

Although PR genes are induced during infection, only a few have been shown to

have a direct impact on pathogen growth. The most well characterized of these is the PR-

1 family that has antifungal activities, although the mechanism by which it acts has yet to

be identified (Alexander et al., 1993; Niderman et al., 1995). The combined effect of

many PR gene products may be required to have a significant effect on pathogen growth.

Particular classes of PR genes have been linked to specific phytohormone induction

events. For example the PR gene Thi 2.1 of Arabidopsis is induced during wounding in a

jasmonate dependent manner (Bohlmann et al., 1998). The phytohormones, however,
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affect one another to such an extent that any direct interpretation of the roles of

phytohormones from PR gene expression is inherently risky.

The responses covered so far are induced at a local level by pathogen infection. The

plant, however, also shows a systemic response to infection that includes some of the

same response as those at the local level. For example pathogen infection can lead to the

production of a systemic signal. This signal can induce resistance in uninfected tissues of

the plant 2-3 days after infection. It can also induce the systemic expression of PR genes.

This systemic induced resistance (SAR) can last several weeks and is effective against a

wide range of normally virulent pathogens.

Bacterial Pathogens

The response to pathogens varies depending on the host-pathogen interaction. To

simplify the study of plant pathogen interactions the focus of this work will be limited to

bacterial pathogens, specifically to Xanthomonas and Pseudomonas. These are

necrotizing biotrophic pathogens that live within the apoplast. They can multiply for

some time within host tissues before causing necrosis. They use a type III secretion

system to introduce substances into host cells that cause the release of nutrients and

suppress host defense responses. They also produce toxins and other extracelluar

substances, which affect the plant and cause disease symptom development (Alfano and

Collmer, 1996).

Xanthomonas and Pseudomonas are rod shaped gram negative bacteria of the

family pseudomonadaceae. They use flagella to move through liquid and can enter host

tissues from water on the surface of the tissue. For example they can enter the leaves

through wounds or stomatal openings. The symptoms these bacteria cause include the
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formation of necrotic lesions on infected tissues. These lesions are sometimes surrounded

by a chlorotic halo. The necrotic lesions may coalesce and form large necrotic regions or

even kill the entire tissue.

Bacterial species can be further subdivided into subspecies or pathovars (pv),

which are distinguished by their host range. The two pathogens this work will focus on

are Pseudomonas syringae pv. tomato (Pst) that causes bacterial speck both in tomato

and in the model plant Arabidopsis and Xanthomonas campestris pv vesicatoria (Xcv)

that causes bacterial spot in tomato and pepper (Agrios, 1988).

Many of the plant responses to pathogens have been characterized. However, how

the plant forms and coordinates its defense response has yet to be fully elucidated

(Glazebrook, 2001). One of the major tools in such studies is mutant screening for plants

altered in their pathogen responses. The screens focus either on disease phenotype or on

PR gene induction with the plant Arabidopsis thaliana as a favored model (Glazebrook et

al., 1997). These screens have identified mutants that are compromised in their resistance

to avirulent pathogens. Some of these mutants also show enhanced susceptibility to

virulent pathogens and thus demonstrate the existence of a basal resistance, in which the

plant limits the growth of virulent pathogens (Glazebrook et al., 1996). Such mutants

often also have altered phytohormone profiles, indicating important roles for

phytohormones in coordinating the defense responses to both virulent and avirulent

pathogens (Dewdney et al., 2000; Nawrath et al., 2002).

The Role of Salicylic Acid in Arabidopsis Defense Responses

The phytohormone salicylic acid (SA) is involved in maintenance of basal

resistance, the response to avirulent pathogens and development of SAR in Arabidopsis.
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Mutants that show enhanced susceptibility to virulent pathogens such as Pst DC3000

often accumulate less SA than their wild type parents following infection. For example

pad4, which has enhanced susceptibility to virulent Pseudomonas syringae pv maculicola

ES4326 (Psm), has reduced and delayed SA synthesis (Zhou et al., 1998).

In several plant species the removal of SA has been accomplished by introduction

of the nahG transgene encoding a Pseudomonas putida salicylate hydroxylase (EC

1.14.13.1), which converts SA into catechol (Yamamoto et al., 1965). Arabidopsis plants

carrying this transgene have enhanced susceptibility to several pathogens including Pst

(Delaney et al., 1994; Lawton et al., 1995).

An Arabidopsis SA biosynthesis mutant, sid2-2, that fails to accumulate SA in

response to pathogens has also been identified. This line contains a loss of function

mutation in the enzyme isochorismate synthase 1 (EC 5.4.4.2) that converts chorismate to

isochorismate (Figure 1-1) (Wildermuth et al., 2001). sid2-2 has both enhanced

susceptibility to Pst and fails to accumulate SA in response to infection (Nawrath and

Metraux, 1999).

NahG and sid2-2 respond differently to the non-host pathogen Pseudomonas

syringae pv. phaseolicola strain 3121, suggesting that the catechol produced by the nahG

transgene may influence the disease process (Van Wees and Glazebrook, 2003). The

conclusion that nahG has an effect beyond elimination of SA is further supported by

global expression phenotyping of Arabidopsis in response to infection by virulent Psm

(Glazebrook et al., 2003). This showed major differences between NahG and sid2-2 in

terms of the expression patterns of genes induced in the two lines by infection with Psm.
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Figure 1-1 .The role of sid2 in SA biosynthesis and nahG in SA removal.

Signal transduction from SA can occur in an NPR1-dependent or independent

fashion (Clarke et al., 1998). NPR1 is a protein with a BTB/BOZ domain and an ankyrin

repeat domain, both of which are involved in protein-protein interactions (Cao et al.,

1997). Upon infection NPR1 is translocated to the nucleus where it interacts with bZIP

transcription factors that are involved in the SA-dependent activation of PR genes

(Despres et al., 2000). NPR1 also has a role in suppressing jasmonate signaling in the

cytoplasm (Spoel et al., 2003). However, nuclear localization of NPR1 is required for PR
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gene expression (Kinkema et al., 2000). The loss of function mutant npr1-1 has enhanced

susceptibility to virulent Pseudomonas syringae and has reduced expression of PR genes

after infection (Cao et al., 1994).

The Role of Ethylene in Arabidopsis Defense Responses

 The major role of SA in basal resistance is demonstrated by SA-deficient

Arabidopsis that are more susceptible to the virulent pathogen Pst. Acting either

agonistically or antagonistically to SA in these interactions are other phytohormones such

as ethylene and jasmonic acid (JA). For example, the Arabidopsis ethylene insensitive

mutant etr1-1 has faster disease progression than wild type plants in response to virulent

Xanthomonas campestris pv. campestris (Xcc). This suggests that ethylene negatively

regulates disease symptom development in this system. However, NahG is deficient in

ethylene production following Xcc infection, suggesting that these two phytohormones

act agonistically in this response (O'Donnell et al., 2003). The loss of ethylene in NahG is

not supported by sid2-2, which was shown to accumulate ethylene in response to

infection with Pst (Heck et al., 2003). Thus, the failure to produce ethylene in pathogen

infected NahG Arabidopsis may be a specific consequence of the nahG transgene and not

due to the failure to accumulate SA.

The Role of Jasmonates in Arabidopsis

Two Arabidopsis mutants that are SA-deficient, eds4 and pad4, have increased

sensitivity to compounds that induce the expression of JA response genes (Gupta et al.,

2000), and NahG and sid2 produce higher levels of JA in response to infection with Pst

than does Columbia (Heck et al., 2003; Spoel et al., 2003). JA is produced from alpha-

linolenic acid via the active precursor 12-oxo-phytodieonic acid (OPDA). It can also be

converted into the volatile compound methyl-jasmonate (Figure 1-2). These two
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compounds, in addition to JA and other oxylipins, are commonly referred to as

jasmonates (Seo et al., 2001; Stintzi et al., 2001). Currently, little is known about the

roles of individual jasmonates in pathogen defense.

The evidence for a role for jasmonates in compromising the basal resistance of

Arabidopsis to Pst is further supported by the involvement of Pst-produced coronatine.

Coronatine is a phytotoxin that mimics OPDA (Weiler et al., 1994) (Figure 1-3). A Tn5

transposon insertion into Pst DC3000 produced a coronatine-deficient Pst mutant, Pst

DC3661 (Moore, 1989). This mutant strain was shown to be less virulent than Pst

DC3000 in Arabidopsis in dip infections but not in injection inoculations. However, the

disease symptoms in both forms of infection were reduced when compared to the parental

strain (Mittal and Davis, 1995).

The hypothesis that coronatine is an important virulence factor for Pst is reinforced

by studies with the Arabidopsis coronatine insensitive mutant coi1 (Feys et al., 1994).

COI1 is part of an E3 ubiquitin-ligase involved in a jasmonate response pathway (Xie et

al., 1998). The coi1 mutants are both more resistant to Pst DC3000 and have higher SA

levels (Kloek et al., 2001). These data along with similar studies in tomato (Zhao et al.,

2003) suggest that coronatine acts by stimulating the jasmonate-signaling pathway.

The Interaction of Tomato and Xcv

Not all plants use phytohormones in the same way in their defense responses. In

tomato phytohormones are involved in the response to both virulent and avirulent Xcv. In

the response to virulent Xcv, there is an induction of ethylene followed by accumulation

of SA.
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Figure 1-2  Jasmonate biosynthesis.
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Figure 1-3  The structure of coronatine.

SA production in this response is dependent on the previous production of ethylene

(O'Donnell et al., 2001), and both are dependent on the ability of the plant to produce

jasmonates.

Antisense plants for the jasmonate biosynthesis enzyme allene oxide synthase (as-

AOS) are resistant to virulent Xcv and show no production of either ethylene or SA

(O'Donnell et al., 2003). Transgenic tomato plants that express 1-aminocyclopropane-1-

carboxylate (ACC) deaminase (ACD) (EC 3.5.99.7) (Figure 1-4) do not produce ethylene

and are compromised in SA induction during infection. NahG plants, which do not

produce SA, have normal ethylene production. Both ACD and NahG are tolerant to

virulent Xcv and unaffected in their ability to produce jasmonates (O'Donnell et al.,

2003).

The tolerance of a plant to a pathogen can be defined as substantial growth of the

pathogen within the host tissues combined with an absence of full symptom development.

Another plant that is compromised in phytohormone signaling and shows tolerance is the

ethylene insensitive (ein2) mutant of Arabidopsis. It is tolerant to both Pst and Xcc (Bent

et al., 1992).



11

Figure 1-4  Ethylene biosynthesis.



12

The response of tomato to avirulent Xcv also involves phytohormone induction.

There is a major early induction of ethylene that is larger than that seen in the susceptible

response. There is also an early induction of SA. Increased ethylene sensitivity in tomato

caused by reduced expression of an ethylene receptor LeETR4 enhances the

hypersensitive response to avirulent Xcv (Ciardi et al., 2001). This demonstrates that

ethylene is also important in the response to avirulent pathogens.

Symptom Development and Systemic Responses in Tomato

Symptom development in tomato infected with Xcv can be categorized into two

stages. The primary response present in resistant, susceptible and tolerant interactions

consists of localized lesion formation. The secondary phenotype, which is only present in

the susceptible response, consists of the development of chlorosis and necrosis that

spreads from the sites of the primary lesions (O'Donnell et al., 2003).

Perhaps there is an advantage for the plant to produce these phytohormones and the

consequent chlorosis and necrosis development in response to virulent infections. In

addition to the necrosis of the tissue effectively removing the pathogen from the plant, it

is possible that this response produces a systemic signal that primes the plant’s defenses

in case of repeat infections. It has been demonstrated in several systems, including

tobacco and cucumber that infections with virulent pathogens that produce high levels of

necrosis can lead to the induction of SAR (Cohen and Kuc, 1981; Strobel et al., 1996).

Therefore the phytohormones induced during the interaction with virulent Xcv and

tomato may be involved in the development of SAR and this could be the reason why

they remain even though their absence would lead to tolerance. SAR is induced in tomato



13

by tobacco necrosis virus (TNV) (Jeun et al., 2000) and Phytophthora infestans (Enkerli

et al., 1993) and leads to resistance to P. infestans.

Here two different aspects of phytohormone signaling in response to infections

with virulent bacterial pathogens are studied. The first, in chapter 2, investigates the

effect of the removal of SA accumulation on the synthesis of ethylene and jasmonates

during the interaction between Pst  and Arabidopsis. This chapter focuses on

phytohormone networks in the local response to infection. The second, in chapter 3, is on

the interaction between tomato and Xcv. In this chapter the focus is the systemic response

to virulent bacterial infection and the possible roles of phytohormones in this response.

Although in both cases the focus is on the role of phytohormones in response to

pathogens, it can clearly be seen that the phytohormones play different roles in the two

systems and therefore information gained from studying one plant-pathogen interaction is

not necessarily applicable to another.
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CHAPTER 2
THE EFFECT OF THE REMOVAL OF SA ON PHYTOHORMONE SIGNALING

NETWORKS IN ARABIDOPSIS INFECTED WITH VIRULENT PST

Differences in Disease Progression and Symptom Development in Salicyclic Acid-
Deficient Arabidopsis Mutants infected with Pst

Phytohormones do not act in a discrete fashion. The action often attributed to one

phytohormone can be due to the combined action of several. SA plays an important role

in the basal resistance of Arabidopsis to virulent Pst. However, it is not the only

phytohormone induced in response to Pst. Ethylene and jasmonates are also induced in

this response. The aim of this chapter is to determine the effect of removing SA on the

phytohormone-signaling network in Arabidopsis in response to virulent Pst. This will

provide a clearer resolution of the complex relationships between the signaling pathways

in this system.

As a first step into understanding the effect of altered SA production or signaling,

levels of basal resistance and the disease phenotypes in four different lines were

compared. These lines are the SA biosynthesis mutant sid2-2, the SA signaling mutant

npr1-1 and the transgenic line NahG that cannot accumulate SA. The infection of

Columbia (wild type), npr1-1, sid2-2 and NahG plants with virulent Pst led to differential

bacterial growth and disease phenotypes in the four lines.

NahG supported significantly more bacterial growth than the other lines (Figure 2-

1). The mutants sid2-2 and npr1-1 had bacterial growth that was intermediate between

NahG and the wild type. The sid2-2 mutant is a better model for the loss of SA

production than NahG due to the side effects of catechol production (Heck et al., 2003).
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Therefore, as sid2-2 supports the same levels of bacterial growth as npr1-1, this

demonstrates that the effect of SA on basal resistance is NPR1-dependent (Figure 2-1).

The development of disease symptoms showed further differences between the four

lines. Columbia exhibited patchy chlorosis at 48 h post infection (hpi). These patches

coalesced at 96 hpi. NahG showed the most severe symptom development, with

widespread chlorosis followed by complete tissue collapse at 96 hpi. The sid2-2 mutant

exhibited less severe symptoms than NahG, with widespread chlorosis and necrosis at 96

hpi although it lacked the complete tissue collapse of NahG. The npr1-1 mutant

developed chlorosis but not necrosis and had an intermediate phenotype between

Columbia and sid2-2. These data demonstrate that although sid2-2 and npr1-1 showed

the same level of basal resistance, sid2-2 exhibited necrosis and tissue collapse that did

not occur in npr1-1 under these conditions. This result indicates that the effect of SA on

repressing necrosis and tissue collapse is NPR1-independent.

Figure 2-1  Bacterial growth in Pst DC3000 infected Arabidopsis. Columbia, npr1-1,
sid2-2 and NahG were dip infected with Pst DC3000. Colony forming units
per square centimeter were determined at the time points indicated.
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The expression of the PR genes PR1 and PDF 1.2 was monitored during disease

progression in all four lines. PR1 was induced in Columbia and slightly induced at 96 hpi

in npr1-1 but was not induced in the SA-deficient lines. PDF1.2 was induced to a similar

extent in all lines upon pathogen infection (Figure 2-2). The reduction in PR1 gene

expression in NahG and sid2-2 is consistent with that seen upon infection with avirulent

Pst (Nawrath and Metraux, 1999) and the loss of localized expression of PR genes in

npr1-1 as demonstrated by Cao et al. (1994). Consistent with my findings, PDF1.2

expression was unaltered in NahG and sid2-2, when compared to wildtype, in response to

infection with Alternaria brassicicola (Nawrath and Metraux, 1999).

Figure 2-2  PR1 and PDF1.2 gene expression in Pst infected Arabidopsis. Total RNA was
extracted from Columbia, npr1-1, sid2-2 and NahG plants dip infected with
Pst DC3000. Northern blot analysis was performed with 32P labeled PR1 and
PDF1.2 on plants that were mock inoculated, or 48 and 96 hours post
infection.
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SA and Jasmonate Induction in Response to Pst Infection

The study of the effect of removal of SA accumulation or perception on the

induction of other hormones was the focus of this chapter. Therefore the pattern of SA

induction in the different lines was confirmed. SA levels increased during infection in the

Columbia and npr1-1 lines, with npr1-1 accumulating significantly more SA than

Columbia. This is consistent with the results of Clarke et al. (2000), who demonstrated

that npr1-1 produces more SA than Columbia. SA remained at a low level in NahG and

sid2-2 consistent with the findings of Nawrath and Metraux (1999) (Figure 2-3).

Figure 2-3  SA production in Pst infected Arabidopsis. Columbia, npr1-1, sid2-2 and
NahG dip infected with Pst DC3000. SA was measured at the time points
indicated.

The jasmonate response of a plant can be described in terms of an oxylipin

signature consisting of different forms of JA and its precursors (Kramell et al., 2000). To

partially characterize this oxylipin signature in Arabidopsis infected with Pst, the

induction of jasmonic acid (JA) and its active precursor 12-oxo-phytodienoic acid

(OPDA) was measured. Both JA and OPDA were induced in all four lines. The highest

amounts of induction were observed in NahG and sid2-2, followed by npr1-1 with



18

Columbia producing the lowest amounts of these jasmonates (Figure 2-4). It has been

demonstrated by Heck et al. (2003) that Pst infection leads to higher JA levels in sid2-2

and NahG than in wild type Arabidopsis. Here, it can be seen that OPDA follows the

profile of JA expression and jasmonate production in npr1-1 is intermediate between

those of the SA-deficient lines and wild type.

Figure 2-4  JA and OPDA production in Pst infected Arabidopsis. Columbia, npr1-1,
sid2-2 and NahG were dip infected with Pst DC3000. The amount of (A) JA
and (B) OPDA was quantified at the time points indicated.
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The Effect of Coronatine Production by Pst

Jasmonate accumulation was higher in Arabidopsis that showed enhanced

susceptibility due to SA-deficiency. Therefore, jasmonate signaling may also reduce

defense responses. Pst produces the phytotoxin coronatine that is a mimic of OPDA and

may act by stimulating jasmonate responses (Weiler et al., 1994). The total jasmonate

response consists of jasmonates and coronatine. Therefore, coronatine accumulation

during infection in the different lines was measured. NahG had a significantly higher

level of coronatine accumulation than sid2-2, npr1-1 and Columbia (Figure 2-5).

Figure 2-5  Coronatine production in Pst infected Arabidopsis. Columbia, npr1-1, sid2-2
and NahG were dip infected with Pst DC3000. Coronatine was measured at
the time points indicated.

Coronatine’s action as a virulence factor may utilize the jasmonate response

pathways to repress SA. To investigate if coronatine’s action is SA-dependent, SA-

deficient lines were infected with Pst DC3661. Pst DC3661 is a Tn5 mutant that is

disrupted in its ability to produce coronatine (Mittal and Davis, 1995). Bacterial growth

was reduced by a factor of ten in all lines infected with Pst DC3661 compared to those
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infected with Pst DC3000 but the relative differences in susceptibility between the

Arabidopsis lines remained (Figure 2-6).

Figure 2-6   Bacterial growth at 72 hpi in Pst DC3000 and Pst DC3661 infected
Arabidopsis. Columbia, npr1-1, sid2-2 and NahG were dip infected with Pst.
The amount of bacteria in the tissues was determined at the time points
indicated.

Disease symptom development was also reduced in all lines infected with Pst

DC3661 when compared to those infected with Pst DC3000 (Figure 2-7). However, the

comparative severity of the disease in the different lines remained the same. These results

were confirmed with an additional coronatine-deficient Pst mutant, Pst DC3118 (Moore,

1989; Ma et al., 1991). These data demonstrate that coronatine’s action is independent of

SA, as coronatine-deficiency still reduced virulence on SA-deficient lines. These data

indicate that the JA and SA pathways act in an independent manner in the control of basal

resistance.
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Figure 2-7  Disease symptom development in Pst infected Arabidopsis. Columbia, npr1-
1, sid2-2 and NahG plants were dip infected with wild type Pst (DC3000) or
coronatine-deficient Pst (DC3661). Photographs were taken 96 hpi.
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The Role of Ethylene in SA-Deficient Arabidopsis

Recent work has demonstrated that the catechol produced by NahG has side effects

in the NahG plant that are not due to the loss of SA (Heck et al., 2003). NahG had been

used to demonstrate an agonistic relationship between SA and ethylene in the interaction

between Arabidopsis and Xcc (O'Donnell et al., 2003). To verify this relationship in sid2-

2 and to investigate the role of NPR1 in this interaction, ethylene evolution in response to

Pst infection was measured.

Ethylene was induced to similar levels at 48 hpi in Columbia and npr1-1 indicating

that the control of ethylene synthesis by SA is NPR1-independent. A large increase in

ethylene, also at 48 hpi, was observed in sid2-2. NahG showed no induction of ethylene

during disease progression (Figure 2-8). These results indicate that catechol or its further

metabolites suppress ethylene production and that there is an antagonistic relationship

between the synthesis of SA and ethylene, rather than the agonistic relationship suggested

by the NahG phenotype. These results are also consistent with the observation that

ethylene insensitive plants synthesize more SA than wild type plants following pathogen

infection (O'Donnell et al., 2003).

To investigate if it was this suppression of ethylene signaling that caused the

differences in disease symptoms between sid2-2 and NahG, plants were treated with the

ethylene inhibitor 1-methylcyclopropene (MCP) 24 hours prior to infection and the

resultant effects on disease were assessed. MCP blocks ethylene binding to it receptors,

thus inhibiting its perception (Sisler and Serek, 1997). No differences in disease

development between those plants treated with MCP and untreated plants were observed

(data not shown). These data indicate that although ethylene production is inhibited in
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NahG, this absence of ethylene is not responsible for the enhanced disease phenotype

observed in NahG plants relative to sid2-2.

Figure 2-8  Ethylene production in Pst infected Arabidopsis. Columbia, npr1-1, sid2-2
and NahG were dip infected with Pst DC3000. Ethylene production was
measured at the time points indicated.

Discussion

The effect of an inability to accumulate SA on the induction of ethylene and

jasmonates during the interaction between Arabidopsis thaliana and the virulent bacterial

pathogen Pst DC3000 was investigated. Two lines that do not accumulate SA during

infection (NahG and sid2-2) were used to determine these effects. The effects of SA on

ethylene and jasmonates accumulation are believed to be NPR1-dependent (Clarke et al.,

2000). Consequently the levels of ethylene and jasmonates in npr1-1, following infection

were also measured.

In accordance with previous reports (Cao et al., 1994; Delaney et al., 1994;

Nawrath and Metraux, 1999) an enhanced susceptibility to Pst in NahG, sid2-2 and npr1-

1 was observed, with more severe symptom development in NahG and sid2-2 than in

npr1-1. This result correlates with the partial loss of SA signaling in npr1-1 compared to
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the other two lines. NahG displayed a rapid and complete tissue collapse that did not

occur in sid2-2. NahG also supported more bacterial growth than sid2-2, although both

were more susceptible to Pst than Columbia. This result, coupled with the recent data

proposing side effects in NahG associated with catechol (Van Wees and Glazebrook,

2003), led to the comparasion of the NahG and sid2-2 lines for effects on ethylene and

jasmonate accumulation.

As has been reported previously, the SA levels in NahG and sid2-2 are roughly

equivalent following Pst infection (Nawrath and Metraux, 1999). The massive increase of

SA in npr1-1 compared to that of Columbia is probably due to a loss of feedback

inhibition on SA synthesis that relies on an NPR1-dependent SA pathway (Clarke et al.,

2000).

As well as SA, jasmonates have been reported to play a role in disease with both JA

and its precursor OPDA believed to be active signaling compounds (Stintzi et al., 2001).

It was therefore determined how the removal of SA affected the induction of these

jasmonates following infection. In Columbia, both JA and OPDA increase following

infection. In the SA-deficient lines an increase in jasmonates was observed compared to

wild type, with NahG and sid2-2 producing the most jasmonates. npr1-1 produced

intermediate jasmonate levels. This suggests that SA represses jasmonate production in a

partially NPR1 dependent manner. As NahG and sid2-2 produce similar levels of

jasmonates catechol is unlikely to affect jasmonate production. The enhanced

susceptibility of SA-deficient Arabidopsis to Pst may be due to the combined effects of

reduced SA and increased jasmonates.
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The use of PR gene expression is often used to investigate the roles of specific

phytohormones in plant pathogen interactions. In order to determine the degree that two

of these markers represented the levels of the phytohormones produced, the expression of

PR1 and PDF1.2 was determined in the different lines during infection. The expression of

PR1 is absent in accordance with the loss of SA accumulation in both sid2-2 and NahG.

It is also much reduced in npr1-1 when compared to Columbia. These results demonstrate

that the loss of SA accumulation in these lines is sufficient to prevent the induction of SA

response pathways and that PR1 is a good marker of SA signaling.

There was also an induction of PDF1.2 to a similar extent in all lines. PDF1.2

requires the activation of both ethylene and JA response pathways to be induced in

response to Alteranria brassicicola (Penninckx et al., 1998). PDF1.2 is not visible in

sid2-2 or NahG at 96hpi due to the poor quality RNA obtained from this highly necrotic

tissue. These data indicate that although the absence of SA affects the levels of ethylene

and jasmonates this is not necessarily reflected in the expression of all downstream genes.

This indicates that marker genes may not always be the best approach to mapping

hormone networks.

The production of coronatine by Pst in the different Arabidopsis lines was

measured to further study the relationship between SA and jasmonates. Coronatine is a

non-host specific phytotoxin whose biological effects include induction of leaf chlorosis

(Mittal and Davis, 1995). It has been suggested to act as a mimic of OPDA (Weiler et al.,

1994). Coronatine production was observed in all of the lines infected with Pst, with the

most production occurring in NahG. The coronatine levels were different to those of

jasmonates. This suggests that coronatine acts via jasmonate signaling rather than by
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stimulating jasmonate biosynthesis. The production of coronatine was the same in sid2-2

as Columbia so it is not directly related to bacteria levels. This suggests that host factors

or bacteria thresholds must be present to stimulate coronatine production.

To determine if coronatine affects SA-dependent basal resistance, the lines were

infected with the coronatine-deficient mutants Pst DC3661 and Pst DC3118. All lines

infected with coronatine-deficient Pst had reduced bacterial growth compared with those

infected with Pst DC3000 and consequently developed less severe disease symptoms.

However, the relative differences in susceptibility between the lines remained. This

indicates that role of coronatine as a virulence factor is independent of SA, as SA-

deficient lines still show an enhanced susceptibility to coronatine-deficient Pst despite its

reduced virulence. It is then both the accumulation of coronatine and the loss of SA

signaling that lead to the severe disease phenotype observed in the SA deficient lines

upon infection with Pst.

Ethylene synthesis is transient during the post-infection period, peaking around 48

hpi in Columbia in response to Pst. This induction does not occur in NahG. The faster

development of chlorosis in the ethylene insensitive mutant etr1-1 in response to Xcc

infection (O'Donnell et al., 2003) suggests that ethylene is required to slow the

development of chlorosis. The growth of Xcc in etr1-1 remains unchanged indicating that

ethylene does not play a direct role in limiting pathogen growth in this interaction. As the

Arabidopsis response to Pst and Xcc are similar, it can be concluded that ethylene does

not play a major role in basal resistance to either pathogen.

A major difference between the two SA-deficient lines with respect to this ethylene

induction was observed, with sid2-2 showing a two-fold increase in ethylene induction at
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48 hpi relative to Columbia. These data agree with the recent study by Heck et al. (2003).

The completely opposite nature of this response in NahG when compared to sid2-2

suggests that catechol or a further metabolite negatively affects ethylene production.

However, the treatment of sid2-2 and NahG with the ethylene inhibitor MCP before

infection caused no change in their respective phenotypes. This suggests that although

ethylene may play a role in fine-tuning the disease response in Arabidopsis, it is not

responsible for the difference in susceptibility between sid2-2 and NahG. The

suppression of ethylene production by catechol in NahG therefore is independent of the

changes in susceptibility and disease phenotype.

These data indicate that NahG is not always an appropriate model for studying the

role of SA induction in plant-pathogen interactions. They also demonstrate an

antagonistic relationship between SA and ethylene in this system, as the removal of SA

increases ethylene synthesis. As no difference in ethylene induction in npr1-1 compared

with Columbia was observed, it might also be concluded that the effect of SA on ethylene

is NPR1-independent.
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CHAPTER 3
SYSTEMIC ACQUIRED TOLERANCE IN TOMATO

Introduction

Pathogens have a high negative impact on agriculture. In 1993, for example, an

estimated 12% of crops were lost to disease (Agrios, 1997). The application of chemicals

such as fungicides help to limit the damage they cause. However, utilizing plant defense

responses remains an important research area for the limiting pathogen damage. For

instance application of Benzothiadiazole stimulates plant defense responses and induces

resistance to several pathogens (Lawton et al., 1996). Infected plants can in many

instances limit the extent of pathogen growth and symptom development. Resistance

occurs via an incompatible interaction and results in rapid activation of defense responses

that limit pathogen growth (Alfano and Collmer, 1996; Hammond-Kosack and Jones,

1996). These responses include: strengthening of cell walls with hydroxy-Proline-rich

glycoproteins (Showalter et al., 1985), callose (Parker et al., 1993) and lignin

(Moerschbacher et al., 1990); rapid expression of PR proteins (Linthorst, 1991); and the

synthesis of antimicrobial compounds (Hain et al., 1993; Epple et al., 1995; Penninckx et

al., 1996).

Tolerance is the repression of symptom development without restricting pathogen

growth. The visible phenotype of the two responses is similar. Resistance is a well-

studied phenomenon yet tolerance remains an enigma. Tolerance has been identified in

several phytohormone compromised plant lines. One of these is the ethylene-insensitive

ein2 mutant of Arabidopsis, which has increased tolerance to several virulent bacterial
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pathogens (Bent et al., 1992). Increased tolerance has also been demonstrated to virulent

Xcv in ethylene and SA-deficient tomato lines (Lund et al., 1998; O'Donnell et al., 2001).

Disease development in tomato infected with virulent Xcv can be defined in two

stages: primary and secondary disease development. Primary disease development

consists of localized lesion formation and it is unaltered in the tolerant lines. Secondary

disease development consists of chlorosis and necrosis that spreads from the primary

lesions. These secondary disease symptoms require the cooperative action of ethylene

and SA and are abolished in tolerant lines. It remains a mystery why the plant retains

these responses and thus increases the amount of tissue damage. Organized necrosis may

help the plant withdraw nutrients from the infected tissue. The phytohormones may also

be required for the induction of a systemic response that allows the plant as a whole to

respond to the increased pathogen presence.

 While tolerance due to phytohormones-deficiency might be a valuable outcome for

agriculture, it is likely to have costs. Ethylene and SA are involved in many plant-

pathogen interactions. For instance, ethylene is necessary for resistance to certain fungal

pathogens and for the generation of induced systemic resistance (Knoester et al., 1998;

Knoester et al., 1999). SA is necessary for resistance to avirulent pathogens and the

generation of SAR in several species (Gaffney et al., 1993). SAR is the activation of

systemic defense responses that occurs due to the formation of necrotic lesions (Ryals et

al., 1996). The hypersensitive response during an incompatible interaction and tissue

death during a compatible interaction can both induce SAR (Hunt and Ryals, 1996). SAR

results in the development of a broad-spectrum, systemic resistance. It is not effective

against, or induced by, all pathogens. For example, the infection of Arabidopsis with
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Botrytis cinerea fails to induce SAR and inoculations with Pseudomonas syringae does

not affect B. cinerea challenge (Govrin and Levine, 2002). In tomato SAR is induced by

pathogens such as tobacco necrosis virus and Phytophthoria infestans (Enkerli et al.,

1993; Jeun et al., 2000).

It is important to understand the roles of phytohormones in systemic responses, as

the loss of these responses could reduce any advantage gained by reduced symptom

development due to engineered ethylene or SA-deficiency, I focus here on tomato, as the

absence of ethylene and SA causes tolerance to virulent Xcv. The systemic response in

tomato to this pathogen has not been previously examined. I investigate if Xcv is capable

of inducing systemic responses in tomato and possible roles of SA and ethylene in its

generation and action. To avoid confusion I will use the term “inoculation” for the first

treatment of a tomato plant and the term “challenge” for the subsequent treatment on

distal leaves. I demonstrate that both virulent and avirulent Xcv generate a systemic

response in tomato. I show that both virulent and avirulent Xcv cause an SA and ethylene-

dependent PR gene induction and sensitize systemic defense responses. However, in

contrast to the well-established SAR, the Xcv-induced response generates tolerance to

subsequent challenge with virulent Xcv. I term this response systemic acquired tolerance

(SAT) and define it as prior pathogen exposure reducing necrosis in response to virulent

pathogen infection in distal tissues without affected pathogen growth. SAT involves a

rapid increase in both PR gene expression and ethylene production in response to

subsequent challenges with virulent Xcv.
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Virulent and Avirulent Xcv Led to Systemic Acquired Tolerance in Tomato

To investigate systemic responses to Xcv, wild type tomato plants at the three-leaf

stage were mock inoculated, inoculated with virulent Xcv strain 93-1 or avirulent Xcv

strain 87-7 (Bonas et al., 1993) on their lowest two leaves. The inoculations were then

permitted to run their full course of around 14 days, at which point those leaves

inoculated with virulent Xcv were fully necrotic and those inoculated with avirulent Xcv

had developed lesions associated with the hypersensitive response (Figure 3-1A).

Figure 3-1  Symptom development of Xcv infected tomato. (A) Representative disease
symptoms at 16 dpi of wild type tomato plants inoculated with avirulent and
virulent Xcv and (B) symptoms resulting from challenge with virulent Xcv.
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To determine if this inoculation with Xcv affected responses to subsequent

pathogen exposure, a challenge was performed with virulent Xcv on uninoculated

systemic leaves. Prior inoculations with either virulent or avirulent Xcv, but not mock

inoculations, reduced the necrotic development resulting from the challenge (Figure 3-

1B). The primary symptoms such as lesion formation were unaffected and secondary

symptom development such as chlorosis and some confluent necrosis were still apparent.

The major difference in secondary symptom development during challenge was reduced

necrosis in plants with prior Xcv inoculation.

As the response consists of two independent interactions between two biological

entities a high degree of variation is to be expected. With this in mind the level of

necrosis was determined in large population groups by measuring ion leakage at 16 days

after challenge (Figure 3-2).

Figure 3-2  Cell death due to challenge of tomato with virulent Xcv. Cell death was
measured in the form of percent ion leakage in plants with a mock challenge
or challenged with virulent Xcv . The plants were exposed to a mock
inoculation or inoculation with virulent (vir) or avirulent (avr) Xcv prior to
challenge.
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Percent ion leakage, an indicator of cell death, was two-fold higher upon

challenge in plants previously mock inoculated than those with prior Xcv inoculations. In

contrast to previously mock-inoculated plants there was no significant difference between

symptoms in plants with prior virulent or avirulent inoculations upon challenge with

virulent Xcv. The reduction of symptom development due to previous pathogen exposure

is consistent with SAR generation. Bacterial growth measurements confirmed resistance

to avirulent Xcv but not virulent Xcv, as growth of avirulent Xcv was 10-fold lower than

that of virulent Xcv (Figure 3-3A).

Figure 3-3  Bacterial growth during inoculation and challenge of tomato with Xcv. (A)
The growth of virulent (vir) and avirulent (avr) Xcv was measured during
inoculations. (B) A challenge with virulent Xcv was then performed on these
plants and mock-inoculated controls and the bacterial growth was measured.
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When bacterial populations in challenge infections were determined there was no

difference in bacterial growth due to prior inoculation with either virulent or avirulent

Xcv compared with plants with prior mock inoculations (Figure 3-3B). This result leads

to the conclusion that avirulent and virulent Xcv induced SAT rather than SAR, as they

reduced symptom development but not bacterial growth due to challenge with virulent

Xcv. As to my knowledge SAT has not been previously described I defined it as the prior

exposure to a pathogen leading to reduced necrosis development in response to

subsequent challenge with a virulent pathogen in distal tissues.

Prior Inoculation with Xcv Led to an Early Production of Ethylene upon Challenge
with Virulent Xcv

Ethylene and SA are involved in the development of systemic responses in several

plants. Ethylene and SA were measured during inoculation and challenge with Xcv.

Inoculation with virulent Xcv led to ethylene production in local tissues at 5 days post

infection (dpi), while avirulent Xcv caused a greater induction of ethylene at 4 dpi (Figure

3-4A). Virulent Xcv induced SA at 10 dpi, while avirulent Xcv induced SA at 4 dpi that

peaked at 10 dpi (Figure 3-4B). The induction of ethylene and SA was later and at

reduced magnitude in response to virulent Xcv than avirulent Xcv. No systemic

production of ethylene was observed in response to primary Xcv inoculations and at 16

dpi no systemic induction of SA was observed in plants inoculated with Xcv (data not

shown).

Loss of secondary disease symptoms occurs in virulent Xcv-infected ethylene or SA

deficient tomato plants (Lund et al., 1998; O'Donnell et al., 2001). Therefore it is possible

that SAT might similarly be the result of reduced phytohormone synthesis during

challenge. To determine if SAT was due to loss of ethylene or SA, their accumulation
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following challenge with virulent Xcv was determined. Results indicated that the

tolerance associated with SAT is not due to reduced ethylene or SA accumulation.

Instead, earlier ethylene induction upon challenge accompanies SAT (Figure 3-4).

Figure 3-4  Local ethylene and SA production during inoculation and challenge of tomato
with Xcv. Tomato plants were mock inoculated or inoculated with virulent
(vir) or avirulent (avr) Xcv and (A) ethylene and (B) SA were measured.
Fourteen days later a challenge with virulent Xcv  was performed on
uninfected leaves and (C) ethylene and (D) SA induced by the challenge was
measured.
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The ethylene induction in response to a challenge with virulent Xcv, following prior

mock inoculation, reached its maximum at 10 dpi. However, plants with prior Xcv

inoculations produced additional ethylene around 5 dpi when challenged (Figure 3-4C).

Although at a reduced magnitude, this induction resembles a response to avirulent Xcv.

Challenge with virulent Xcv caused ethylene induction at 8 to 10 dpi in all plants, the

magnitude of which was dependent on the prior inoculation. Plants with prior avirulent

Xcv inoculation produced the most ethylene when challenged. This ethylene induction

was lower in plants with prior virulent Xcv inoculations and lowest in the mock-

inoculated controls. However, the significant difference remains the early ethylene

induction that is only present in plants with prior Xcv inoculations.

Plants with prior mock or virulent Xcv inoculations produced similar SA induction

profiles in response to challenge with virulent Xcv. However, a reduction in SA

production was observed in plants with a prior avirulent Xcv inoculation. These plants

also produced an early SA peak (Figure 3-4D) that resembled the response to avirulent

Xcv although reduced in magnitude. The following production of SA was delayed and

resembled that caused by virulent Xcv although at reduced magnitude.

The difference in SA production during a challenge and the increased strength and

speed of phytohormone induction during prior inoculations had no effect on the overall

SAT phenotype. Therefore the early induction of ethylene upon challenge in plants with

prior Xcv infections correlates with the tolerant phenotype, whereas SA induction does

not. Despite the lack of correlation between SA induced during challenge and SAT, SA

and ethylene induction during inoculation may be required for systemic signal formation.
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PR Gene Expression Indicated the Necessity of Ethylene and SA in Systemic Signal
Generation

As ethylene or SA-deficient plants develop less secondary disease symptoms due

to virulent Xcv than plants displaying SAT, a direct approach to determining their role in

SAT is difficult. Therefore PR gene expression was assayed instead of ion leakage as a

marker for defense responses in phytohormone-deficient plants. To determine if ethylene

and SA are necessary for systemic signal transduction, two transgenic lines altered in

their ability to accumulate ethylene or SA were used. Loss of ethylene was achieved with

transgenic ACD plants. These plants do not accumulate the ethylene precursor ACC and

thus under-produce ethylene. The ACD line was compared to its isogenic parent UC82B.

The role of SA was determined using transgenic tomato plants expressing the bacterial

salicylate hydroxylase, nahG that cannot accumulate SA. The NahG line was compared

to its isogenic parent Money Maker (MM).

Induction of PR genes is often used as an indicator of early defense responses.

They show both local and systemic induction during SAR (Ward et al., 1991). The

expression of PR1a and PR1b was induced in the local and systemic tissues of tomato

during infection with virulent Xcv (Figure 3-5). PR1a expression was lower than PR1b.

The local expression of both genes was induced in all lines in response to virulent Xcv.

The timing and level of induction of PR1a varied between different cultivars, with an

earlier and a greater induction in MM than UC82B. The expression of PR1b was also

higher in MM than UC82B, although the timing of induction was the same. When

compared to their isogenic parents, infected ACD and NahG plants had reduced local

expression of both genes. However, this reduction did not affect pathogen growth

(O'Donnell et al., 2001).
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Figure 3-5  Local and systemic PR gene induction in ethylene and SA-deficient tomato
lines in response to inoculation with virulent Xcv. Ethylene-deficient ACD,
SA-deficient NahG and their isogenic parents were inoculated with virulent
Xcv. PR1a and PR1b expression levels were determined by real time RT-PCR
in local and systemic tissues.
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Virulent Xcv induced systemic expression of both genes in MM and UC82B. In

MM systemic induction of PR1a and PR1b occurred at the same time, whereas in UC82B

the expression of PR1b was later than PR1a. ACD and NahG did not show significant

systemic induction of PR gene expression in response to virulent Xcv. Disease symptoms

in ACD and NahG are comparable to their isogenic parents up to 8 dpi (O'Donnell et al.,

2001). As widespread necrosis does not occur before 8 dpi the lack of systemic PR gene

expression is due to loss of ethylene and SA accumulation rather than the loss of

widespread necrosis in these lines. This lack of systemic PR gene induction indicates that

ethylene and SA-deficient lines might be compromised in their systemic signal

transduction. However, the tolerant phenotype of these lines makes direct investigation

difficult.

In UC82B systemic PR gene induction occurred within 6 dpi, whereas the major

local phytohormone induction occurred at 8 to 10 dpi in response to virulent Xcv.

Measurable phytohormone induction, therefore, was not responsible for systemic PR

gene induction. Direct damage to cells infected by the pathogen may cause local ethylene

and SA production limited to cells that are under attack. This phytohormone production

may be involved in the induction of both local and systemic defense responses.

Avirulent Xcv Induced Greater Local and Systemic PR Gene Expression than
Virulent Xcv, but they Result in Similar PR Gene Induction During Challenge

The induction of ethylene and SA is more rapid in response to avirulent than

virulent Xcv, yet the resulting systemic response to these two pathogens is the same. To

determine if the early defense responses follow this trend, induction of PR gene

expression by avirulent and virulent Xcv inoculations was assayed. Avirulent Xcv induced

higher levels and earlier local expression of PR genes than virulent Xcv (Figure 3-6). The
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timing of systemic PR1b induction was similar in response to either pathogen, but

systemic PR1a induction was faster in response to avirulent Xcv. Faster and stronger local

PR gene response to avirulent than virulent Xcv may reflect the increased defense

responses that limit pathogen growth.

Prior avirulent and virulent Xcv inoculations produced the same induction of

ethylene and changes in symptom development during challenge. The levels of PR gene

expression were assayed to determine if increased systemic PR gene expression

translated into stronger PR gene induction upon challenge. The difference between the

two prior Xcv inoculations in PR gene expression upon challenge was negligible. Both

caused an early peak of PR gene expression at 1 dpi upon challenge that was absent in

plants with prior mock inoculation (Figure 3-7). These results are consistent with the

rapid ethylene induction following challenge. These results lead to the hypothesis that

inoculation with Xcv primed the systemic defenses and caused a faster induction of

defense responses upon challenge. This primed defense response led to the formation of

tolerance upon challenge.

Discussion

In this chapter the systemic responses of tomato to both virulent and avirulent Xcv

were studied. A primary infection with virulent Xcv led to local as well as ethylene and

SA-dependent systemic PR gene induction within 6 dpi. PR gene induction occurred

prior to measurable ethylene or SA induction, indicating that undetectable localized

ethylene and SA production occurred within days of infection with virulent Xcv and led

to the generation of a systemic signal. The systemic signal, as well as inducing PR gene

expression, altered the systemic defense response to challenge with virulent Xcv. This
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altered defense response is tolerance and not resistance. It caused rapid PR gene

expression and ethylene induction in response to subsequent challenge, leading to

suppressed symptom development but not resistance.

Figure 3-6  The measurement of local and systemic PR gene expression in tomato during
inoculations with virulent or avirulent Xcv. Wild type (UC82B) tomato plants
were mock inoculated or inoculated with virulent (vir) or avirulent (avr) Xcv
and the local and systemic expression of PR1a and PR1b was determined by
real time RT-PCR.
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Figure 3-7  Induction of PR genes in tomato plants during challenge with virulent Xcv in
the presence or absence of SAT. Wild type (UC82B) tomato plants were mock
inoculated or infected with virulent (vir) or avirulent (avr) Xcv. Fourteen days
later a challenge was performed with virulent Xcv. The expression of PR1a
and PR1b was determined with real time RT-PCR during this challenge.

The ability of a plant to send a systemic signal in response to a biological stimulus

has long been established. This communication allows separate tissues to act in concert to

the many stimuli they perceive. Systemic signals have been characterized in terms of

responses to pathogens, symbionts and wounding. SA, ethylene, jasmonates and systemin

are all involved in generating systemic signals (Pearce et al., 1991; Gaffney et al., 1993;

Pieterse et al., 1998). SA is a key player in SAR in many species (Ryals et al., 1996).

NahG plants are unable to mount SAR to bacterial, viral or fungal pathogens (Gaffney et

al., 1993; Friedrich et al., 1995; Lawton et al., 1995) and exogenous SA can induce SAR
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(Ward et al., 1991; Vernooij et al., 1995). However, grafting experiments with NahG and

wild type tobacco indicate that although SA is required for SAR it is unlikely to be the

transmitted signal (Vernooij et al., 1994).

The role of SA in the systemic responses of tomato may differ somewhat from

that in other plant species. For example, the induction of SAR in tomato against P.

infestans demonstrated neither systemic SA accumulation upon inoculation, nor increased

SA production upon challenge, both of which are common to SAR in other plant species

(Jeun et al., 2000). While local induction of SA is observed in response to virulent and

avirulent pathogens, its accumulation is only observed after the systemic induction of PR

genes (O'Donnell et al., 2001)

In tomato, ethylene and SA are induced in response to both virulent and avirulent

Xcv, although in neither response are they involved in limiting bacterial growth (Lund et

al., 1998; Ciardi et al., 2001; O'Donnell et al., 2001; O'Donnell et al., 2003). Loss of

ethylene causes tolerance to virulent Xcv by reducing cell death and lesion size following

infection with avirulent Xcv. SA loss also leads to tolerance to virulent Xcv. However,

loss of SA increases cell death and lesion size in response to avirulent Xcv. The

development of systemic acquired tolerance to Xcv rather than resistance may be a

specific response to this pathogen and reflect the roles of ethylene and SA in this

interaction.

In agreement with the work of Ciardi et al. (2000), avirulent Xcv induces a rapid

and more intense expression of PR genes than virulent Xcv. Here I show that this

translates into an increased systemic PR gene induction. This increased PR gene

expression coupled with a faster and greater local induction of ethylene and SA may
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affect SA production during challenge but it has no impact on SAT. Therefore, changes

in SA production during challenge are not important for the formation of SAT.

Interestingly the work of Jeun et al. (2000) demonstrates that changes in SA induction in

tomato during challenge with P. infestans are also not necessary for SAR.

The PR gene induction and ethylene profiles caused by SAT during challenge

resembled those of an incompatible interaction. However, they failed to develop with the

speed and intensity required for successful resistance to develop. Systemic induction of

defense responses and PR genes that do not lead to SAR have been observed in the

interaction of Arabidopsis and the necrotizing fungal pathogen B. cinerea (Govrin and

Levine, 2002). Virulent Pseudomonas syringae pv. tomato also fails to induce SAR in

Arabidopsis, but in this case there is no systemic induction of PR genes (Cameron et al.,

1999). An incompatible-interaction between Arabidopsis and Pseudomonas syringae pv.

syringae leads to a reduction of symptom development but no changes in bacterial

growth during a repeat challenge with the same incompatible pathogen (Summermatter et

al., 1995). These data suggest that systemic responses to pathogens exist as a continuum

between no response, tolerance and resistance.

Transgenic tobacco over-expressing PR1a show enhanced tolerance to

Peronospora tabacina (Alexander et al., 1993). While tobacco plants deficient in catalase

show that low level activation of defense responses, including PR gene induction, by

H2O2 can lead to enhanced pathogen tolerance, higher H2O2 levels cause resistance

(Chamnongpol et al., 1998). These data again suggest that a range of systemic responses

to pathogen invasion occur, with a moderate response repressing symptom development

and a strong response suppressing both symptom development and pathogen growth.
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Here I have described the phenomenon of systemic acquired tolerance that adds to the

ranges of known systemic responses induced by pathogens and suggests that plants are

capable of more diversity in their systemic responses than previously suspected.
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CHAPTER 4
DISCUSSION

Phytohormone Networks in the Responses of Tomato and Arabidopsis to Virulent
Bacterial Pathogens

Plant signaling networks utilize ethylene, SA and jasmonates to coordinate defense

responses. Different plants use these phytohormones in a variety of ways to achieve the

same result. In this chapter I compare and contrast their roles of in the response of

Arabidopsis and tomato to infection with virulent bacterial pathogens. Plants

compromised in production or signaling of a phytohormone were used to determine its

effects. However, phytohormones do not act in isolation the levels of one can often affect

the levels of another. Many studies do not look at the effects of altering the synthesis or

perception of one phytohormone on others. They therefore cannot address whether the

phenotype observed is strictly due to the phytohormone lost.

Phytohormone measurements demonstrate if the altered phenotype is due to the

compromised phytohormone or if others may be involved. Table 4-1 shows the

phenotypes of Arabidopsis and tomato phytohormone mutants infected with virulent

bacterial pathogens. Table 4-2 shows the effect of these mutations or transgenes on the

production of other phytohormones in response to infection. The Arabidopsis responses

are to virulent Pst and the tomato responses are to virulent Xcv.
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Table 4-1  Comparative phenotypes of phytohormone mutants in Arabidopsis and
tomato.

Compatible
interactions

Salicylic acid Ethylene Jasmonates

Arabidopsis and Pst
Mutants sid2-2 etr1-1 coi 1 and fad3-2 fad7-

2 fad8 (fad3)
Local phenotype enhanced

susceptibility (1)
increased symptoms

(2)
resistant (coi1)

no effect fad3-2 fad7-2
fad8)(3)

Systemic phenotype normally none (4) ND ND
Tomato and Xcv

Mutants NahG ACD, Nr AOCas
Local phenotype tolerant (5) tolerant (6) resistant (7)

Systemic phenotype no SAT (8) no SAT (8) ND
References are: 1 (Nawrath and Metraux, 1999); 2 (O'Donnell et al., 2003); 3 (Kloek et
al., 2001); 5 (O'Donnell et al., 2001); 6 (Lund et al., 1998); 7 (O'Donnell et al., 2003); 8
(chapter 3). ND = not determined.

Table 4-2  Comparative phytohormone profiles of Arabidopsis and tomato mutants.
Arabidopsis and

Pst
Salicylic acid Ethylene Jasmonates

Mutants sid2-2 etr1-1 coi 1 and fad3-2
fad7-2 fad8

Salicylic acid none (1) ND increased (coi1)(2)
Ethylene increased (3) insensitive (4) ND

Jasmonates increased (5) ND insensitive (coi1)(6)
none (fad3-2 fad7-2

fad8)(7)
Tomato and Xcv

Mutants NahG ACD, Nr as-AOC
Salicylic acid none (8) none (9) none (10)

Ethylene normal (11) none (ACD) (9)
insensitive (Nr) (12)

none (10)

Jasmonates normal (10) normal (10) none (13)
References are: 1 (Nawrath and Metraux, 1999); 2 (Kloek et al., 2001); 3 (chapter 2); 4
(Bleecker et al., 1988); 5 (Heck et al., 2003); 6 (Feys et al., 1994); 7 (McConn and
Browse, 1996); 18 (Oldroyd and Staskawicz, 1998);9 (O'Donnell et al., 2001); 10 (Lund
et al., 1998); 11 (O'Donnell et al., 2003); 12 (Lanahan et al., 1994); 13 (Stenzel et al.,
2003). ND = not determined.
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Arabidopsis has many phytohormone mutants including those for SA (sid2-2),

ethylene (etr1-1) and jasmonates (fad3-2 fad7-2 fad8 and coi1). The etr1-1 mutant is a

dominant-insensitive ethylene receptor mutant (Bleecker et al., 1988). The fad3-2 fad7-2

fad8 mutant is a loss of function triple mutant of the three fatty acid desaturases. Due to

its failure to synthesize linolenic acid, it has reduced jasmonate biosynthesis (McConn

and Browse, 1996). The coi1 mutant is a jasmonate-insensitive ubiquitin E3 ligase mutant

(Xie et al., 1998). Tomato also has mutants and transgenic lines compromised in

phytohormones such as SA (NahG), ethylene (ACD and Nr) and jasmonates (as-AOC).

Nr is a dominant ethylene-insensitive receptor mutant (Rick and Butler, 1956). The

transgenic plant as-AOC is an antisense line of the jasmonate biosynthesis enzyme allene

oxide cyclase (Stenzel et al., 2003).

These data allow the construction of signaling network models for these plant

pathogen interactions. However, not all phenotype and phytohormone measurements

have been addressed in each system. These models are based on only two sets of

interactions and may vary greatly in response to different pathogens or in different plant

systems.

The Compatible Tomato-Virulent Xcv Interaction

A model for the signaling network in tomato in response to virulent Xcv is shown in

Figure 4-1. In the interaction of tomato with Xcv the relationship of these phytohormones

appears to be linear, with SA production dependent on ethylene production that is in turn

dependent on jasmonate signaling (Lund et al., 1998; O'Donnell et al., 2001; O'Donnell et

al., 2003).
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Figure 4-1  A model for the signaling network in tomato in response to virulent Xcv.

As demonstrated in chapter 3, systemic signaling in tomato is dependent upon

ethylene and SA. Their action appears to precede their measurable induction, in a manner

similar to JA. JA-deficient lines show a loss of ethylene despite the fact that measurable

JA production does not occur until after ethylene production (O'Donnell et al., 2003).

This suggests that early, local phytohormone productions can have a profound impact on

disease response.

It is clear in the case of the interaction between virulent Xcv and tomato that

jasmonates are the major players when it comes to the formation of susceptibility to Xcv.

At the local level the induction of ethylene and SA are required for the formation of

secondary disease symptoms (O'Donnell et al., 2003). The interaction between tomato

and virulent Pst also requires a functional jasmonate-signaling pathway for full Pst

virulence. This system, however, is strongly influenced by the phytotoxin coronatine

(Zhao et al., 2003).

The Compatible Arabidopsis-Virulent Pst Interaction

SA-deficient Arabidopsis plants produce increased levels of jasmonates and

ethylene in response to infection with virulent Pst. The prevalent hypothesis for

phytohormones in the response of Arabidopsis to pathogens proposes two pathogen-

response pathways in Arabidopsis (Glazebrook et al., 2003). One pathway utilizes SA
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and acts in response to necrotic bacterial pathogens and the other utilizes ethylene and

jasmonates, acting in response to fungal and insect pathogens (Penninckx et al., 1998;

Vijayan et al., 1998).

SA, ethylene and jasmonates are all produced in the interaction between

Arabidopsis and virulent Pst. However, SA limits the production of both ethylene and

jasmonates and is the major phytohormone controlling defense responses in this

interaction. SA represses bacterial growth and thus also the development of chlorosis and

necrosis. Ethylene represses symptom development and jasmonates appear to act by

repressing defense responses.

These data suggest that co-ordinate signaling determines the overall response to the

pathogen. A combination of SA and jasmonates determine the level of bacterial growth

while ethylene influences the level of symptom development. It is likely to be the ratios

and timing of the various phytohormone inductions that control the plant responses. Pst

uses this network to its advantage by producing the jasmonate mimic coronatine.

The reduced virulence of coronatine-deficient Pst on SA-deficient and wild type

Arabidopsis demonstrated in chapter 2, suggests that coronatine’s action as a virulence

factor is SA-independent. Further experiments to confirm this include the measurement

of SA in plants infected with coronatine-deficient Pst. Similar SA levels of these plants

and those infected with wild type Pst would support SA-independent coronatine action.

The link between jasmonates and susceptibility could also be investigated using T-

DNA knock-out mutants in jasmonate biosynthesis genes. A good candidate for this is

allene oxide cyclase for which there is a single gene in Arabidopsis (Kubigsteltig et al.,

1999; Park et al., 2002). This mutant would be more appropriate than the fad3-2 fad7-2
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fad8 as it is less likely to affect the levels of other metabolites. These experiments require

the coronatine-deficient Pst mutant, as coronatine masks jasmonate-deficiency (Kloek et

al., 2001). Changes in bacterial growth in these lines would demonstrate if jasmonates are

definitively involved in repressing defense responses in Arabidopsis.

Systemic Responses to Infection

Systemic responses to virulent and avirulent pathogens have been previously

described in both tomato and Arabidopsis, with SA playing a similar role in both plants.

In both systems pathogen infections cause a local increase in SA (Nawrath and Metraux,

1999; O'Donnell et al., 2001). SA is necessary for the induction of a systemic response,

however, it is not itself believed to be the transmitted signal (Vernooij et al., 1994;

Lawton et al., 1995). The systemic induction of SA differs between the two systems, as

Arabidopsis has strong systemic SA induction where as tomato does not (Summermatter

et al., 1995). Arabidopsis also shows a strong induction of SA upon challenge that does

not occur in tomato (Jeun et al., 2000).

Ethylene is not required for the induction of SAR in Arabidopsis (Delaney et al.,

1994; Lawton et al., 1995). However, both ethylene and SA appear to be involved the

induction of SAT in tomato (Chapter 3). Virulent pathogens can induce systemic

responses in Arabidopsis, however, SAR is not induced by virulent Pst (Cameron et al.,

1999). Both avirulent and virulent Xcv induce systemic responses in tomato.

Additional experiments are required to confirm the roles of ethylene and SA in the

generation of systemic signaling in tomato. One approach to this could be the use of

grafting to determine if a NahG stock is incapable of systemic signaling to a wild type
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scion. The best approach to this would be to monitor PR gene expression in the scion in

response to an inoculation of the stock.

Further study is required in both systems before the complex roles of

phytohormones in these interactions can be fully understood. It is clear from this study

that information gained from studying one system will not necessarily be applicable to

another system. However, certain parallels and common responses exist. By the study of

a wide range of plant-pathogen interactions the common points and differences can be

determined. This will eventually lead to a more complete understanding of general

defense responses, perhaps allowing broad-spectrum engineering or breeding of plants

with increased resistance or reduced symptoms to a wide range of diseases.
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CHAPTER 5
MATERIALS AND METHODS

Plant Materials and Treatments

Arabidopsis thaliana Columbia, the NahG line (Delaney et al., 1994), npr1-1 (Cao

et al., 1994) and sid2-2 (courtesy of Julia Dewdney), all in the Columbia background,

were grown in soil under long night conditions (8-h day; 16-h night) for six weeks to

encourage vegetative growth. Forty-eight hours prior to infection, plants were transferred

to long day conditions (16-h day; 8-h night). Twelve hours before infection, the plants

were enclosed in a humidity dome to aid bacterial entry. Plants were inoculated with Pst

by submerging the aerial parts of the plant in 1x107 cfu ml-1 bacterial suspension,

containing 10mM MgCl2 and 0.02% (v/v) Silwet L-77 (Lehle seeds, Round Rock, TX,

U.S.A.), for 30 seconds. A vacuum was then applied to the plants for 2 min to aid

bacterial entry and the plants were returned to the humidity chamber overnight.

Lycopersicon esculentum cvs Moneymaker and UC82B are the parental lines for

NahG (Oldroyd and Staskawicz, 1998) and ACD (Klee et al., 1991) respectively. Wild

type refers to UC82B only in all experiments except PR gene analysis of ethylene and

SA-deficient lines. Plant growth and treatments were performed under ambient

temperature and lighting in a greenhouse. Plants were inoculated by submersion of the

leaves for 15 seconds in a bacterial suspension of 1x107 cfu ml-1 of Xcv strain 93-1

(virulent) or 87-7 (avirulent) containing 10mM MgCl2 and 0.02% (v/v) Silwet L-77.

Mock inoculations were performed by dipping plants in buffered Silwet. For analysis of

the systemic response to infection, inoculations were performed on three week-old plants
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by dipping leaves 1 and 2 in infection media. Challenges were then performed on the

same plant 14 days later by dipping leaves 5 and 6 in the infection media containing

virulent Xcv. For PR gene analysis leaves 1 and 2 of six week-old plants were infected

and tissue from the local infection (leaves 1 and 2) and the systemic response (leaves 5

and 6) were removed at the indicated time points and flash frozen in liquid nitrogen.

Bacterial Culture

Pst and Xcv cultures were grown as previously described by O’Donnell et al.

(2001). Leaf colony counts were determined as previously described by Lund et al.

(1998). Briefly, five 1cm2 leaf disks were sampled from each line at each time point

indicated. The disks were ground in 10mM MgCl2, and serial dilutions were incubated at

room temperature for 2 days on solid media. The average colony-forming unit per square

centimeter (cfu cm-2) for each sample was determined by counting individual colonies.

Ion Leakage

Amount of cell death was estimated by measuring percentage of ion leakage. At 16

dpi the 5th leaf of each plant was placed in 6 ml deionized water and a vacuum of 20 psi

applied for 5 min. The samples were then shaken at room temperature for one hour. 3 ml

of the water was then removed and its conductivity was measured. The samples were

then placed in a boiling water bath for an hour and the conductance of the remaining 3 ml

of water measured. Percent ion leakage was determined by conductivity of first 3 ml

divided by conductivity of second 3 ml multiplied by 100. Measurements of tissue

challenged with virulent Xcv were made from 30 plants per treatment. Measurements on

mock challenges were made for 10 plants per treatment. Each experiment was repeated

on at least two independent occasions.
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Ethylene Measurements

Ethylene measurements were performed on a minimum of three independent biological

replicates. Each biological sample was replicated at least three times within an

experiment. Ethylene production was determined by sampling the headspace above either

a whole rosette for Arabidopsis or a single leaf for tomato, enclosed in 5cm3 tubes for 1

hour as described by Lund et al. (1998). Ethylene concentration in a 1 ml sample was

determined by a gas chromatography (Model 5890, Hewlett-Packard, Palo Alto, CA).

SA, Jasmonate and Coronatine Measurements

SA, jasmonates and coronatine were extracted from Arabidopsis tissue and SA

from tomato tissue and derivatized using trimethylsilyl-diazomethane. The volatile

methyl esters were collected from the complex matrix using vapor phase extraction and

quantified by isobutene chemical- ionization gas-chromatography/mass spectrometry as

described in Schmelz et al. (2003). Each biological sample was replicated at least twice

with a minimum of two independent experiments.

RNA Extraction

Total RNA was extracted from 1.0g of tissue from each genotype per time point

with (phenol:chloroform:isoamyl alcohol (PCI) (25:24:1 (v/v/v))) : extraction buffer (1%

triisopropylnaphthalene-sulfonic acid (w/v); 6% p-amino salicylic acid (w/v); 0.1M Tris

pH 8; 50 mM EGTA; 0.1M NaCl; 1% SDS (w/v); 0.039% -Mercaptoethanol (v/v)) (1:1).

The extraction mixture was homogenized with a polytron and incubated at 50°C for 20

min. The phases were separated and an equal volume of PCI added to the aqueous phase.

The RNA was precipitated overnight at -80°C following the addition of 2.5 volumes of

ethanol and 1/10 volume of sodium acetate. The nucleic acids were pelleted by

centrifugation, (14,000 g for 30 min) resuspended in water and precipitated in 2M LiCl.
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The LiCl precipitation was repeated and a subsequent sodium acetate/ethanol

precipitation performed.

RNA Gel Blot Analysis

RNA gel blot analysis was performed using 20 µg total RNA for each sample as

described by Kneissl and Deikman (1996). The RNA was transferred onto a charged

membrane (Hybond-N+; Amersham Life Science inc., Arlington Heights, IL). The PR1

(Genbank accession AY117187) and PDF1.2 (full length cDNA from gene at5g44420)

probes were obtained from The Arabidopsis information resource (Ohio State

University). DNA probes were random primer labeled with 32P with the Prime-It II

labeling kit (Stratagene, La Jolla, CA).

Real-time RT-PCR

PR1a (TC117463) and PR1b (TC115947) mRNA levels were quantified by Real-

time quantitative RT-PCR using Taqman® one-step RT-PCR reagents (Applied

Biosystems, Foster City, CA) and an Applied Biosystems GeneAmp 5700 sequence-

detection system. Each determination was performed using 250ng of Dnase-1 treated

total RNA isolated using an RNeasy® Plant mini kit (Qiagen, Valencia, CA), in a 25µl

reaction volume. RT-PCR conditions were: 48°C for 30 min, 95°C for 10 min followed

by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Absolute mRNA levels were

quantified using synthesized sense strand RNAs as standards. Primers and probes were

designed using PRIMER EXPRESS software (Applied Biosystems) and were as follows:

PR1b probe 5’-/56-FAM/CAACGGATGGTGGTTCATTTCTTGCA/3BQH_1/-3’; PR1a

probe 5’-/56-FAM/TGTGGGTGTCCGAGAGGCCAGA/3BHQ_1/-3’;PR1b forward

primer 5’-GGTCGGGCACGTTGCA-3’; PR1b reverse primer 5’-GATCCAGTT-



57

GCCTACAGGACAT-A-3’; PR1a forward primer 5’-GAGGGCAGCCGTGCAA-3’;

PR1a reverse primer 5’-CACATTTTTCCACCAACACATTG-3’ (Intergrated DNA

Technologies, Coralville, IA). Each sample was a minimum of two biological replicates

and each experiment was repeated at least twice.

MCP Treatment

MCP treatment was performed 24 hours prior infection as described in Ciardi et al

(2000).
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