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Abstract

Hemomucin, a secreted and membrane-bound Drosophila immune protein, contains a

protein domain, which is conserved among multicellular organisms including plants. The

main aim of this project was to test whether related genes in plants thave the same function

as their insect orthologs and are involved in plant defence reactions. Bioinformatics and

reverse genetics approaches were used to characterise four genes in Arabidopsis thaliana

that are more similar to animal hemomucin-like genes than to a group of Arabidopsis

strictosidine synthase genes that arc involved in the production of monoterpene indole

alkaloids. The four hemomucin-like (hmll-4) genes are located on chromosome 3 in

tandem repeat structure with similarities of 75-82% among the deduced protein sequences,

which suggests that the four genes emerged from gene duplications relatively recently. This

is confirmed by inspection of the location and sizes of three intron sequences, which are

identical, with one minor exception, in all four genes. The inspection of DNA sequences

located upstream of the coding regions suggested similar putative regulatory elements, but

with some significant differences among the four gene regions that could indicate

independent regulation of the four genes.

The expression of the four individual genes under various conditions was analysed and

reverse genetics experiments were performed to experimentally examine whether the four

HMl-coding genes are regulated separately and to establish their possible functional

involvement in plant development and defence against pathogens.

Using PCR primers unique to each of the four genes, real time PCR experiments under

conditions, where wild-type plants were treated with elictors, such as salicylic acid,

ethylene, methyl jasmonate and pathogens, such as pathogenic fungi and viruses were

performed. Expression patterns suggested that the gene coding for the HMLI protein was

expressed in the absence of immune induction and did not respond to elicitors and

pathogens by up-regulation of transcripts. The other three genes were not expressed in the

absence of elicitors, but responded to treatments with various degrees of up-regulation of

expression. The genes coding for the }{ili4Lz and HML3 proteins showed similar responses

to elicitors and pathogens. Both showed intermediate induction of transcription after

salicylic acid and methyl-jasmonate treatment and strong induction after treatment with

Alternaria and virus. The gene coding for HML4 showed intermediate induction after
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salicilic acid, ethylene and Alternaria treatment but strong induction after methyl-

jasmonate, wounding and virus treatment. These observations indicated that the HML1-

co<ling gene has developmental or housekeeping functions, whereas the other three genes

are involved in inducible defence functions against pathogens.

To experimentally test mutant lìnes in a pathogenicity assay, reverse genetic approaches

using T-DNA mediated insertion mutants and dsRNA inactivation of HMl-coding genes

was performed.

Arabidopsrs plants from T-DNA insertion mutagenesis experiments were available from

various institutions. To use these lines for phenotypic analysis, the insertion sites within the

hml gene regions and the number of insertion sites in the genome were determined. In

addition, homozygous lines for the T-DNA mutations had to be generated. Four mutant

lines, each representing T-DNA insertions into one of the hml genes, were obtained and

were used for phenotypic analysis. The T-DNA insertion sites in the four lines were

characterised at the DNA sequence level and offspring of each mutant line were examined

for homozygosity of the T-DNA in the HMl-coding gene respectively.

Since the four HML proteins show significant sequence similarity, one HML protein may

be able to compensate for a mutant protein from another gene. Therefore it was not known

whether mutations in individual HMl-coding genes would show a phenotype. Since the

four genes are closely linked in a tandem repeat gene locus, crossing two or more T-DNA

mutations was not an option. We therefore decided to inactivate most, if not all four genes

by double-stranded RNA inactivation (RNAÐ. A transformation vector (pHellsgate 8) was

used that contained the hml template in an inverse orientation with a spacer in between to

allow the RNA to form a stem-loop structure. A 2I1 bp fragment from the HMll-coding

region was used, which had more than 80% sequence similarity among the four genes.

Agrobacterium-mediated transformation yielded numerous transgenic plants, from which 3

isolates were characterised further. RNAi-1 and RNAi-5 showed reduction of all four

transcripts up to four-fold. RNAi-32 showed similar reduction of transcripts in hmll-3, but

more than two-fold over-expression in the gene coding for HML4. The unexpected

induction of hml4 transcripts remains to be investigated. It is possible that hml4 may

respond to double-stranded RNA as an elicitor with immune-induction, in addition to gene-

specific degradation of hml transcripts. A prediction of this assumption is that hml4

transcripts are induced in RNAi-plants producing dsRNA from unrelated genes. Given the

possible variation of hml transcripts by simultaneous induction and suppression of gene

expression, the phenotypes of RNAi plants can be expected to be highly variable.
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Both T-DNA insertion mutants (t-hmll-4) and RNAi plants (RNAi-1, RNAi-5 and RNAi-

32) were examined in pathogenicify assays and compared to wild-type plants and specific

mutants affected in de fence-re lated p athways.

When Alternaria fungal spores were counted on wild-type and mutant plants, signifîcant

differences were observed on the T-DNA insertion mutant t-hml3, coil-16 and npr-1, with

the latter two mutants being defective in the methyl-jasmonate and salicylic acid response,

respectively. In drop-inoculation of Arabidops¿s leaves by the fungus Botrytis, a significant

increase in lesion size and number of spreading symptoms was observed in t-hml4 plants,

together with highly significant size increases in the ethylene pathway mutants ein2-I and

etr3. A difference in lesion size and type of response was observed in RNA|-32 plants,

which require further investigation. When plants were inoculated with bacteria from the

strain Pseudomonas syringae, higher numbers of bacteria were found in RNAi-32 and npr-

1 plants, compared to other mutants and wild-type plants.

When a systemic acquired resistance (SAR) assay was performed with wild-type and

mutant plants differences were observed in response to some elicitors. In this assay, plants

were inoculated with a compatible strain of P. syringae oî one side of the plant and three

days later on the other side with an incompatible P. syringae strain, containing the RpmI

gene. Under these conditions, an increased bacterial titre, which represents less acquired

resistance, was observed in the t-hml4 mutant.

Taken together, these data suggest that the four HMl-coding genes are regulated

individually upon exposure to elicitors. Whereas three of the genes (hmD-\ are expressed

at low levels in the absence and up-regulated in the presence of elicitors, one of the genes

(hmll) is expressed in the absence but nor signif,rcantly up-regulated by elicitors.



Chapter 1 :Literature Review

If we assume an involvement of hml genes in plant defence we need to summarise our

present understanding of pathogenesis related (PR) genes, which can be induced locally or

systematically upon infection by pathogens or plant treatment with elicitors. Since there are

defined pathways through which PR genes function, it is important to first characterise the

unknown genes according to the pathway they act. If the hml genes respond to signalling

molecules from any of these pathways, there is a chance that the genes operate as PR

genes. Thus knowledge regarding the pathways gives important hints concerning their

target pathogen and how they can defend the plant. In this chapter a brief summary of the

genes involve in different defence pathways are presented and their interaction within and

between the various pathways are discussed. Reverse genetic approaches using T-DNA

mediated insertion mutants and dsRNA inactivation of genes of interest, are among the

methods of choice for testing the hypothesis regarding the function of a gene with unknown

functions. Mechanisms of action and biological relevance of each of the two reverse

genetics methods are described briefly in this chapter.

1-1) Pathogenesis Related Genes and Signalling transduction

1-1-1) Introduction:

During their growth, plants are exposed to a wide range of pathogens and parasites

including fungi, viruses, bacteria, insects and even other plants that use them as a source of

food and shelter (McDowell and Dangl, 2000). Plants resist invaders by employing various

methods such as programmed cell death (also known as hypersensitive response (HR)),

tissue reinforcement and lignification at the site of infection in nonhost resistance, systemic

acquired resistance (SAR) and gene-for-gene interactions (Hammerschmidt, 1999), and

induction of pathogenesis related (PR) genes (Hammond Kosack and Jones, 1996).

Resistance against pathogens is mediated by defence-related antimicrobial and secondary

metabolites after induction of a defence response (Heath, 2000). Inducible defences are

activated upon recognition of either elicitors or effectors. Effectors are the pathogen-
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derived proteins that are available to the plant cell upon infection (Martin et al., 2003).

Innate immune systems in plants are based on recognition of specific molecules, such as

virulence gene products, which are encoded by pathogens, through a receptor that is

encoded by plant R genes (Bent, 1996). Products of R genes act as receptors for the direct

or indirect products (ligands) of pathogen avirulence genes (Ellis et al., 2000). Plant R

gene-encoded proteins also serve as signal transducers that elicit downstream defence

reactions. Genetic studies of plant mutants defective in mounting resistance against certain

pathogens and complementary biochemical studies reveal that there are a number of

interconnected signalling networks (Feys and Parker, 2000). Parts of each of these

pathways are under the control of signalling molecules such as salicylate, jasmonate and

ethylene (Dangl and Jones, 2001). Sometimes the activation of defence responses at the site

of infection, such as HR or necrotic lesions, can lead to the establishment of SAR

throughout the plant, protecting the plant from subsequent infections (Ryals et al., 1994).

l-l-2) Signal transduction and immune response

For an effective inducible defence against invaders a rapid response is crucial.

Pathogens may overcome the plant's immune system if the counterattack is slow

(McDowell and Dangl, 2000). As plant defence systems are resource-intensive, their

constitutive activity has negative effects on the host plant. Therefore, the use of a

defence system in plants is confined to certain time periods (transient) and sections of

the plant (local). A highly integrated defence system is required in plants to regulate the

response to a pathogen.

How do R proteins communicate with downstream signalling pathways? Although a

complete description is not possible, a few key pathways and relationship are known.

Treatment of a tobacco cell suspension culture with an elicitor stimulated Ca2* influx

within 5 minutes (Tavernier et al., 1995). In a parsley cell culture influx of Ca2*

occurred within 2-4 minutes followed by efflux of Cl- and K*' increasing the pH of the

culture medium (Jabs et a1.,1997). A plasma membrane ion channel permeable to Ca2*

was found in parsley (Zimmermann et al., 1997). Block of calcium entry to the cell

suppresses the production ofactive oxygen species and defence related gene activation.

One of the earliest events following pathogen attack of a plant is a rapid increase in

reactive oxygen species (ROS), also known as oxidative burst, regardless of the plant's

ability to resist to the pathogen (Baker and Orlandi, 1995). A second increase in ROS

develops a few hours later in resistant plants (Dempsey et al., 1999). Elicitor-stimulated
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reactive oxygen intermediates (ROI) and superoxide (O2-) are a prerequisite for defence

gene activation but not for fluxes of ions. Therefore it was concluded that the oxidative

burst is located downstream of ion flux changes but upstream of defence gene activation

(see also Chandra et a1., 1998). Oxidative bursts and production of ROIs lead to a

hypersensitive response, either directly (by killing of the cells) or indirectly (signalling)

or both; (Dangl and Jones, 2001). ROS can also activate cell wall ligniflrcation (Bowell,

1995). Several lines of evidence suggest that production of ROS is catalysed by plasma

membrane-located enzyme NADH oxidase. A Ca2* regulatory site occurs in NADPH

oxidase subunits from Arabidopsis (Keller et a1., 1998). Nitric oxide (NO) was found to

have a role in plant defence signalling (Nimchuk et a1., 2003). Hydrogen peroxide and

NO in combination are required for defence gene activation and induction of

hypersensitive cell death in soybean (Delledonne et al., 1998). (Durner et al., 1998)

found that NO synthase was induced in resistant but not in susceptible plants when

infected with tobacco mosaic virus. Injection of NO into the leaves led to up-regulation

of transcription of the defence gene marker PR-1.

MAP kinases (MAPKs) are protein kinase enzymes that are activated in response to

extracellular stimuli and mediate intracellular responses by phosphorylation of specific

target proteins, e.g. transcription factors in the nucleus, which in turn result in gene-

specific transcription (Mathew, 2000). Two MAPKs are activated in Avr/R interactions

in tobacco cell culture within 2-5 minutes (Romeis et al., 1999). Using different

inhibitors the authors demonstrated that MAPK activity is upstream of ROI production.

Both kinases were involved in more than one stress response pathway. Other protein

kinase pathways are also activated by other kinases.

ROI, NO and SA seem to work synergistically and play an important role in plant

defence (Nimchuk et al., 2003). ROI and NO stimulate biosynthesis of SA, while SA

potentiate Rol-No-dependent responses (McDowell and Dangl, 2000; Delledonne et

al., 1998).

There is a great interest in the elucidation of signal transduction networks involved in

the activation of defence responses in plants (Glazebrook, 2001). To identify signal

transduction nctworks, and find the components and possible functional role of each

pathway, molecular and genetic approaches are used (Glazebrook, 1999). Genetic

studies and mutational analysis in Arabidops¿s have revealed some of the gene loci

required for R gene action. These genes function as a receptor or mediate a series of

biochemical events (Dangl and Jones, 2001). Some mutants eliminate the specificity in
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plant responses, which means they are R-specific, while others are involved in common

steps in signal-transduction pathways shared by several R genes (Dangl and Jones,

2001).

Transcriptions of about 20Yo of the Arabidopsrs genome are correlated with basal or R-

mediated resistance (Nimchuk et al., 2003). Microarrays and gene expression profile

technology has revolutionised our understanding of the complexity of defence related

gene expression (Schenk et al., 2000; Maleck et a1.,2000). There is usually a massive

change in gene expression in response to infection (Katagiri, 2004). For example,

Arabidopsls response to avr- and virulent strains of P. syringqe was monitored in

genome-wide studies. One-third of a total of -8000 genes were significantly

upregulated (Tao et al., 2003; Glazebrook et al., 2003). High levels of gene up-

regulation were also observed in similar experiments using A. brassicicola (van Wees et

al., 2003) and viruses (Whitman, 2003). Large-scale mRNA expression profiling in

response to compatible (virulent) bacteria (P syringae) and incompatible (avirulent)

bacteria revealed that major differences between the two interactions are quantitative

andlor kinetic soon after inoculation, while both are qualitatively the same. The shape

and amplitude of the profile at 30 hrs after inoculation was the same as those of the

incompatible interaction at 6 and t h and both types of interaction share the same

pathways (Tao et a1.,2003). The amplitude of the profile from susceptible interactions

was lower than that from resistant interaction (Katagiri, 2004). The hypothesis of

quantitational differences of resistant and susceptible responses has already been

suggested by Kiedrowski (1992) and Lamb (1992). They suggested that timing and

intensity of transcriptional activation of R-mediated genes, and not different

mechanisms, could explain the effectiveness of incompatible responses. This view is

supported by the observation that most known mutants that affect gene-for-gene

reactions also have a negative effect on basal resistance if they are not directly involved

in immune recognition (Glazebrook, 2001).

1-1-3) Pathogenesis related genes and proteins

The specific interaction between pathogen derived avirulence (avr) gene loci and alleles

of a plant disease resistance (R) locus is known as the gene-for-gene mechanism (Flore,

l97I). According to this hypothesis, a plant is resistant to a particular pathogen only

when the corresponding R and avr genes are present in both host and pathogen. Put

simply, it seems that R products recognise avr-dependent signals (also called effector)
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and as a result a chain of signal transduction events triggers a response that finally ends

up with the activation of a defence mechanism that stops the growth of the pathogen

(Dangl and Jones, 2001). Basal defences involve inhibition of a pathogen spreading

after a successful infection. Each specific R-mediated innate immune reaction controls

one or more basal defence pathways (Dangl and Jones, 2001). During the past decade

many R genes have been isolated. They encode only five different classes of proteins,

based on their combination of a limited number of structural motifs (Martin et al.,

2003). The major classes of R genes encode an intracellular nucleotide-binding site plus

a leucine-rich repeat (NBS-LRR). LRR domains, containing Leucine at every second or

third position on a stretch of amino acids, function as the site of protein-protein

interaction, peptide-ligand binding and protein-carbohydrate interaction (Dangl and

Jones, 2001). NBS-LRR have a coiled-coil domain (CC) or a Drosophila Toll and

mammalian interleukin (IL)-l receptors TIR domain at the N terminus. Both domains

could be involved in signalling rather than recognition (Jones, 1999; Martin et al.,

2003). For example, Pto from tomato is a member of a small family of kinases that are

active as R proteins and might function through a phosphorylation cascade triggered by

direct AvrPto-Pto interaction (Tang, 1996).TheXa2l gene from rice encodes a large

extracellular LRR domain as a transmembrane receptor and intracellular protein kinase

domain (Song, 1995). The Cfx gene from tomato confers resistance against

Cladosporium fulvum and its gene product contains an extracellular LRR and a

transmembrane domain but no intracellular region for a signalling component (Ellis et

al., 2000). fuPWS in Arabidops¿s encodes a small and likely membrane protein with a

coiled-coil domain (Xiao et &1., 2001). The two types of cytoplasmic and

transmembrane classes of R proteins indicate that secreted ligands or surface

components from the pathogen are detected by one group of R genes, while others are

specialised to recognise ligands that appear inside the cell like the ones from P.

syringae (Dangl and Jones,2001). Due to the limitednumber of reports in detecting a

direct relation between R/Avr proteins and also regarding the function of the NBS-LRR

domain, Biezen and Jones (1998) proposed a model to explain why the protein kinase

Prf, an NBS-LRR protein, is required to activate the defence response after AvrPto,

from P. syringae, is recognised by the host R gene Pto. According to this model, which

is also called "guard hypothesis", type III effector (AvrPto) enters a resistant host cell

and interacts with the target protein (Pto). This complex is then recognised by the R

protein (Prf) that activates and initiates disease resistance or HR. In vivo detection of a
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complex containing the R protein, Avr protein and an unidentified plant protein is

consistent with this hypothesis (Leister and Katagiri, 2000). In another model, R

proteins bincl to receptors constitutively and are separated upon type III effector-

binding, resulting in the activation of R protein (Oldroyd and Staskawicz, 1998). In

relation to the receptor-ligand model, little physical association of R-Avr protein was

demonstrated in vitro (Tang, 1996) and most evidence suggests that R proteins are part

of a protein complex.

1-2) R-gene signalling pathways in plants

Many inducible genes are regulated by a handful of signalling pathways (Reymond and

Farmer, 1998). There are at least three main pathways in signal transduction networks

that reprogram transcriptional activation of R genes (Glazebrook, 2001). The first

pathway, used in gene-for-gene resistance, is an R-gene dependent pathway and can be

subdivided into groups according to the requirements of each of the R genes to activate

a specif,rc gene. The first group was identified by mutations in edsl (enhanced disease

susceptibility) or pad4 (phytoalexin deficient 4) genes. Both genes affect the same

group of R genes (Falk et al., 1999). Mutation in edsl proves that this gene is an

essential component for signalling of TIR-NBS-LRR type R genes (Aarts et al., 1998).

Although the R gene product RPWS is a coiled-coil-type it requires EDSI for its

function. It is likely that an NBS-LRR protein links RPW to EDSl signalling pathways

(Nimchuk et al., 2003). The second group is NDR1 (non-race specific disease

resistance). Similar to EDS1, it is essential for race-specific resistance CC-NBS-LRR

type R genes to signal through NDR1 (Century et al., 1997). Both gene products are

required in pathways conferring resistance to bacterial and oomycete pathogens (Aarts

et al., 1998). NDR1 encodes a protein with two predicted transmembrane domains;

therefore it is likely that part of the function of NDR1 is to hold the R proteins close to

the membrane. edsl and pad4 encode protein similar to triacyl glycerol lipase, and it is

likely that these two genes are involved in the degradation of a signal molecule

(Glazebrook, 2001). edsl and pad4 mutants fail to accumulate salicylic acid (SA) and

both genes can be upregulated upon SA treatment or pathogen infection (Falk et al.,

1999; Jirage et al., 1999).

There are some R genes like RPPS and RPP13 that confer resistance to some isolates of

P. porasitica in the absence of NDR1 and EDSI. In addition, a double mutation
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edsllndrl did not affect RPPS and RPP13 function, suggesting that CC-NBS-LRR

proteins can induce defence signals through a third pathway (McDowell and Dangl,

2000).

l-2-l) SA and plant defence

SA levels increase in plants in response to pathogen attack. For example, inoculation of

tobacco plants with tobacco mosaic virus (TMV) increased SA levels up to one hundred

times at the infection site and to a lesser degree in systemic leaves (Malamy et al.,

1990). Early accumulation of SA is important for containment of the pathogen (Ryals et

aI., 1995). Even application of exogenous SA induced SAR and resulted in expression

of PR genes in inoculated and uninoculated leaves, causing localisation of viral

infections (Durner et a1., 1997). In another observation, NahG plants, which contain

salicylate hydroxylases that degrade SA to catechol, accumulate little SA, show reduced

or no PR gene expression and failed to establish SAR. As a result plants were unable to

snppress pathogen growth at the site of primary infection (Gaffney et al., 1993). In

another experiment, production of SA was suppressed by using a chemical

phenylalanin-ammonia lyase (PAL) that degraded the precursor of SA. As a

consequence, Arabidopsls plants become susceptible to avirulent fungal pathogens.

Treatment of plants with SA restored resistance (Mauch Mani and Slusarenko,1996).

SA also plays role in signalling cell death. Some mutants with constitutive expression

of SA, spontaneously developed lesions in the absence of pathogen attack (Shah and

Klessig, 1999). However, SA is not the only player and other signals are also involved

in induction of cell death (Dempsey et al., 1999).

l-2-l-l) Arøbidopsis genes involved in SA signalling pathways

There is some evidence regarding mediation of SA in a signalling transduction pathway

(Dempsey et al., 1999).In a tobacco plant depleted of Ca2*, treatment with SA failed to

produce acidic chitinase expression (Raz and Fluhr, 1992). Further, PR-l gene

expression in tobacco requires dephosphorylation of at least two phosphoproteins

(Conrath et al., 1997). SA and other biologically active SA analogues use an activated

48-KDa kinase in tobacco suspension cell culture, which turned out to be a MAP

Kinase (Zhang and Klessig, 1997). Maximum activation of enzyme paralleled or

preceded PAL expression.



8

So far a number of genes that act in the SA signalling pathway have been identified

(Figure 1). To place the regulatory genes in signalling pathways, functional double-

mutants were analysed to determine respective upstream or downstream locations. For

example, eds5 (or SIDl) and sid2 (or edsl6) block SA upregulation in plants inoculated

with P. syringae and pr-l induction was abolished in sid2/edsl6 mutants. Therefore, it

was concluded that these two genes function upstream of SA accumulation (Nawrath

and Metraux, 1999). Gupta (2000) reported that eds4 has a role in defence response

expression, which is dependent on SA. eds4 plants had low SA accumulation and low

sensitivity to SA. Another gene related to the SA pathway is pad4. Following

inoculation oT pad4 plants with a virulent strain of Pseudomonas maculicola, PR-gene

expression, camalexin (an antimicrobial product) and SA synthesis were reduced

compared to wild type genotypes. Both phenotypes were restored by SA treatment

(Zhot et al., 1998). Phenotypic defects were not observed when pad4 was inoculated

with an avirulence strain of the same bacteria. These results suggest that pad4 acts

upstream of SA synthesis in the pathway and requires signal amplification in

combination with pathogens that do not elicit a strong defence response (Glazebrook,

1999). Cao (1994) isolated a mutant NPRIÂ\IMI that lacks expression of defence-

related genes pr-l and pr-5 after SA- treatment. NprI mutants are unable to establish a

SAR response and are more susceptible to infection by various (necrotrophic)

pathogens, therefore it was concluded that the NPR-I gene is downstream from SA and

a positive regulator of PR gene expression. The cpr-l, cpr-5 and cpr-6 mutants have

elevated levels of SA, show constitutive expression of pr-L, bgl2 and pr-5 defence

genes and enhanced disease resistance (Glazebrook, 1999). NahG encodes the enzyme

salicylate hydroxylase from P. putida that degrades SA to catechol. V/hen the cpr-

S/NahG double mutant was examined, none of the typical cpr symptoms were observed,

suggesting that CPR-5 acts upstream of SA (Bowling et al., 1994). Double mutants

containing cpr-S in conjunction with the mutant genes eds5, edsl or pad4 blocked the

cpr phenotype suggesting the effect of cpr-5 is upstream of pad4 in the SA signalling

pathway (Glazebrook, 2001). Double and triple mutants between cprl or cpr6 and nprl

showed that the cpr disease resistance phenotype was partially blocked in nprl, which

means that there is a SA-dependent and NPR-I independent mechanism in disease

resistance (Clarke et al., 2000).
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Figure 1: A model describing the SA signalling pathway and position of genes involved in

this network in A. thalianaleading to the activation of pr genes. EDS1 is required both for

development of HR and for activation of defence signalling mediated by the TIR-NBS-LRR

type R genes. The pad4 and edsl genes are involved in basal resistance and accumulation of

SA in response to pathogen attack. eds5 and sid2 genes are involved in SA biosynthesis. SA

can activate expression ofpr genes through two different mechanisms, one requiring a lipid

signal generated by SFD1 and another that is NPRl-independent. The second mechanism

requires a signal in addition to SA since R genes do not activate in nprl mutants. The signal

could be cell death or potentiation of MJ and ethylene activities. cpr-5 can repress lesion

development and acts upstream of pad4 and edsl genes. Arrows indicate activation and bars

indicate suppression (Shah, 2003).



10

A mutant that displayed enhanced resistance to the fungus Erysiphe cichoracearum and

the bacterium P. syringae has been identified. R genes were induced more rapidly in

edr-l plants inoculated with E. cichoracearum than wild type controls. Since the edr-l

mutation is recessive, the edr-l gene must be a negative regulator. The resistance is

suppressed by NahG, pad4, nim/nprl eds double mutants indicating that edr-1, which

was found to encode a MAP kinase, must act upstream of pad4 and eds-l (Frye and

Innes, 1998) and (Frye et al., 2001). Arabidopsis MAP kinase mutants were also

produced by transposone inactivation (Petersen et a1., 2000). mapk4 mutants exhibited

constitutive SAR and elevated SA level, increased resistance to virulent pathogen and

constitutive expression of the pr-L gene. Double mutant analysis of pk4/nahG and

mpk4/nprl indicated that the phenotypes disappeared in NahG (salicylate hydroxylase)

producing cells but not in nprl mutants suggesting that mpk4 deregulates SA-mediated

defence reactions independent of the NPR1 encoding gene. It is likely that MAPK4 is

involved in combining SA- or JA-dependent responses to certain pathogen or

environmental stresses (Petersen et a1., 2000). Some of the mutants exhibited patches of

dead cells in the absence of a pathogen, a symptom that is called lesion-mimic (Dangl

and Jones, 2001).

The lesions occur even as a result of cell perhrrbation or knock-out of gene functions

that act as a negative regulator of hypersensitive cell death. acd2 is a gene that encodes

aî eîzyme responsible for the catabolism of the porphyrin component of chlorophyll.

Lack of the enzyme in acd2 mutants resulted in accumulation of toxic catabolic

compounds and cell death (Mach et a1.,2001). Plants expressing excess amounts of

ACD2 protein are more resistance to P. syringae and show reduced disease symptoms.

DNDl encodes a protein similar to cyclic nucleotide-gated ion channels and mediates

ion flow. The function of this channel is probably related to the regulation of ion flow

that, if disrupted, causes cell death (Clough et al.. 2000). DND1 is likely to act upstream

of the SA pathway, because constitutive resistance of the mutant is removed in

dndl/NahG. Given the function of lesion mimic mutants and their double mutants in

relation to the SA pathway, it was concluded that cprí phenotypic effects, such as SA

levels, pr-I gene expression and disease resistance were only partially reduced in edsl

and pad4 but completely suppressed in eds5 mutants. Therefore, it appears that eds5 is

important for SA accumulation (Glazebrook, 2001). Pad4/dndl and Pad4/dnd2 double

mutants had SA and pr-l levels as high as in dndl and dnd2, suggesting that there is
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also a pad4-independent pathway for SA accumulation. However, the enhanced

resistance phenotype of dndl and dnd2 is blocked by pad4, which means that the

resistance response requires pad4 activation in addition to SA (Glazebrook, 2001). To

dissect the SAR pathway, a mutant screen in at nprl-1 background was conducted to

look for mutants that are able to restore the expression of the pr-l gene after induction.

SNI1 was isolated and found to be a repressor of pr-l gene expression. ln nprl-I/snil

double mutants, the PR gene is expressed upon SA treatment (Li et al., 1999). Since

SNI1 is a nuclear protein it is believed that NPR1 cannot interact with a transcription

factor, called TGA, in the presence of SNI1. NPR1 interacted with the b-ZlP

transcription factor TGA2 and TGA5 to activate the SA-regulated gene pr-L, showing

that NPR-I acts by altering transcription factors (Foley and Singh, 2004). This brief

survey of genes involved in SA pathways suggests that there is a linearity in the

functional cascade of the genes, but details of the phenotypes of mutants are not easy to

fit into a simple model (Glazebrook et a1., 2003). For example, treatment of nprl

mutants with SA inhibited up-regulation of BGL-Z, PR-5, and PR-1 encoding genes,

while after bacterial pathogen inoculation only up-regulation of pr-1 was blocked but

not that of pr-5 and bgl-2 (Cao et a1., 1994; Glazebrook, 1999). NahG mutants

inoculated with bacteria fail to express PRl, BG2 and PR5 indicating that the genes

require SA for expression, while in other mutants with low SA levels, such as sid2 and

pad4, only pr-l expression is blocked (Glazebrook et al., 2003; Gupta et al., 2000).

l-2-l-2) Feedback loops in the SA-pathway

Since activation of SA-dependent signalling pathways involves induction of SA and

downstream PR gene expression, a feedback mechanism can amplify resistance

responses and serve as a potential regulation point for developmental, environmental

and other defence pathways (Shah, 2003). Exogenous application of SA activates the

expression of R genes coding for TIR-NBS-LRR type proteins (Shirano et al., 2002).

Although the edsl gene is upstream of SA, it is required for its accumulation and is also

upregulated upon SA treatment (Xiao et a1.,2003). Similarly, eds5, pad4 and the SA

biosynthcsis gene sid2 are upregulated upon SA treatment (Feys et al., 2001;

Wildermuth et al., 2001). In all these instances there are positive regulatory feedback

loops at different points of the pathway. Negative regulatory feedback loops have also

been reported in several cases (Shah, 2003). When npr-l mutant plants were inoculated

with the pathogen, the expression level of sid2 was higher than in wild type plants



I2

(V/ildermuth et a1.,2001). As a result of both positive and negative feedback loops, SA

accumulation is tightly regulated and fine-tuning of specific plant defence signalling

pathogens is possible (Shah, 2003).

l-2-l-3) Gene expression and SA

SA induces many defence-related genes in plants. These genes can be grouped into two

classes (Durner et al., 1997). Some of the defence responses such as H2O2 production

and cell death are potentiated through SA. Pre- or co-treatment of plants with SA

increases the magnitude of these defence responses. This type of defence, called

potentiation or conditioning, can be seen at low to medium levels of SA (50-200 ¡rM)

together with other stimuli such as wounding (Klessig et aI., 1998). Since the treatments

themselves are insufficient to induce the defence response, the first group of genes,

which do not induce but rather potentiate, are called "immediate early genes" and their

activation does not require protein synthesis. The second group are acidic (class !) PR

genes, which are sensitive to inhibitors of protein synthesis. SA-inducible genes are

highly plant-specific and include B-1,3-glucanase (PR-2), chitinase (PR-3) and

thaumatin-like proteins (PR-5), in addition to one PR gene with no known biochemical

function (Uknes et al., 1992).

l-2-l-4) Systemic acquired resistance

SAR is secondary immunity acquired throughout a plant in response to local infection

by necrotising pathogens, mediated through salicylic acid or 2,6-dichloroisonicotinic

acid (INA) and characterised by a spectrum of pathogen protection mechanisms (Ryals

et a1., 1994). SAR is induced after accumulation of SA in both local and systemic

tissues (Gaffney et al., 1993). SAR reaction and consequently PR gene expression and

resistance can also be induced in a SA-dependent manner, since degradation of SA in

NahG mutants prevented induction of SAR. Upon SAR induction. plants exhibit

quantitative resistance to a broad spectrum of pathogens, which can be different from

the SAR-inducing organism. In cucumber, inoculation of plants with the fungus

Coletutriu,tm lagenarium resulted in SAR against a dozen pathogens including fungi,

bacteria and viral pathogens (Sticher et al., 1997). The time required for the system to

establish SAR depends on the plant and type of inducing organism and range from Thrs

to a few weeks (Hammerschmidt and Becker, 1997). Once established, SAR can last for

weeks. SAR is observed both in monocot and dicot species.
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l-2-2) Jasmonic acid and plant defence

Jasmonic acid (JA) and its methyl ester methyl jasmonate (MJ) have a role in plant

development, in fruit ripening, pollen grain viability, root growth, and plant defence

(Creelman and Mullet, 1997). In an experiment with soybean, stems accumulated

MJ/JA soon after wounding. Three wounding responsive genes are also upregulated

with the same kinetics in cultured cells treated with MJ (Creelman et al., 1992). A plant

cell suspension treated with a yeast elicitor accumulated MJ rapidly and transiently

(Gundlach et al., 1992). JA increases transcription of genes, such as proteinase

inhibitors, that inhibit herbivore damage significantly in tobacco plants (Johnson et a1.,

1989). Osmotin, pr-Ib, PDF1.2 and thionin are activated upon JA treatment. MJ

regulates expression of PRP, a cell wall protein that may be involved in the synthesis of

abanier to pathogen infection (Creelman and Mullet, 1997; Xu et al., 1994). Plants with

reduced levels of JA become more susceptible to the pathogen. The fatty acid

desaturase (fad3-2 fadT-2 fad-\) mutant is deficient in the jasmonic precursor, linoleic

acid and does not synthesise or accumulate MJ. As a result mutant plants contain

negligible amounts of JA and show high mortality from attack by insect larvae. While

exogenous application of JA can protect the mutant plant (McConn et al., 1997), three

wounding responsive genes are not induced by wounding in this mutant. The same

mutant is found to be extremely susceptible to the fungal root pathogen Pythium

mastophorium (Yljayan et aI., 1998). Exogenous applications of MJ to plants protect

this mutant, while MJ treatments do not protect coronatine insensitive I (coil) mutants,

which are blocked in the response to MJ. Staswick et al. (1998) describe amutant, jarl-

1, with reduced sensitivity to MJ and defective in MJ signalling. Mutants were found to

be more susceptible to P. iruegulare than wild type Columbia-O plants.

l-2-2-l) Arahidopsr's genes in the JA-pathway

A mitogen-activated protein kinase called WIPK is transcribed following wounding of

tobacco plants (Seo, 1999). JA accumulates upon wounding in wild type tobacco, while in

transgenic WIPK plants, transcription is suppressed and JA does not accumulate, indicating

that WIPK is required for wound-induced JA biosynthesis (Turner et al., 2002). Another

mitogen-activated protein kinase called MPK4 is activated upon wounding (Ichimura,

2000). The mpk4 mutant is distinguished by its high level of SA and constitutive expression

of SAR and PR genes (Petersen et a1.,2000). The double mutant mpk4/NahG does not
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express PRl and failed to express pdfl.2 and Thi2.1 after JA treatment (Niki, 1998).

Considering that the plant did not contain enough SA to antagonise the JA pathway, it is

possible that while MAPK4 promotes JA perception it may simnltaneously suppress SA

biosynthesis (Turner et al., 2002). The mutant called coil that lacks a wound response and

shows high levels of susceptibility to fungal pathogens and insect pests, is insensitive to

coronatine and JA, suggesting that COI1 is in the JA signalling pathway. The predicted

amino acid sequence of COI1 contains an F-box motif and a leucin-rich repeat domain in

the N terminal region (Xie et al., 1998). Considering the role of F-boxes, it is likely that the

function of COI1 is to render the repressor of JA responses forproteolytic degradationby

ubiquitin (Tumer, 1998). Therefore, it is likely that COIl has pleiotropic effects beyond its

role in JA signalling (Glazebrook, 2001). Indeed, a JA-insensitive mutant similar to coil

called coil-I6 has been isolated that in contrast to coil exhibits fertility in a temperature-

sensitive manner at l6"C (Ellis and Turner, 2002). Another mutant in Arabidopsls was

isolated using the vsp-l gene as a JA-responsive promoter and a firefly luciferase reporter,

which has a constitutive expression of vegetative storage proteinl (cevI), (Ellis and Turner,

2001). This mutant also has a constitutive high level of JA and ethylene, constitutive

expression of PDF1.2,Th12.1 and chitinase CHI and an enhanced local defence against

fungal pathogens and insect pests. Double mutants of cevl with either coronatine

insensitive I (coiL, blocked in their response to JA), or ethylene resistance I (etrl)

backgrounds partially suppress the phenotype of cevl and expression of JA and ethylene is

back to normal level (Ellis and Turner, 2001). These results suggest that cevl induces the

biosynthesis of JA and ethylene and acts at an early step before JA and ethylene

biosynthesis in the stress transduction pathway (Turner et aI.,2002). coil shows normal

root growth in the presence of MJ, and male sterility (Feys et al., 1994). In addition, a

mutant in 12-oxo-phytodienoic acid reductase (OPR) that converts a precursor to JA is also

male sterile (Stintzi and Browse,2000). One of the isoforms, OPR3, has almost no JA and

about half of its upstream precursor l2-oxo-phytodienota (OPDA) of wild type plants

following wounding, suggesting that JA could possibly regulate the synthesis of OPDA.

opr3 together with coil and (fad3-2 fadT-2 fad-\) mutants challenge-inoculated with the

necrotrophic fungus A. brassicicola and the dipteran Bradysia impatiens.In contrast to two

other mutants, the opr3 mttant had high levels of resistance similar to wild type,

suggesting that the resistances to those pathogens and pests can be independent of JA

(Stintzi et a1.,2001). Defence gene expression in wild type, and the opr3 mutant using

microarray analysis, show that OPDA plays a role in JA signalling through the COI1



15

coding gene. Following wounding OPDA, also induces many genes not regulated by JA,

including COIl-independent genes. Likewise, vsp-I transcription and stamen development

are inclucecl by JA but not OPDA (V/illmann ,2002). These results suggest that OPDA can

regulate genes via COll-dependent mechanisms or after conversion to JA or its precursor

OPC (Stintzi et a1.,2001). Finally, a triple mutant of fatty acid desaturation genes (fad3-2

fad7-2 f"d-9) deficient in linoleic acid is unable to produce JA. It is male sterile and

fertility is restored if plants received exogenous MJ (McConn and Browse, 1996).

l-2-2-2) Induced systemic resistance by non-pathogenic rhizobacteria

Plants are able to induce a form of systemic resistance after primary infection with a non-

pathogenic root-colonizing rhizobacteria, commonly referred to rhizobacteria-mediated

induced systemic resistance (ISR; van Loon et al., 1998). Some strains are able to reduce

disease symptoms through a mechanism similar to SAR and resistance extends to the

aboveground plant parts and is effective against a broad spectrum of pathogens (Pieterse

and van Loon, 1999). Transgenic Arabidopsis NahG plants show the same level of

resistance as wild type after inoculation with P. fluorescens indicating that this system is

independent of the SA pathway (Pieterse et al., 1996).In contrast to SAR, no activation of

PR genes, is observed in local as well as systemic leaves in ISR (Pieterse et al., 1996).

Inoculation of Arabidops¿s roots by the P. fluorescens strain V/CS417 resulted in ISR. The

jasmonate- and ethylene-responsive mutant,Tarl and etrl respectively, do not express ISR

after treatment, suggesting that responsiveness of both pathways is required. It seems that

the regulatory protein NPR1 mutant is part of the signalling pathway, since the nprl mutant

is unable to develop ISR (Pieterse et a1., 1998). Both rhizobacteria-mediated ISR and

pathogen-induced activation of pdfl.2 are jasmonic acid- and ethylene-dependent, while

pdf\.2 is npr-l-independent. In addition, ISR is not associatedwithpdfl.2 gene expression

indicating that ISR and pdfl.2 gene expression are partly different (Penninckx et al., 1996).

The strongest and fastest defence response is observed in ISR-induced plants that are

challenged by a subsequent pathogen (Verhagen et al., 2004).

l-2-3) Ethylene and plant defence

Ethylene (Cz}ì+) regulates different plant processes such as seed germination, organ

senescence, fruit ripening, wounding, pathogenic attack and water logging (Bleecker and

Kende, 2000; Johnson and Ecker, 1998). Ethylene has the simplest structure among plant
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hormones and is a powerful elicitor of alternations in the morphology and metabolism of

plants during all stages of the life cycle (Johnson and Ecker, 1998).

l-2-3-l) Ethylene signalling pathway

A family of 5 Arabidopsis genes code for membrane-associated ethylene receptors, called

ETRl, ETR2, ERS1, ERS2 and EIN4, which function in ethylene perception (Schaller and

Kieber, 2001). ETR1 contains three transmembrane domains that encompass the ethylene-

binding site, followed by a transmembrane GAF domain, and a histidine kinase at the

carboxyl terminal region (Sakai et al., 1998). The other receptors have a similar structure

and sequence to ETR1 and are divided into two main groups (Schaller and Kieber, 200I).

Binding of ethylene to ETRI and ERSl has been experimentally shown (Hall et a1.,2000).

Analysis of loss of function mutants etrl, etr2, ein4 and ers2 show that these receptors are

negative regulators of the ethylene response, which means that in the absence of ethylene

they act to repress the response (Chang and Shockey, 1999). The four genes have

redundant functions in ethylene signalling and quadruple mutants show constitutive

ethylene responses (Hua and Meyerowitz, 1998). By genetic analysis, Kieber et al., (1993)

isolated a recessive mutant, constitutive triple response (etrl), which exhibited a

phenotype, where ethylene-regulated genes were upregulated in ethylene-treated plants.

Epistasis examination of ethylene-insensitive (ein) mutations revealed that all members of

the receptor gene family act through the gene and ctrl gene products downstream of the

einl,but upstream of the ein3 gene (Hua, 1998). Receptor related genes and the ctr-l

mutant have a constitutive ethylene response (Figure 2), indicating that the former is a

positive regulator of the latter (Hua et al., 1998). A physical interaction between the

regulatory domain of CTR1 and histidine protein kinase domains of ETRI and ERSI was

detected in two-hybrid analysis and in vitro studies (Clark et al., 1998). The ctrl mutants

constitutively activate the pathway and induce the ethylene-regulated marker gene

chitinase, indicating that CTR1 is a negative regulator of the pathway (Schaller and Kieber,

2001). All except one of a group of 25 mutants designated ethylene insensitive2 (ein2)
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Figure 2: proteins involved in the Ethylene pathway. Arrows indicate the induction

and bars suppression of the pathway (adapted from Schaller,2002).

exhibit the strongest etþlene-insensitive phenotypes among known mutants in the ethylene

pathway (Alonso et al., 1999). The ein2 gene has been identified as a central component of

the ethylene-signalling pathway. EIN2 is a positive regulator of the pathway and acts

downstream of CTR1 (Guo and Ecker, 2004). The ein3 gene acts downstream of ein2 and

is a positive regulator of the signal transduction pathway (Schaller and Kieber, 2001). EIN3

and EIN3-like proteins (EILs) are found to act as transcription factors and comprise a

family of sequence-specific DNA-binding proteins (Solano et a1., 1998). They bind directly

to a promoter element called PERE in the Ethylene-Responsive-Factor (EkFl) gene and

other primary target genes. The ERFI gene encodes GCC-box-binding proteins that

activate the expression of secondary ethylene responsive genes, such as pdfl.2, basic

chitinase and others (Solano et a1.,1998).
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1-2-4) Cross-talk among different pathways

For the sake of simplicity, signalling pathways are usually referred to as "specific

signalling pathways" or clivergent signalling moclels. According to this moclel, signalling is

like a tree and each branch is a specific pathway. The specific pathways are not

independent, and positive and negative regulatory interconnections occur (Katagiri, 2004;

Kunkel and Brooks,2002). Studies of each pathway have concentrated on major specific

signalling pathways and minor interplay among them, but in reality it is probably more

suitable to put equal emphasis on both cross-talks and pathways (Katagiri, 2004).

Dependent on the nature of the pathogen or type of damage, the plant employs one or a

combination of signalling molecules to activate one or more defence genes at a time and to

fine-tune its defence response (Reymond and Farmer, 1998). For example, the JA-mediated

gene marker pdfl.2 requires both JA and ethylene pathways for expression and none of the

ein2 or coil mutants are able to express the gene (Penninckx et al., 1996, Figure 3).

Combinations of Eth/MJ pathways synergistically induce pr-l genes in tobacco seedlings,

while each Eth or MJ alone cannot induce the gene individually and there is no effect of MJ

on Eth production in the same experiment. In Arabidops¿s SA is also known to be an

inducer of the pr-1 gene (Xu et a1.,1994).

There are many examples of cross-talk between SA and JA/Eth signalling. Antagonistic

relationships between the two groups are observed in many instances and as a result the

plant can prioritise its response to external stimuli effectively (Feys and Parker, 2000). SA

inhibits expression of pdfl.2, a JA-dependent gene. In a study of plant defensin genes (such

as pdfl.2), in plants challenged by inoculation with Alternaria brassicicola, jasmonic acid

and PDF1 .2 accumulate both in systemic and local leaves in wild type. Expression of

pdÍ\.2 is almost doubled in pathogen-stressed NaåG-expressing plants compared with the

wild type, suggesting antagonistic relationships between the two pathways (Penninckx et

al., 1996). Plants treated with the SA analogue INA, lacked accumulation of PDF1.2

(Bowling et a1., 1994). Mutant cpr6 plants had high levels of PDF1 .2 and double mutant

cpr6/pad4 plants had a low level of SA compared to cpr6 and higher pdf\.2 expression,

again showing inhibitory effects of SA on JA signalling (Jirage et a1., 2001). Application of

INÂ,, an inducer of PR genes, to cpr6- I plants suppressed the constitutive expression of

pdÍ\.2 (Clarke et al., 1998). Alternatively, there are many examples showing that JA can

function as a repressor of SA-induced genes in plants. For example, MAPK4 is required for

JA-mediated gene expression and mpk4 mutants constitutively express SA-induced PR

genes and have high levels of SA compared to wild types. This suggests that a block in the
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JA pathway removes a possible suppression via the SA pathway (Petersen et al., 2000). It is

likely that mapk4 causes activation of SA signalling and as a result the JA pathway is

blockecl. In a study using about 2000 ESTs, SA and .IA plant defence pathways acte<l in

coordination, sometimes leading to the activation of the same genes (Schenk et al.,2000).

Increased level of phenylpropanoid biosynthesis, including SA, by over-expression of

phenylalanine ammonialyase (PAL), causes lower levels of production of JA following

wounding, compared to PAl-suppressed lines in tobacco (Felton et aI., 1999). Shah et al

(1999) set up an experiment to find the suppressor of the NPRI encoding gene, which acts

downstream of SA production, and found a dominant mutant named suppressor of SA

insensitivity (ssi1). The mutation is known to suppress the phenotypes of nprl-5, including

lack of expression of pr-L, pr-2 and pr-5 and reduces disease resistance. Interestingly,

mutants expressed the JA-dependent marker gene pdfl.2 constitutively in a SA-dependent

manner. This suggests that SSI1, together with CPR5 and CPR6 proteins, act in a signal

communication between SA- and JA-dependent pathways (Shah et a1.,1999).

Ethylene is able to enhance the sensitivity of tissues to the effects of SA as mRNA levels of

the PRl coding gene are dramatically increased in ethylene-treated plants compared to

untreated ones, specially at low concentration of SA (Lawton et al., 1994). To test whether

the INA signalling pathway is able to activate any independent pathway, Schweizer (1991)

speculated that there is a positive feedback loop of gene regulation by INA and JA.

Elevated JA levels in INA-treated rice further stimulated the accumulation of INA-induced

gene products (Schweizer et al., 1997).

Treatment of coil mutants with SA causes a significant increase in pr-l gene expression,

suggesting that COll-dependent signalling is a suppressor of PRl in untreated plants

(Turner et a1., 2002). The double mutant cevl/etrl is unable to express PDF1.2, indicating

that ethylene is required for the expression of the gene, while thi2.I is constitutively

expressed in this double mutant. These observations suggest that, ethylene signalling is a

suppressor of Thi2.1 (Tumer et al.. 2001) and the ssil mutant is a negative regulator of SA

biosynthesis that also suppresses the JA pathway (Kachroo et a1.,2001). SSI2 is thought to

function downstream of COII and MAPK4 coding genes (Kunkel and Brooks,2002).

l-2-5) Differential induction of signalling pathways by pathogens

The SA-dependent pathway controls pathogens that colonise the plant apoplast and

multiply within host tissue for a few days before causing damage to the tissues or cell death

(Kunkel and Brooks,2002). Two mutants namely SA induction-deficient (sid) have been
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isolated that are unable to accumulate SA after inoculation with the avirulence strain of P.

syringae and are thus impaired in the SA pathway. The mutants are significantly more

srrsceptible to incompatible isolates of P. parasitica and P. syringae than the wild type Col-

0 Q.{awrath and Metraux, 1999). Four mutants pad4-1, nprl-L, eds5-1, double mutants

nprl-l edsï-l and NahG transgenes were tested and exhibited higher susceptibility to

Erysiphe orontii compared to Col-O plants. E. orontii elicited up-regulation of PRl, PR2

and PR5, for which SA is the respective signalling molecule, but not of pdfl.z coding

genes (Reuber et a1.,1998).

Plants deficient in perception or impaired in JA production are more susceptible to

necrotrophic pathogens, which rapidly kill plant cells to obtain essential nutrients (Kunkel

and Brooks, 2002). The triple mutants of fatty acid desaturase (fad3/fad7/fad8) and coil

have enhanced susceptibility to the fungal pathogens Pythium.qp. (Vrjayan et a1., 1998), A.

brassicicola and Botrytis cinerea, respectively (Thomma et a1.,1998).

To show the contribution of the ethylene pathway in resistance to pathogens, the ein2

mutant was tested and shown to exhibit significant susceptibility to Erwinia carotovora

(Norman-Setterblad et a1.,2000) and B. cinerea (Thomma et al., 1999b). When the same

mutant was inoculated with P. syringae or Xanthomonas campestris pv. Campeslris, fewer

symptoms were observed compared to the wild type (Bent et a1.,1992).
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Figure 3: The network of resistance genes in SA, MJ and ET pathways and their interaction with pathogens in Arabidopsis thaliana.

According to this model several inducible signalling pathways are present in Arabidops¡s, which are effective against certain pathogens.

Four pathogens including Alternaria brassicicola, Botrytis cinerea, Pythium and Pseudomonas syringae were used in this thesis to reveal

the possible function of the hml genes. Arrows indicate activation and bars indicate suppression. Adapted from Kunkel, 2002; Turner,

2002; Thomma 200I; Dong, 1998.



22

1-3) T-DNA tagging and gene function

1-3-1) lntroduction:

Forward genetics is a traditional method that includes identification and cloning of genes

that have been characterised by a phenotype or function (Maes et al., 1999). Reverse

genetics starts with the generation of a mutant gene, followed by analysis of the resulting

change in phenotype (Krysan et a1., 1999). One of the approaches in reverse genetic is

gene tagging. Gene tagging involves the random insertion of DNA with a known sequence

into the genome, and if an altered phenotype results from the insertion this provides a

linkage between insertion and the gene responsible for the phenotype (Walden, 2002).

l-3-2) Molecular b asis of lg ro b acteri urø-mediated pla nt transformation

Genetic transformation of plantsby Agrobacterium tumefaciens is based on the integration

of part of a large plasmid called Ti (tumour inducing) plasmid into the plant nuclear

genome (Tzfta et a1.,2000). Ti plasmids contain two genetic elements, transferred DNA

(T-DNA) that is delimited by 25-bp direct repeats at each side called T-DNA borders.

DNA between these borders can be transferred to the host genome (Yadav et al., 1982). T-

DNA is different from transposable elements since the products that mediate their

movement come from neighbouring regions on the Ti plasmid, the virulence region (vir),

not from genes within the inverted repeats as in transposable elements (Zambryskl,1992).

A group of proteins encoded by both bacterial and chromosome virulence (cftv) genes and

Ti-plasmid vir genes is required to generate T-DNA and its transport into the host cell

(Tzfira et al., 2004). There are two sites at the T-DNA borders that are a target for

VirDl/VirD2 border-specif,rc endonuclease. This protein complex, encoded by the vir

region of the Ti plasmid, cleaves the bottom strand at ds-T-DNA borders and as a result

ss-T-DNA (T-strand) is released (Scheiffele et al., 1995). The VirD2 protein binds to the

5' region of the resulting T-DNA molecule (antisense strand) and gives polarity to the

right border (Durrenberger et al., 1989). VirA and VirG are also encoded by the vir region

of the Ti plasmid, and are responsible for transferring the T-strand in single-stranded form

to the plant genome (Tinland, 1996, Tinland and Hohn, 1995). Phenolic compounds,

monosaccharide transporter ChvE molecules, that are induced upon wounding of plant

cells and are sensed by the VirA protein. Auto-phosphorylation of the VirA protein

followed by transphosphorylation of the VirG protein results in transcription of vir genes
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and transfer of T-DNA from the bacterium into the plant cell (Gelvin, 2000). Eleven Vir

proteins together with the VirD4 protein contribute to a type III secretion system that is

used for the transfer of the T-DNA and other proteins like VirE2 and VirF to the host cell

(Christie, 2001). YirB2, VirB5 and possibly B7 make the T-pilus although its function is

still unclear (Gelvin, 2003).

Part of the functional vector called T-complex is exported to the host cell in a similar

fashion to bacterial conjugation (Christie, 2001). The T-complex consists of VirD2 and

YirE2 proteins. The VirD2 protein contains two nuclear localisation signal (NLS)

sequences. One of these directs the T-complex (a fused reporter protein) to plant nuclei

(Herrera Estrella et al., 1990). YirD2 requires association of VirE2 with the T-strand to

achieve nuclear targeting and nuclear import in vitro (Ziemienowicz et aI., 2001).

Electronic microscopy data suggest that YirE2 molecules coat T-strands and are likely to

protect them from degradation in the plant cell cytoplasm and nucleus (Citovsky et a1.,

1997).

1-3-3) Molecular analysis of T-DNA integration

T-DNA can be integrated into the plant chromosomes as concatamers (two or more

identical molecular units covalently linked one behind each other) in the same or opposite

orientation as well as in duplicated form and thus could not be amplified by PCR (De

Buck et al., 1999). Regarding the sequence analysis of T-DNA integration, it was found

that the nucleotide sequence of genomic loci, tagged with T-DNA, lead to the deletion of

up to 73 bp of target DNA compared to the site of insertion in wild type Arabidopsis

(Mayerhofer et al., l99l). The process of integration involves the generation of "frller"

DNA less than 50 bp homologous to nearby plant DNA at the site of T-DNA plant

junctions (De Buck et al., 1999). In addition, T-DNA integration also involves an

illegitimate recombination process, where homology consisting ofjust a few nucleotides is

required during the integration process. The 3'-end or left-hand border of the T-complex is

usually truncated by 3-100 bp during integration and was found to have homology with

the site of insertion in at least five contiguous nucleotides (Tinlands, 1996). The 5'-end or

right-hand border of the T-complex is usually conserved including the nucleotides where

the VirD2 protein is attached. In such cases the homology of the border with the site of
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Figure 4: A model for T-DNA integration into double-strand (ds) DNA breaks. a) minor

degradation of the T-strand at the unprotected 3'-end; b) conversion of the T-strand into ds T-

DNA within the nucleus. c) replacement of VirD2 with the AtKU7O-AtKU8O heterodimer at

both end of ds T-DNA and recruitinent of DNA-dependent protein kinase (DNA-PK) d)

modification of H2A leads to DNA unpacking, formation of DSB and recruitment of the

AtKU70-AtKU80-DNA-PK complex to the DSB site e) DSB DNA repair by attachment of the

T-DNA intermediate is mediated through the XRCC4-AtLIG4 complex h) joining of several T-

DNAs by the same machinery i) XRCC4-AtLIG4 attachment and integration into the DBS site

j-o) integration of ds T-DNA intermediates by homologous recombination in yeast and possibly

in plants (Tzfta et aL, 2004).

insertion can be limited to just a few base pairs called micro-homology (Tinland and

Hohn, 1995).

There are various models explaining T-DNA integration into plant genomes. In the latest

nrodel (Tzfira et al., 2004), the roles of plant DNA repair proteins are considered crucial

for T-DNA integration (Figure 4). After 3'- and 5'-end modifications, the T-strand enters

the nucleus. The ds T-DNA undergoes integration into the host plant DNA via non-

homologous (illegitimate) recombination (NHR), see Chilton and Que, (2003).In NHR,
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YirD2 is replaced by the AtKU7O-AtKU80 heterodimer (van Attikum et al., 2001;

Friesner and Britt, 2003), which binds to both ends of the ds DNA molecule. AIKU7O-

AtKLIS0 recnrits the DNA clepenclent protein kinase (DNA-PK), (van Gent et al.,2001)

that might regulate the repair process through phosphorylation. At the same time the DNA

target is unpacked through modification of histone H2A during transcription or DNA

maintenance, resulting in recruitment of AtKU70-AtKU80-DNA-PK complex to the DSB

site. DNA is processed by the addition or deletion of a few base pairs and f,rnally T-DNA

is ligated to the XRCC4-AtLIG1 complex (van Gent et a1., 2001). The presence of the

XRCC4-AILIGl complex can explain the ligation of several dsDNA to each other before

their integration into the plant host genome. After integration into the plant genome, T-

DNA insertions are inherited in a Mendelian fashion (Walden, 2002).

l-3-4) T-DNA tagging vectors

Two main types of T-DNA tagging vectors have been developed so far ('Walden, 2002).

The first type of vectors are developed to knock-out a gene, resulting in recessive mutants.

There are some genes that, due to their nature, may not yield functional information after

knock-out, like dominant lethal genes that play a role in the life cycle of the plant or genes

with functional redundancy (Walden, 2002). In contrast, dominant gain of function

mutants of target genes can give us important information about the possible gene

function. Activation-tagging approaches use vectors containing multimerised

transcriptional enhancers from the cauliflower mosaic virus (CaMV) 35S gene. Over-

expression of genes sometimes produce a dominant phenotype (Weigel eta1.,2000).

1-3-5) Manipulation of Agrobøcteríum for genetic engineering purposes:

In its natural form, T-DNA harbours genes for tumour formation or tissue proliferation

and opine synthesis. Opines are amino acids that only occur in plants and are a source of

carbon and nitrogen for bacteria (Zupan et al., 2000). In an engineered form, two types of

T-DNA-based vectors have been developed: firstly, co-integrative vectors based on Ti-

plasmids, where the T-DNA has been modified in c¿s with virulence genes on the same

plasmid (Ruvkin, 1979).In the second type, vir gene products, provided by a disarmed Ti

plasmid present in Agrobacterium, act in trans on the T-region and promote T-DNA

processing and transfer to the plant cell even if the two are separated on two different

replicons (Hoekema et al., 1983). However, both replicons should be within the same

Agrobacterium cell. Replicons containing the T-region constitute a binary vector and the
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replicon harbouring the vir genes is called vir helper. In total, they are called a binary

vector system. Binary vectors are easy to engineer, small and able to replicate in both

Agrobacterium and E. coli (Hellens et al., 2000). Agrobacterium vectors are continuously

being modified in order to expand the range of their host species. Many modifications aim

to boost the expression of VirG, which activates transcription of other genes in the vir

cluster. Enhancement of virEl gene expression is another modif,rcation (Hellens et al.,

2000).

1-3-6) T-DNA tagged plant populations and isolation of knock-out mutants:

Insertion of mobile or other introduced DNA, e.g. T-DNA with a known sequence into or

near a desired gene, is called gene tagging (Feldmann, I99l). Inserted DNA usually

causes mutations in the gene creating a phenotype and thus can serve as an element to

"tag" and isolate the target gene, or flanking DNA sequences. Saturation of the

Arabidopsls genome with mutants or T-DNA insertions within every gene is called

saturation mutagenesis, which is used in reverse genetic screening (Krysan et al., 1999).

Assuming aî average gene length of 2.I Kb, Krysan et al (1999) estimated that 280,000 T-

DNA insertions are required to achieve saturated mutagenesis in Arabidopsis. To screen

such a large population for the presence of T-DNA in the favourite gene, different pooling

strategies based on PCR techniques have been developed (McKinney et al., 1995; Krysan

et al., 1999, Azpiroz Leehan and Feldmamr, 1997). Practical prerequisites for such an

approach are reviewed in (Zupan et a1., 2000) and (V/alden,2002). Briefly, transformation

is the first step. Depending on the type of tagging, the amount of labour and resources

avallable, different methods can be used. In planta transformation (Feldman and Mark,

1987) is the most widely method in Arabidopsrs (Bent, 2000). The original method

involving seed transformation, has been improved over the last decade to allow the use of

apical shoots before transformation (Katavic et al., 1994). Vacuum infiltration (Bechtold

et al., 1993), floral dip (Clough and Bent, 1998) and spraying of flowers are also used

(Chung, 2000). With these methods, tissue culturing and consequently somaclonal

variation can be avoided, and it can be scaled up to generate a population of T-DNA

inscrtions (Koncz ct al., 1992).

To establish the physical cor¡rection between T-DNA and flanking genomic DNA in T-

DNA tagged populations, different approaches have been used. PCR based approaches are

the most popular. They include: 1) Long range inverse PCR (LR-iPCR). In this method

genomic DNA, as well as T-DNA beyond LB, is cut by aî enzyme, self-ligated,
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transformed into E. coli and sequenced using plasmid specific primers (Mathur et al.,

1998). 2) Thermal asymmetric interlace PCR (TAIL-PCR). Three nested specific T-DNA

primers (relatively longer ancl with higher Tm) are usecl in successive reactions and a

mixture of three different arbitrary degenerate (AD) primers (relatively shorter and with

lower Tm) are used in three PCR reactions sequentially. PCR cycles, some with higher

and some with lower stringency, enable to target specific sequences that amplifz

preferentially, compared to non-specif,rc ones (Liu et al., 1995; Liu and Whittier, 1995).

Nested primers help to eliminate hemispecific products, such as those primed by the

specific primers alone, or non-specific products primed by both primers. 3) Gene walking:

Genomic DNA outside T-DNA is cleaved and linkers are added to the genomic DNA.

Asymmetric PCR using linker- and T-DNA-specific primers is performed subsequently

(Balzergue et al., 200 1).

Reverse genetic screening is based on sequences of potential mutated genes in a large

population (Walden, 2002). To perform such an analysis, a pooling strategy is needed. For

example, DNA from several hundred T2 plants called "superpool" are mixed in such a

way that each individual plant can be traced back to a certain row, column or block. PCR

is performed using combinations of left- and right-T-DNA borders together with 3'- and

5'-gene specific primers and positive results are confirmed using DNA gel blot or DNA

sequencing (Krysan et al., 1999) Winkler and Feldmann, 1998). Alternatively, degenerate

PCR primers can be used to screen for more than one gene family member at a time

(Young et a1.,2001).
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1-4) RNA interference

l-4-l) Introduction:

One of the most important discoveries in biology in recent years was the finding that RNA

molecules regulate gene expression i.e. blocking transcription and inhibition of translation

(Novina and Sharp, 2004). In a classic example, a limited number of chalcone synthase

genes were engineered into Petunia in order to increase flower pigmentation,' as an

unexpected result many plants were variegated or even had completely white flowers

(IGol et al., 1990). This classical example of RNA silencing was called co-suppression

because there was apparently communication between homologous genes, which resulted

in mRNA degradation from the transgene and endogenous homologues (Tijsterman et al.,

2002). Because silencing occurs as a result of interaction between homologous sequences

it is also called homology-dependent gene silencing (HDGS; Meyer and Saedler, 1996).

Recombinant viruses as in non-transgenic plants also trigger silencing of endogenous

mRNA, provided they share homology with exon sequences of the host plant (Kumagi,

1995; Lindbo et a1., 1993). This phenomenon is similar to HDGS and is called virus

induced gene silencing (VIGS, Lecellier and Voinnet,2004). Related processes are called

quelling in Neurospora crassa (Cogoni and Macino, 1997). Co-suppression can change

the DNA and operate to induce DNA methylation. Here, I mainly concentrate on post-

transcriptional gene silencing (PTGS), which refers to the degradation of homologous

mRNA of target genes in the cytoplasm. Homologous genes are transcribed but degraded

soon afterwards (Cerutilt, 2003). Methylation cause chromatin changes and inactivation of

genes and can occur in the promoter region of transgenes, which is then called transgene

silencing (TGS; Morel et al., 2000; Fagard and Vaucheret, 2000). In other words,

interacting genes in TGS are sharing homology in the promoter region and are meiotically

heritable (Park et al., 1996). Methylation of coding sequences is associated with post-

transcriptional gene silencing (PTGS), a process which is not yet clarified in plants.

Silencing can occur either in genes that are repeated in tandem at a single genomic locus

or to genes that are dispersed through the genome (Carthew, 2001). Since similar silencing

mechanisms occur in plants and animals this suggest that RNA interference (RNAi) is an

ancient defence process established before the divergence of plants and animals (Novina

and Sharp, 2004).
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RNAi has become the main method in reverse genetics in Caenorhabditis elegans.

Predicted genes on chromosome III required for cell division have been analysed and the

function of l3.9Yo of genes on chromosome I has been assigned using RNAi technique

(Fraser et a1., 2000) and (Gonczy et a1.,2000).

l-4-2) RNAi pathway

RNAi is a two-step process in which double-stranded RNA (dsRNA) is first cleaved into

short interfering RNA (siRNA) and then in a second step siRNA fragments target the

related RNA for degradation (Zamore,200la). These RNAi pathways, partly or in whole,

control the expression of endogenous genes (Zamore, 200Ia). To understand the

mechanism of PTGS silencing, the origin of the response should be considered (Kooter et

al., 1999). Wassenegger et al. introduced RNA viruses as vectors into the genome in the

absence of a DNA template. The viral RNA was able to interfere with homologous genes

in the plant genome ('Wassenegger et al., 1994). The result was a strong indication that

silencing is an RNA-mediated mechanism. It seemed that PTGS is associated with some

type of RNA such as tandemly linked, inversely repeated and methylated transgenes that

are not strongly expressed and can work as an effector (Kooter et a1., 1999). However, it

was discovered in C. elegans that much, if not all, of the genetic interference is mediated

by dsRNA molecules that are present at low levels in in vitro RNA synthesis reactions due

to non-specific activity of RNA polymerase (Fire et al., 1998). dsRNA can be produced

unintentionally in different ways (Figure 5). Various experiments designed to produce

pure single-stranded RNA are nevertheless contributing to the production of low levels of

dsRNA (Montgomery and Fire, 1998). A key feature that unite RNAi pathways in

different organisms is the importance of dsRNA in triggering or mediating them (Vance

and Vaucheret, 2001). RNA-directed RNA polymerase (RdRP) is an enzyme. which

converts single-stranded RNA (ssRNA) template into a precisely complementary dsRNA

product (Schiebel et al., 1998). The genes sgs2 and sde-l encode RdRP in Arabidopsis

that is required for PTGS induced by transgenes but not by RNA viruses, suggesting that

viruses use their own enzyme to produce dsRNA (Dalmay et al., 2001). This result

indicates that RdRP is not obligatory for PTGS and is consistent with the role of RdRP in

generating
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Figure 5: RNAi and PTGS model. dsRNA forms an inverted repeat in the transgene

plant; viral dsRNA or transposons are converted into siRNA by the action of the Dicer.

Amplification of siRNA occurs from aberrant RNA or through the "Random

degradative PCR" system in which RdRP uses the guide siRNA strand as a primer in

order to synthesise new RNA. Incorporation of siRNA into a protein-RNA complex

leads to the specific degradation of target RNA. Green boxes are proteins produced by

the viruses to fight back the plant immune system (Adapted from Hutvagner,2002).
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dsRNA from ssRNA that is generated by highly repeated copies of foreign genes

(Carthew, 2001). Biochemical analysis in vitro shows that the RNAi pathway is ATP-

clepenclent at multiple steps, especially in the process of clsRNA generation at the

beginning of the pathway (Zamore et a1.,2000).

In an experiment in Nicotiana benthamiana inoculated with potato virus X (PVX), short

RNA species around 25 nucleotides in length, corresponding to both sense and anti-sense

RNA and complementary to target mRNA, were accumulated 4 days after inoculation.

They were only detected in plants undergoing silencing (Hamilton and Baulcombe, 1999).

In a Drosophila in vitro system it was found that 2I- and 23-nt RNA fragments were

mediating RNAi in a sequence-specific manner (Elbashir et a1., 2001). It was also

supported by the finding that target mRNA was cleaved in 2I- to 23-nt intervals (Zamore

et al., 2000). dsRNA is divided into two classes of long and short siRNA in plants and

both types are derived from dsRNA (Tang and Innes, 2002).

Bass (2000) proposed that an RNase III protein Dicer can catalyse the cleavage of dsRNA

into siRNA. The enzyme was identified in Drosophila embryos and 52 cells and called

Dicer. Dicer is a member of a RNase III family of nucleases, and cleaves dsRNA substrate

specif,rcally into short interfering RNA duplexes of -22 nT (Bernstein et a1.,2001). Dicer

acts as a dimer to cleave both strands of dsRNA leaving two-nucleotide 3' overhanging

ends (Zamore, 2001a). An interesting feature of Dicer is an evolutionarily conserved

stretch of sequences common to C. elegans (gene Kl2}J4), Arabidopsis (CARPEL

FACTORY; Jacobsen et al., 1999), T25K16.4 and ACOL2328 l; and mammals

(Bemstein et aI.,2001). Dicer has been identified as a potential catalyst that initiates RNAi

pathways.

It is known that the function of lin-4 and let-7 in the small temporal RNA (stRNA)

pathways in C. elegans required two proteins, Alg-1 and Alg-2, but not the related protein

Rde- 1, which is essential for RNAi initiation (Grishok et al., 2001; Tabara et al., 1999). It

was also demonstrated that the dcr-l gene, an ortholog of the Dicer coding gene in

Drosophila is required for the processing of the lin-4 and let-7 precursor RNAs. Alg-1 and

Alg-2 proteins are members of a family consisting of PIWI and PAZ domains (Cerutti,

2003). lin-4 and let-7 are transcribed as ^,70-nucleotide RNA. They serve as a precursor

and are cleaved by Dicer to produce mature stRNA of 2l- 22-nt in length (Hutvagner et

al., 2001). Based on this information Zamore (2001b) suggested that after cleavage of

dsRNA or pre-stRNA a member of the PAZ-PIWI protein family binds to nascent small
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RNA. Depending on the PAZ-PN/I protein bound to small RNA, it initiates st-RNA

mediated translocation repression, i.e. or the RNAi pathway (Zamore,200Ia); Figure 5).

The next step in the RNA pathway is the incorporation of siRNA into a protein-RNA

complex of -300 kDa (Zamore, 2001a). A sequence-specific nuclease eîzyme

incorporates small RNAs as a template into specific target RNA based on sequence

recognition (Hammond et a1.,2000). This enzyme, which targets mRNA was termed

RNA-induced silencing complex (RISC). Since the RNA helicase protein, SDE3, is

required for PTGS in Arabidopsls, it is likely that ATP-dependent RNA helicase proteins

are involved in the RISC complex, possibly to unwind two strands of the duplex siRNA.

(Zamore,2001a).

1-4-3) Genetics of RNAi in plants

Production of mutants defective in different types of transgene-induced silencing reactions

is a powerful method in identifying the proteins and genes involved in the silencing

mechanisms (Kooter et al., 1999). Rde-L, qde-2 and argonaute I (agol) genes are

homologs found by amino acids sequence similarity of their protein products in C.

elegans, Neurospora and Arabidopszs, respectively. Since a C. elegar¿s member of this

gene family is required for germline transmission and not in downstream steps, it seems

that these genes are involved in the formation of RNAi signals and the initiation of

silencing (Carthew, 200 1).

The qde-L, sgs2/sdel and ego-l in Neurospora, Arabidopsis and C. elegans respectively

encode a second type of related proteins, again demonstrating that PTGS, RNAi and

quelling are mechanistically related phenomena (Dalmay et al., 2000; Mourrain et aI.,

2000). These proteins are similar to plant RdRP, which provides possible reasons on how

aberrant RNAs produced from PTGS phenomena turn into dsRNA (Carthew, 2001).

l-4-4) Secondary siRNA

It was recently found that in addition to siRNA, which is derived from dsRNA, some

siRNA were also detected that can not be derived from dsRNA or are outside of the target

area (Tijsterman et a1.,2002). According to the model discussed by (Zamore et al., 2000)

and (Hammond et a1.,2000), the role of the individual antisense siRNA is to pair with

complementary mRNA resulting in the degradation of mRNA and recycling of siRNA.

However, in a new model (Hutvagner and Zamore, 2002), antisense of an siRNA

hybridises to a mRNA target possessing a 3' terminal hydroxyl group, which might
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function as a template for the elongation by an RdRP activity, resulting in amplif,rcation

beyond target mRNA (Süen et al.,200Ia; Sijen et al., 2001b). These novel targets do not

have any homology with the original dsRNA (Tijsterman et al., 2002). As a consequence

of the action of dsRNA-specific nuclease similar to Dicer, there will be target-dependent

amplifîcation of the original signal (Tijsterman et a1., 2002). These results are consistent

with the observation that tiny amounts of dsRNA per cell (- 35 copies) can eliminate

excessive amounts (-1000 copies) of mRNA (Fire et al., 1998), and that dsRNA can

persist for more than one generation (Montgomery and Fire, 1998; Fire et a1., 1998). This

phenomenon is also called "random degradative PCR model " (Figure 5).

1-4-5) Systemic nature of RNA silencing

The plant PTGS-like defence system is an interesting phenomenon since host nucleic acid

does not program it; instead features of the genome of the pathogen play a major role. This

defence system is highly adaptive and specific, because only nucleic acid sequences that

are similar to the triggering molecule become a target (Lecellier and Voinnet, 2004). The

response is not cell autonomous in plants, another indication that PTGS-like defence

systems share similarities with other important immune defence reactions.

RNA silencing is a phenomenon that can spread from the site of infection to other

vegetative tissues called systemic acquired silencing (SAS; Palauqui etaL.,1998). It seems

there is a sequence-specific diffusible silencing agent that transfers from, e.g, silenced

stock of lower tissue to the target upper tissue of scion (Palauqui and Vaucheret, 1998).

Voinnet et al exploited a transient Agrobacterium infltration assay to deliver silencer

DNA of the coding region from a jellyfish green fluorescent protein (GFP) gene into

plants. Upon localised delivery of the GFP silencer, the stably integrated GFP transgene

was silenced. Silencing was observed first in exposed tissue and then spread over long

distances (Voinnet and Baulcombe, 1997; Voinnet et al., 1998). The possible nature of

signals is discussed by (Lecellier and Voinnet, 2004).

l-4-6) Biological function of Rl[A silencing

l-4-6-l) I)efence against viruses: One of the essential features of virus biology is virus

replication by the replicase enzymq where tobacco was transformed with a mutated form

of a replicase from potato virus X (PVX) to study natural plant resistance against viruses

(Longstaff et aL.,1993), extreme resistance was observed against PVX. Due to the absence

or low-level accumulation of PVX RNA in inoculated and systemic leaves, it was
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concluded that the main effect was at the level of virus replication (Longstaff et a1.,1993).

This resistance was only observed against the strain from which the mutant was derived.

The same phenomenon was observed in tobacco plants harbouring a frame shift mutation

of the replicase-coding region. Surprisingly, replicase mRNA was undetectable using

Northern blot analysis, while susceptible lines accumulated significant amounts of mRNA.

In addition, specific resistance to PVX and the ability of the transgene to trans-inactivate

homologous genes were also observed (Mueller et a1.,1995).

It was subsequently found that replicase mRNA was degraded at a post-transcriptional

level. These phenomena, together with sequence-specificity of the effect, suggested that a

silencing-based mechanism was involved (Lecellier and Voinnet, 2004). In another

experiment, originally susceptible wild type Nicotiana clevelandii was inoculated with

tomato black ring nepovirus (TBRV). New leaves, developing after inoculation, were

challenge-inoculated with either TBRV or a heterologous recombinant virus carrying

fragments of the TBRV genome (Ratcliff et al., 1997). The TBRV-recovered tissue

exhibited nucleotide-sequence specific resistance, leading to the idea that an infected plant

can become immune to future inoculations with unrelated viruses as long as the two

viruses share a single homologous gene (Carthew, 2001). In considering this experiment,

Baulcombe and colleagues cleverly suggested that transcript features such as double-

strandedness that resemble replicative forms of viral RNA can increase the incidence of

gene silencing (Ratcliff et al., 1997).

l-4-6-2) Viral counter defence in PTGS: Synergism is the accentuation of the symptoms

of one virus if it is co-inoculated with an unrelated virus (Lecellier and Voiruret, 2004).

Vance et al (1997) reported a synergism between potato virus X (PVX) and PVY, and

suggested that PVY should produce a factor that increased the PVX concentration. Using

transgenic plants expressing a single potyviral protein, it was discovered that the helper

component proteinase (HCPro) was able to increase PVX-PVY infection (Pruss et al..

1991). Crosses between HCPro-transgenic plants and co-suppressed plants resulted in

release of PTGS in the next generations confirming that HCPro was a repressor of gene

silencing (Kasschau and Carrington, 1998). Further, a protein of CMV was found to be

involved in PTGS suppression with similar approaches (Brigneti et al., 1998). HcPro

targeted RNA silencing pathways in tissues where it was already established, but the 2b

protein affected initiation of silencing (Voinnet et aI., 1999). The fact that both HcPro and

2b are pathogenicity determinant factors, required for efficient accumulation of the virus
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but not viral replication, led Voinnet et al to infect plants exhibiting PTGS of a GFP

transgene with different viruses that target PTGS at different steps of initiation, systemic

spread or maintenance. They identified 3 proteins and showed how widespread this

strategy is among viruses (Voinnet et al., 1999). These results taken together, show that

PTGS is a natural mechanism for plant defences against viruses.

l-4-6-3) RNA silencing and development: Mutations in an Arabidopsis gene coding for

Dicer have a strong effect on development, suggesting the RNAi pathway is needed to

regulate gene expression in plants (Jacobsen et al., 1999). Small temporal RNA (stRNA)

llke lin-4 and let-7, are single stranded RNAs that regulate timing of development in C.

elegans. They suppress translation of mRNA by binding sequences in the 3'-untranslated

region e.g. Iin-4 gene products repress lin- I 4 . The precursor contains a stem-loop structure

of about 61-nt bp (Moss, 2000). In Drosophila, a developmentally regulated precursor

RNA containing lin-4 and let-7 seqttences is cleaved by an RNA interference-like

mechanism to produce mature /eÊZ stRNA. Loss of DCR-I led to the accumulation of

unprocessed precursor let-7 and lin-4 (Grishok et a1.,2001). It was concluded that both

pathways need Dicer to produce active small RNA that represses gene expression

(Hutvagner et a1.,2001). These are some examples revealing RNAi pathways that might

intersect with the pathway involved in development (Zamore, 2001a). In addition to a

defective RNAi phenotype observed in vivo, DCR-1-defective animals are sterile and also

display developmental abnormalities (Ketting et aI., 2001). It is of interest that let-7

stRNA is conserved among C. elegans, Drosophila and humans with a high degree of

similarity (Pasquinell i et al., 2000).

l-4-6-4) Transposon mobility: RNAi can maintain the integrity of the genome by

suppressing mobilisation of transposal elements. Several mutants deficient in the RNAi

pathway (one conserved from plants to vertebrates) exhibited immobilisation of endogenous

transposons in C. elegans (Tabara et al., 1999).It is known that mutations in RNAi pathways

result in defects in silencing of specific mobile genetic elements (Xie, 2004).

1-4-6-5) Cleaning up aberrant RflA: Aberrant RNA can be turned into dsRNA, triggering

RNAi pathways and destroying mRNA in the process (Zamore,2002).If any single aberrant

RNA could trigger the reaction, it would be devastating for the cell (Tijsterman et a1.,2002).
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m.ut-6 encodes a protein that is necessary for degradation of some of the aberrant RNA that

originates from improperly processed transcripts, which are usually produced from transgenes

or transposons (V/u-Scharf et al.,2000).

l-4-7) Micro RNAs

The short /ln-4 RNA is a member of an abundant class of tiny regulatory RNA molecules

called microRNA (miRNA; Bartel, 2004). Scientists are now focusing on the importance of

miRNA-directed gene regulation and more of their targets and functions are being

discovered (Bartel and Bartel, 2003). miRNAs pair with mRNA in a near-perfect

complementary fashion so the target genes can be predicted in most plant miRNAs and

experimental evidence supports those predictions (Rhoades et a1.,2002). The functions of

miRNA include cell proliferation, cell death and fat metabolism in Drosophila (Brennecke et

al., 2003: Xu et al., 2003) control of left/right neuronal asymmetry in C. elegans (Johnston

and Hobert, 2003), control of leaflshoot and flower development in plants (Aukerman and

Sakai, 2003, Palatnik et al., 2003: Emery et al., 2003; Yekta et a1., 2004). Of nearly 200

genes for tiny-noncoding RNAs (miRNA), described in animal and plants before 2002, two

miRNA lin-4 and let-7 have been studied in detail (Rhoades et a1., 2002). lin-4 encodes a

small RNA with an antisense sequence that is complementary to multiple sites in the 3'UTR

of mRNA of the lin- I 4 gene (Lee et al., 1993). It mediates repression of lin- I 4 at the protein

level dramatically, while at the mRNA level there was no difference (V/ightman et al.,

1991). A plant mRNA in Arabidopsls was found to guide endonuclease to target RNA to

either cleave a specific mRNA or lead to the destruction of mRNA specified by miRNA

(Figure 6). This RNA had a role in plant development (Tang et a1.,2003).In addition, two

more short RNA were found recently and there is a group of tiny non-coding RNAs

(tncRNA), for which a function is not known as they are not evolutionarily conserved.

Finally, there are small modulatory RNAs (smRNA) that allow expression of neuron-

specific genes only in adult neurons (Novina and Sharp, 2004).
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Figure 6: Micro RNAs and translation silencing: Primary micro RNAs (Pri-miRNA) are

expressed from genomic DNA with imperfect internal sequence complementarity. Pri-

miRNA are cleaved by Dorsha, a nuclear enzyme, to a 7O-nucleotide hairpin RNA also

known as precursor micro RNA (pre-miRNA). Pre-miRNA is exported to the cytoplasm

and is cut by Dicer into mature single strand miRNA, 2I-22 nucleotides in length which

is later assembled into a ribonucleoprotein (miRNP) complex. This complex binds to 3'-

UTR of a specific mRNA in a partial sequence complementary and as a result prevents

the mRNA being translated. Several miRNP complexes can bind to the 3'-UTR and

cooperate with each other for translation silencing. In the RNAi pathway, Dicer acts to

generate the active small RNA (siRNA). siRNA perfectly matches with target mRNA

and degrades it through SIRC complex (Adapted from Novina,2004).
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1-4-8) Practical aspects of RNAi/PTGS technique

Some of the crucial points regarcling the practicality of RNAi/PTGS techniques are as

follows (Carthew, 2001): 1) A dsRNA needs to be directed against an exon, not an intron

of the target gene; 2) Homology between dsRNA and the target gene should be at least

-85% over 200 bp; 3) Limited amounts of dsRNA should be sufficient to wipe out excess

amounts of mRNA since the effect is non-stochastic. ssRNA (sense or antisense) do not

function as well as dsRNA. dsRNA is much more effective in inducing silencing in C.

elegans than strands delivered individually (Fire et a1., 1998). The same results were

observed with plants transformed with the construct from virus or reporter gene constructs

capable of duplex formation (Waterhouse et al., 1998; Waterhouse et al., 200Ia;

Waterhouse et al., 2001b). Transgenic plants expressing both sense and antisense in a form

of single dsRNA transcripts exhibited more consistent outcomes and complete suppression

(Levin et al., 2000; Stoutjesdrjk et al., 2002; Chuang and Meyerowitz,2000). In all those

reports a construct was developed where RNA transcripts formed a dsRNA. These

constructs contain sense and antisense of the target gene in opposite directions, flanking a

spacer fragment, and can reliably generate hairpin RNA (hpRNA) structures. The spacer

was found to be important for stability of the inverted repeat sequence but the construct

with a functional intron as a spacer caused more than 959/o immvnity to the virus (Smith et

a1.,2000).

1-5) Conclusion

In order to make a conclusion regarding the possible function of each member of the four

hml genes, it is important to demonstrate their involvement in any one of the signalling

pathways. Since there are three major defence pathways, wild type Arabidopsis plants can

be treated with the three corresponding signalling molecules, such as JA, SA and ET as a

first step. In addition, some pathogens that preferably have incompatible or compatible

interactions with Arabidopsis. can be applied to plants and the response of the genes to the

stimuli or pathogens can be monitored by measuring the quantity of RNA at different time

points of the treatment. Availability of Arabidopsls T-DNA knockout lines provide an

opportunity to the scientific community to use those resources without going to the

process of developing mutant lines. Therefore, T-DNA knockout lines for each of the

genes can be obtained from different institutions and after molecular analysis of the
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genotypes, can be directly used for functional analysis of the gene. RNAi plants,

harbouring vector sequences that are able to produce dsRNA from the hml genes,

represent another approach to test the possible function of hml genes in plant resistance

against pathogens. If one of the hml genes responded to some of the signalling molecules

and are up- or down-regulated significantly (2 folds or more), the next step is to perform

pathogenicity assays by using different pathogens. Basal resistance against some of the

pathogens are known to be mainly controlled by specific signalling pathways. Knockout

line for specihc hml genes could be susceptible to the pathogen, if the related pathways are

affected. Therefore, pathogenicity assays of knockout lines should give us an answer

regarding the involvement of the genes in plant defence. However, compensation of one

inactivated gene by another of the three related genes may still produce a wild type

phenotype. In this case, RNAi lines should reveal a mutant phenotype.
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Chapter 2: Materials and Methods

Different methods were used to perform the experiments described in the project. There are

some methods, which were common to all the experiments. In the analysis of knockout lines

different PCR methods were used to confirm the presence of inserts in the gene region of

interest, to determine the homozygosity of T-DNA, and perform Southern blot to find the

copy number of T-DNA. In dsRNA silencing experiment different techniques such as cloning

into the destination vector, transformation of Agrobacterium with the destination vector, plant

transformation and selection of the transformed seedlings were conducted. Different

signalling molecules and pathogens were also used to check the reaction of hd genes, which

were measured at the transcription levels of individual genes. Pathogenicity assays are set up

to check susceptibility of knockout lines and RNAi plants in planta. Heterologous expression

was also performed to check HML protein synthesis, following plant treatment with

signalling molecules and inoculation with pathogens.

2-l) General methods

There are some methods, which are routinely used in the lab and common to all the of the

experiment in the project.

2-l-l) Single-step RNA isolation

1) 1 gram fresh leaf sample was ground in 500 pl RNA extraction buffer (4M guanidine

thiocyanate, 20 mM EDTA, 20 mM MES; (2 - N-morpholino ethanosulfonic acid) and pH

adjusted to 7.0; RNase-free water was added to a final volume of 400 ml. The solution was

f,rltrated, autoclaved and stored at room temperature. I.7 ml2-mercaptoethanol was added to

each 400 ml solution to make a final concentration of 50mM. Extraction buffer was stored at

4C and used for up to one month (Ikapp et al., 1993).

2) The sample was vortexed for 30 sec and allowed to stay at room temperature for 5 min.

3) The sample was spun down at 13000 rpm,4C for 15 minutes.

4) The supernatant was transferred to a new tube containing lml phenol/chloroform (saturated

with water), vortexed for 30 sec and left on ice for 5 min.
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5) The solution was spun at 13000 rpm at 4oC for 10 minutes and the aqueous phase was

carefully transferred to a new tube.

6) Supernatant was mixed with 150 pl chloroform, centrifuged at 8000 rpm at 4"C for 10 min.

7) lll0 vol of 3M NaAc and 2 vol of ethanol were added to the solution mixed and kept at -

80oC for thour.

9) RNA was precipitated by centrifugation at 13000 rpm for 30 min at 4C;

10) Pellet was resuspend in 300 ¡r1 of RNA resuspension buffer (2M lithium chloride, 10 mM

sodium acetate, pH to 5.2) andkept at 4'C for t hr.

11) Tube was centrifuged at 8500 rpm for 10 min at 4oC.

12) Pellet was washed with lml70%o ethanol, air-dried for 10 minutes and resuspended in

RNase-free water (20 p,l).

13) To dissolve the RNA, and to remove possible remaining ethanol, tubes were left at 65'C

for 10 minutes and the content was mixed well by pipeting.

2-l-2) DNA purification from gel

1) The proper DNA band was cut from the agarose gel and DNA was purified using the

Eppendorf kit according to manufacturer's instruction.

2) DNA was precipitated by adding 1 vol. HzO, 2 vol 100% EtOH and 0.2 vol or final

concentration of 3M NaAc (this step is optional for probe preparation).

3) The solution was incubated at room temperature for 15 minutes and centrifuge for 10 min

at full speed in an Eppendorf centrifuge.

4) Supernatant was decanted and pellet was washed with 2'0 C7I%EhOH.

6) Pellet was dried and dissolved in 1Opl water.

2-l-3) Cloning of PCR Products

The following ingredients were added to the isolated DNA pellet: 5 ¡i2X Promega buffer, I

pl pGEM-T vector (Promega), 1 pl ligase (Promega), 3 pl HzO. The reaction was mixed by

pipeting and incubated for maximum 3 hours at room temperature.

2-l-4) DNA mini preparation/isolation from Arabidopsis

I) 200 mg tissue e.g. leaf disc, whole seedling from in vitro or 5-6 inflorescences each

containing I0-I2 flowers were collected and snap frozen in liquid nitrogen.
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2)Frozen tissue was ground in an Eppendorf tube with a plastic pestle for about 10 seconds.

3) 550 ¡rl of DNA extraction buffer (0.2 M Tris-Cl pH 9, 25 mM EDTA, 1% SDS, 0.4 M

LiCl) ancl 550 ¡rl Phenol/Tris-HCl/Chloroform/Iso-amyl alcohol (25:24:1, pH 8) were added

to the tissue immediately (between 150 and 200 mg) and samples were vortex for 20 seconds.

4) Samples were left on ice until all preparations were ready and centrifuged at fuIl speed for

5 minutes at 4 C.

5) 550 pl of supernatant was transferred to a fresh tube containing 550 ml Phenol Tris-HCl

saturated, pH 8), mixed several times and spun for 5 minutes at full speed at 4C.

6) Supernatant (about 500p1) was moved to a tube with 500 ml isopropyl alcohol and mixed

by inversion, spun 10 min at full speed at RT.

7) Supernatant was removed and pellet dried for 0.5-1 hr before adding 500 pl TNE buffer

(0.01 M Tris-HCL, 0.1 M NaCl; 1 mM EDTA, pH 8), 2 ¡rl RNase (10 mg/ml). Tubes were

inverted several times and incubated at 37"C for 30 minutes.

8) 550 pl of phenol was added to each tube and inverted several times, spun for 5 minutes at

full speed at 4oC.

9) Supernatant (475¡tl) was moved to a tube with 750 ¡rl isopropyl alcohol and mixed by

inversion, spun forl0 min at full speed at RT.

10) Pellet was rinsed with 80% ethanol, centrifuged for 5 min at 5k rpm and air-dried for 30-

60 min.

1 1) 100 ml of distilled water was added to the pellet and put on shaker at200 rpm at 37'C for

t hour to resuspend the pellet. Average yield was about 5pg.

2-l-5) Protein extraction

1) Four to five adult leaves from 4-weeks old Arabidopsis plants were collected with foreceps

and kept at -80'C;

2) The material was ground and 200 ¡il buffer E (125 mM Tris-HCl pH 8.8, 1% (w/v) SDS,

l0% (vlv) glycerol, 50 mM NazSzOs) was added to each sample immediately;

3) The samples were transferred to ice till all the extracts were prepared;

4) The extracts were warrned to room temperature (-20'C) once all samples were prepared

and spun at full speed for 10 minutes;

6) The supernatant was diluted with 1/10 volume of buffer Z (125 mM Tris-HCl pH 6.8,I2o/o

(w/v) SDS, I0o/o (v/v) glycerol, 22%o (v/v) B-mercaptoethanol, 0.001% (w/v) bromophenol

blue (Martinez-Garcia et al., 1999).
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2-l-6) DNA and Rl\A concentration measurements

DNA ancl RNA concentrations were measured by spectrophotometer at260 nm.

In case DNA was isolated from a gel or its concentration was low (<250 ngl¡ú), the quantity

of DNA was measured on a gel. DNA was visualised on the gel containing ethidium bromide

and corresponding bands were compared with known DNA concentrations using molecular

markers. According to (Sambrook and Russell, 2001) 2 ¡il of DNA samples and standards

were spotted on the surface of Io/o agarose gel containing 0.5 ¡tglmI ethidium bromide. The

gel was left at room temperature for 30 minutes and the quantity was estimated on a UV box.

DNA in the samples was estimated by comparing the fluorescent band from the samples and

that of standard serial dilutions.

2-l-7) Preparation of competent E. coli cells for heat-shock transformation:

1) 50 ml LB media was incubated with 2.5 ml of an over night gro\Mn culture of a desired

bacterial strain (e.g. DH5-cr or DB3-1) and allowed to grow to an ODaoo of 0.4-0.5 or about 1-

1.5 hr.

2) Cells were allowed to cool down on ice for 20 minutes, centrifuged for 5 minutes at 3000

rpm at 4C.

3) Cells were resuspended in 30 ml TFBI (30 mM potassium acetate,50 mM magnesium

chloride, 100mM rubidium chloride, 10 mM calcium chloride, l5Yo glycerol pH 5.8) at 4'C

and centrifuged as above.

4) Cells were resuspended in 4 ml TFBII (10 mM MOPS, pH7,75 mM calcium chloride, 10

mM rubidium chloride, l5o/o glycerol) at 4oC and frozen in liquid nitrogen or dry ice before

storing at -80'C.

2-1-8) Heat shock transformation method

1) Competent cells e. g. JM109 or M15 were removed from - 80'C storage and thawed on

ice.

2) Cells were added to the ligation reaction and mixed by gently flicking and left on ice for

20-30 min.

3) Cells were heat-shocked at 42"C in a water-bath for 90 sec with no shaking.

4) Cells were placed on ice immediately for 2 min.

5) 700 pl LB medium (Luria-Bertani Medium) (I0 g trypton, 5 g yeast extract, 5 g sodium

chloride) or 450 pl SOC medium (20gI Bacto trypton, 5gll Bacto yeast extract,0.5gll NaCl)



44

was added to each tube. Tubes were placed in a shaker-incubator at 37'C and rotated at 200

rpm for 60-90 min.

6) 20 ancl 100 ¡ll cells were plated onto two pre-warrned plates containing the appropriate

antibiotic(s). The remaining of the cells was stored at 4"C.

7) Plates were incubated overnight at 37"C (placed upside down) allowing single colonies to

grow (Sambrook and Russell, 2001).

2-l-9) Growth of overnight culture from single colonies

1) A single bacterial colony was touched by a sterile pipette tip.

2) 5 ml LB medium containing appropriate antibiotic(s) were inoculated and incubated over

night in a 37 "C water bath with agitation at 200 rpm. Cells from a single colony were added

to a tube containing 2 pl water and used as a template in a PCR reaction in order to check the

presence ofinsert.

2-1-10) Preparation of plasmid DNA by alkaline lysis with SDS: mini/midi preparation

1) 15 ml LB medium with the appropriate antibiotic were inoculated with a single colony of

transformed bacteria and grown at 37o C (ODooo: 1.5 - 3). For midiprepration "starter

culture", l-2 ml LB medium was inoculated with a single colony for 2-3 hours, was used to

inoculate a 50 ml culture (Sambrook and Russell, 2001).

2) The cells were harvested by centrifugation at 8000 rpm for 10 minutes and medium was

removed completely.

3) The bacteria pellet was resuspended with 200 pl of ice-cooled alkaline lysis solution I (50

mM glucose, 25 mM Tris-Cl (pH 8.0), 10 mM EDTA (pH 8.0). Dnase-free RNase Pancreatic

RNase (RNase A) was dissolved in 10 mg/ml in 0.01 M sodium acetate (pH 5.2)).was added

to the final concentration of 1OOpg/ml) by vigorous vortexing and left at room temperature for

5 minutes.

4) To each bacterial suspension, 400 ¡rl of freshly prepared alkaline lysis solution II (0.2 N

NaOH (freshly diluted from a 10 N stock),Io/o (wlv) SDS) was added and the tube was

inverted several times and incubated on ice for 5 minutes.

5) 300 pl ice-cooled alkaline solution III (5 M potassium acetate, 60.0 ml, glacial acetic acid,

11.5 ml; H2O,28.5 ml) was added and the tube was inverted several times and kept on ice for

10 minutes.

6)Bacteria lysate was spun down at fulI speed for 10' at 4"C.
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7) To recover the plasmid DNA, the supernatant was added to a tube containing an equal

volume of phenol:chloroform. Organic and aqueous phases were mixed by vortexing and then

centriftiging the emulsion at maximum speecl for 2 minutes at 4'C in a microfirge. The

aqueous upper layer was transferred to a fresh tube.

8) 600 pl supernatant (no white stuff from the interphase) was transferred to a new tube

containing 600 pl isopropanol and kept on ice for 5 minutes.

9) The tube was centrifuged for 15 minutes at full speed at room temperature.

10) The supernatant was removed completely and 1 mI 70Yo ethanol added to each tube,

inverted several times and spun down at full speed for 10' at room temperature.

11) The pellet was air dried for 10-15 minutes and dissolved in 15/50 pl TE buffer (pH 8.0;

10 mM Tris.Cl; 1 mM EDTA). Solution was vortex briefly and 1.5 pl RNase was added.

2-l-ll) Bacterial glycerol stock

According to (Sambrook and Russell, 2001),850 pl bacterial culture grown in liquid media

was added into a 2 ml tube containing 150 pl sterile glycerol. Tubes were vortexed in order to

disperse the bacteria throughout the bacterial stock homogeneously. Tubes were immersed

into liquid nitrogen and kept at -80"C for long storage. Bacteria were recovered by scraping

the surface of the frozen glycerol stock with a sterile inoculating loop and streaked onto agar

plates containing appropriate nutrient and/or antibiotics. The frozen culture was retumed to -
80oC immediately and plates were incubated over night at 37"C.

2-l-12) SDS-polyacrylamide gel preparatio

1) The glass plates were assembled according to Bio-Rad instruction manual.

2) Separation gel was prepared as follows: HzO 2.45 ml,30o/o acrylamide 3 ml, 1.5 M Tris

HCI (pH 8.8) 1.9 ml, 10 % (wlv) SDS 75 pl, 10 % (wlv) ammonium persulfate 75 ¡rl and

TEMED 3 pl. The acryl amide solution was poured; isopropanol was added to the top layer

and left for 30 min to polymerise.

3) Overlay was poured off and the top of the gel washed with dHzO to remove un-

polymerise d acryl amide.

4) Tlre stacking gel was prepared as follows: HzO 1.7 ml, acryl amide30o/o 415 p,1,1 M Tris

HCI (pH 6.8) 315 pl; l0 Yo (wlv) SDS 25 ¡ú, I0 %o (wlv) ammonium persulfate 25 pl and

TEMED 3 pl.
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5) The samples were heated to 100'C for 3 min in lX SDS gel loading buffer to denature the

proteins.

6) The gel was mountecl in electrophoresis apparatrs anci Tris-glycine electrophoresis buffer

(25 mM Tris, 250 m M glycin (pH 8.3), 0.1% SDS) was added to the reservoir.

7) 15 pl sample and9 ¡rl marker (See Blue, Invitrogen) were loaded in predetermined order.

A voltage of 35 mAmp was applied to the gel and run for - 1.5 hrs or till dye was leaving the

gel.

2-l-13) Staining SDS-polyacrylamide gel with Commasie Brilliant Blue

1) SDS-polyacrylamide gel was immersed in 5 volumes of Commasie Brilliant Blue R250

(Sigma, B-0149) staining solution and placed in slow rotating platform for at least t hr.

2) Stain was removed and gel destained by soaking it in methanol/acetic acid solution (1:1

v/v) for t hr.

3) The destained gel kept in water for short period or dried using GelAir drying System (BIO-

RAD).

2-l-14)'Western blots and immunodetection of proteins

1) Six pieces of filter paper were cut to the exact size of polyacrylamide gel.

2) The filter papers were soaked in a shallow tray containing small amount of transfer buffer.

Two porous pads and 1 piece of nitrocellulose membrane (Amersham) were soaked in transfer

buffer.

3) A porous pad, three sheets of filter papers and nitrocellulose f,rlter on the anode side of the

clips from bottom upward.

4) The glass plates were removed and the gel was transferred on top of the nitrocellulose

membrane. Marking on filter paper was done to corresponded to the bottom left hand corner

of the gel.

5) The wet sheets of filter papers and porous pad were placed on top of the gel without any

bubbles.

6) An ice cube was placed in the reservoir and a current of 80 volts for a period of 50 minutes

was applied.

7) The electric current was turned off and the transfer apparatus was disassembled.

8) The bottom left hand corner of the membrane was cut, blocking solution I was added and

the membrane incubated at room temperature with gentle shaking for 20-30 minutes.
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9) 1/100 dilution of antiserum raised in rabbits or 1/4000 dilution of Monoclonal Anti-

polyHistidine Alkaline phosphatase conjugate (Sigma A-5588) was added to the membrane

ancl incubated for 2 hours or preferably over night.

10) The blocking solution I was removed and kept for fuither use; the membrane was washed

with TBST, 4 times each 5 minutes.

11) Fresh blocking solution II was added to the membrane and anti-rabbit antibodies

containing alkaline phosphatase conjugate (-mouse in case of using pQE30) antibody at the

dilution of 1/5000 was added. The membrane was incubated for 1-2 hrs at RT with gentle

agitation.

12) The membrane was washed again in several changes of TBST (1OmM Tris-HCl pH 8.0,

150 mM NaCl, 0.05% Tween 20) 10 minutes each, and rinsed in dHzO.

13) The membrane was first drained in 10 ml alkaline phosphatase buffer (APB). Twenty-five

pl Nitro Blue Tetrazolium (NBT) (Sigma) and 50 ¡rl of 5-Bromo-4-chloro-3-indolyl

phosphate (BCIP) (Sigma) were then added to the membrane. The membrane was incubated

at RT with gentle agitation.

14) The progress of the colour reaction was carefully monitored. When the bands were in the

desired intensity (-20 minutes), the filter was transferred to a tray containing 200 ml of water

in order to stop the reaction.

2-l-15) RNA slot blot hybridisation

1) A Hybond-N* (amersham pharmacia biotech) membrane was cut to 9 x 12 cm in size sub

merged in water and put on top of 3 layers of dry "Bio-Rad filters paper 60".

3) The Bio-Dot SF apparatus was assembled according to the manufacturer's manual.

4) Immediately before use, 5 ¡rg RNA sample was dissolved in 500 pl of ice-cooled solution

of 10 mM NaOH, I mM EDTA.

5) 500 pl dHzO was applied to each of the wells and gently sucked through the membrane by

vacuum.

6) The RNA samples were loaded to each well and vacuum was applied gently.

7) 500p1 cold 10 mM NaOH, 1 mM EDTA was used in order to wash any sample left on the

side of the wells.

8) The RNA was fixed on top of the membrane by using 50 mJ UV light in a Gel Linker

chamber (Bio-Rad).

9) The blotted membrane was removed and rinsed quickly in 2X SSC, 0.1% SDS and dried.
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2-l-16) Preparation and 3'P labelling of DNA probes

1) A DNA fragment of 200-1000 bps from the antisense strancl of the desirecl gene was

selected, specific primers were designed and PCR was performed.

3) The PCR product was run on low melting agar (Promega) and the band was cut.

4) The DNA was purified using Promega Wizard PCR preps or Eppendorf Gel Clean kit (no

precipitation required).

5) According to the instruction manual of Amersham Bioscience, at least 50 ng of the gel -

purified DNA was added to a 1.5 ml Eppendorf tube containing dH2O to a total volume of 45

¡rl.

6) The samples were boiled for 3 minutes and put on ice for 4 minutes to denature DNA.

7) The DNA sample and 5¡rl of the [o" P] dCTP (Amersham) were added to a Ready.To.Go

labelling tube (Amersham Pharmacia) and the contents was mixed by gently pippeting up and

down several times. The labelling tube contains non-labelled nucleotides, random hexamer

primers and a Klenow fragment.

8) The labelling tube was incubated at 37"C for 30 minutes to allow production of radioactive

labelled probe fragments.

9) ProbeQuant G-50 micro-coluÍrn 'was prepared according to manufacturer's manual

(Amersham Pharmacia) and transferred to a new 1.5 ml Eppendorf tube.

11) The content of the labelling tube was added to the ProbeQuant G-50 micro-column and

centrifuged at 3000 rpm for 2 minutes.

12) The purified probe was added to hybridisation mix added to the membrane and incubated

over night.

2-l-17) Hybridisation and autoradiography

1) Herring spefin DNA was boiled for 5 minutes and put on ice for 5 minutes.

2) 200 ¡rl boiled herring spenn DNA (10 mg/ml; Roche) was added to a 9.8 ml hybridisation

solution (H20, 5.9 ml, 20X SSC 3 ml, 100X Denhard's 0.5 ml, 10% SDS 400 ¡.rl).

3) The nucleic acid containing side of the membrane was towards the inside of the

hybridisation tube and hybridisation solution was added to the tube.

4) The membrane was incubated at 65'C for t hour and3zP labelling probe was added to the

hybridisation solution and left over night.
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5) To remove the unincorporated labelled dCTP, the membrane was washed in pre-warmed

(65"C) 2X SSC + 0.Iyo SDS twice followed by two times washing in 0.2X SSC + 0.1% SDS.

All washing steps were performed for 20 minutes together with rotation at 65oC or 45oC.

6) Final wash solution was removed and the membrane (wet) was covered in a UV transparent

glad wrap.

l) Autoradiography was performed as described by the manufacturer's manual, arr

autoradiography hlm was put on top of the membrane and the orientation was marked. The

cassette was left at -80 for 2-3 days.

2-1-18) Stripping

1) The membrane was immersed in stripping solution, 0.4 M sodium hydroxide, for 30

minutes at 42"C.

2) Membrane \¡/as washed 3 times in probe washing (pw) solution each 10 minutes at 42"C.

3) The damp membrane was rwrapped in food wrap and stored at 4"C. To remove hybridised

probe from the blot, a harsh stripping procedure was performed. A boiling solution of O.lYo

(w/v) SDS was prepared and poured onto the blot and allowed to cool down. The blot was

rinsed briefly in 2X SSC and exposed to X-ray film over-night to check the removal of the

radioactive probe.

2-l-19) Analysis of RNA by Northern blot

Agarose/Formaldehyde Gel Electrophoresis

1) 0.5 g agarose was dissolve in37 mI DEPC treated water.

2) 5 ml10X MOPS (1X), 8.2 ml3lo/o paraformaldehyde (BDH) (0.7 M) were both preheated

at 55"C and added to the agarose.

3) The gel was poured and allowed to polymerise. Sufficient amounts of 1X MOPS was added

to the gel tank.

Preparation of the samples and gel electrophoresis

1) 5-10 pg RNA was added to a tube containing 4 ¡rl 10X MOPS, 7 pI 37%

paraformaldehyde,20 ¡l formamide and 1.2 pl ethidiumbromide (lmg/ml) andHzO to the

total volume of 40 ¡-rl.

2) The solution was mixed by vortexing, spun briefly and incubated for 15 minutes at 55-

65"C.
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3) 2 p,l formaldehyde loading buffer was added to each of the RNA samples and2 ¡il ethidium

bromide (1 mg/ml ) to the RNA markers.

4) The gel was run at 100 V until the bromophenol blue dye migrated ¡wo-third of the gel

length.

5) The gel was checked on a UV transilluminator to visualize the RNA and photographed

with a ruler laid alongside the gel.

6) The gel was placed in a dish, covered with distilled water and incubated with gentle

agitation for 15 minutes.

7) V/ater was discarded in EB waste bottle and replaced with 400 ml 10X SSC (3.0 M NaCl

and 0.3 M trisodium acetate.2H2O) for 30 minutes together with gentle agitation. These two

steps help to remove extra ethidium bromide and formaldehyde, which might prevent transfer

or attachment of RNA to the membrane.

2-l-20) Transfer of RNA from gel to membrane

1) The RNA was transferred to the membrane via wick action. A glass was placed on top of a

baking tray and covered by a piece of Watman paper such that it hung down into the baking

tray.

2) 10X SSC was added to the tray such that the depth of 10X SSC was about 1-2cm. The
'Watman paper was wetted completely with the same solution. A glass pipette was used to roll

the Watman paper flat onto the glass sheet and remove any trapped air bubbles.

3) The gel was placed upside down on top of the filter paper and air bubbles were removed

with a glass pipette.

4) Four pieces of Parafilm strips were placed around the gel in order to prevent upward

capillary transfer from the'Watman paper rather than the gel itself.

5) The gel was trimmed and a pieces of charged nylon membrane (Amersham) with similar

size of the gel was put on top gel and trapped air bubbles were removed. The top far right part

of the membrane was cut to mark the first lane of the gel.

6) Two pieces of blotting paper was cut to exact size of the gel, wetted with 10X SSC and

placed over the membrane without trapping any air bubbles.

7) Four more pieces of blotting paper with the same size were placed over the first pieces.

8) A stack of paper towel pieces was placed onto the blotting paper. A glass plate was laid on

top of the structure and weight down (0.2 - 0.a kg) ovemight.
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9) Both membrane and gel were removed together the next day; lanes were marked onto the

membrane by using a lead pencil. The membrane was finally removed from the gel.

10) The ribonucleic acicl or RNA on damp membrane was fixed by using 1.50 mJ IIV chamber

(Bro-RAD).

11) The membrane was rinsed in200 ml2X SSC for 20 seconds to leach out excess salt and

fragments.

2 -2) Heterolo gous expres sion

2-2-l) Cloning strategy for heterologous expression of hemomucin-like molecules

1) pQE30 (QIAGEN) was chosen as an expression vector producing a functional recombinant

protein with a 6X Histidine tag at the N-terminus.

óxHirprotein óxHis-protein

óxHì¡ óxHis PCR producl

2) A conserved region among the four hemomucin-like (hml) genes was chosen and three sets

of forward and reverse primers were designed (Table 1, based on gene At3g51420 (hmll)

sequence, during the course of this experiment.

3) Forward primers contained a BamHI and reverse primers contained an Acc65I restriction

site (underlined here) at their 5' region to facilitate cloning. Inserts were cloned in frame into

the vector containing a 6XHis tag residue.

4) RNA was extracted and RT-PCR was performed using above-mentioned sets of primers.

5) PCR products were digested with appropriate restriction enzymes and gel purified. Inserts

were ligated into pGEM-T Easy vector (Promega) for sequencing using SP6 (5' ATT TAG

GTG ACA CTA TAG AAT AC 3') or T7 (5' GTA ATA CGA CTC ACT ATA G GG 3')

primers. If the inserted fragment was cloned into pQE30 directly, M13 forward (5' CAG GGT

TTT CCC AGT CAC GAC 3') or M13 reverse (5' ACA GGA AAC AGC TAT GAC CAT G

3') primers were used for sequencing.

6) By digestion with appropriate enzymes, inserts were cut from the pGEM-T Easy vector and

ligated into pQE30 vector in order to express the protein.

ffi
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Part

Table 1: Primers used for amplification of conserved region among 4 hml genes for

heterologous expression experiment.

Forward primer Revcrse primer

A

B

C

5'GCGCGGATCCGATAACGGCGTTTTGTA 3'

5'GCGCGGATCCGATAACGGCGTTTTGTA 3'

5'GCGCGGATCCCAAACACATTTCGTCTTC 3'

5'CGCGGGTACCTTAAAGCTTCTTTTGTGC 3'

5'CGCGGGTACCTTATGCAATCCAGTAATGTCC 3'

5'CGCGGGTACCTTAAAGCTTCTTTTGTGC 3'

2-2-2) Expression of hemomucin-like molecules

1) To propagate pQE30 containing inserts, two E.coli strains M15 and SG13009 (QIAGEN)

carrying pREP4 repressor plasmid, were tested.

2) Standard heat shock method was used for transformation.

3) A few colonies, which were formed following heat shock transformation, were picked and

cultured overnight in LB medium containing ampicillin and kanamycin.

4) 500 ¡rl of overnight-cultured bacteria was added to a tube containing 4.5 ml LB plus

antibiotics.

5) The tubes were incubated at37'C for I h and grown to a density of ODooo 0.4-0.6.

I ml of the bacterial culture was taken to a 1.5 ml tube and spun down.

7) The pellets were resuspended in a 1:1 dilution of 2x SDS loading buffer (6% ß-ME, 6%

SDS, 0.6% bromophenol blue, 20o/o glycerol) and water (25 p'l each).

8) The mixture, which was called T6, wÍts kept at -20C for further use.

9) IPTG was added to each tube containing bacterial culture to the final concentration of 0.5

mM.

10) The induced cultures were incubated at 37'C for 2-4 hours.

11) 1 ml cell suspension was harvested at different time points and resuspended in 50 pl of

each SDS loading buffer and HzO and kept at -20 for further use.

12) Samples \Mere boiled for 5 minutes before loading on a SDS-PAGE gel.

13) 15 pl of each samples (+IPTG ancl-TPTG) were loaded on each SDS gel lane.9 pl See

Blue (Invitrogen) was used as a protein marker.

14) Samples were mn on SDS-PAGE gels (12%) for -1.5 hr.
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2-2-3) Sonication lysis of bacterial cells

1) A 50 ml culture was incubated and grown to ODooo 0.4-0.6 as described before.

2) Cells were harvestecl by centrifugation at 80,000 rpm for 5 minutes.

3) Supematant was tipped off and cells were resuspendedinT ml sonication buffer (8 M urea,

lM NaCl, l}Yo glycerol, pH 8).

4) Sonication was done using a high-speed homogeniser twice each 10 seconds at 200 - 300

Watt and 7 sec pause.

5) Sonicated bacteria were spun down at 10,000 rpm at 4"C for 20 minutes and kept at -80"C

if desired.

6) Supernatant was transferred to a new tube, the pellet was resuspended in 2 ml sonication

buffer and both samples were kept at - 20"C.

7) A sample of both supernatant (solute fraction) and resuspended pellet (insoluble fraction)

were run on SDS-PAGE after adding 50 pl loading buffer to 100 pl sample.

2-2-4) Purification of insoluble protein under denaturating condition

According to the QIAGEN instruction manual:

1) 50 ml culture was grown and induced as described before.

2) Cells were harvested by centrifugation at 8000 rpm for 5 minutes.

3) Pellet was resuspended in 5 ml buffer A (6 M guanidine HCI; 0.1 M NaHzPO+; 0.01 M

Tris.Cl, pH 8.0) and stirred at room temperature for t hour.

4) Lysate cells were centrifuged at 10,000 rpm for 15 minutes at 4 C. Supernatant was

collected.

5) To do batch purification, 300 ¡rl slurry of Ni-NTA resin (QIAGEN), previously

equilibrated in buffer A, was added to the supernatant and stirred at room temperature for 45

minutes.

6) Resin was loaded onto a 1.6 cm diameter Ply-Prep chromatography column (BIO-RAD)

and washed with 3 ml buffer A, B (8 M urea; 0.1 M NaHzPO¿; 0.01 M Tris.Cl, pH 8.0) and C

(8 M urea; 0.1 M NaHzPO+; 0.01 M Tris.Cl, pH 6.3), respectively.

7) To elute the recombinantprotein,2 ml of buffers D (8 Murea;0.1 MNaH2PO+;0.01 M

TrisCl, pH 5.9), tr (8 M urea; 0.1 M NaHzPO+; 0.01 M Tris.Cl, pH a.5) and F (8 M urea; 0.1

M NaHzPO+; 0.01 M Tris.Cl, pH 3.6) were added each to the column and fractions from each

elution were collected separately.
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8) 25 pl from each elution was analysed by seperation on SDS-PAGE. Buffer F was dialysed

in TBS buffer (10mM Tris-HCl pH 8.0, 150 mM NaCl) at 4oC o. n.

2-2-5) Antibody production

Since the antigen was not available in the pure form a protein was separated on SDS-

polyacrylamide gels. The gel was stained with Comassie brilliant blue R-250, prepared in

water (0.05%), for 10 min at room temperature with gentle agitation. The gel was washed

with several changes of water. Since the protein was not abundant, light staining of the

proteins in the gel with Comassie blue did not permit localisation of the band or protein

therefore, the side strip was cut from the edge of the gel and fixed. The stained strip was then

lined up with the rest of the gel. A part of the gel containing the band of interest was excised

and before injection the gel was fragmented by homogenisation in 500 ¡rl phosphate-buffered

saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM NazHPOa,, 2 mM KH2PO+). 500 pl

complete Freud's Adjuvant (Sigma) for the first and incomplete Freud's Adjuvant (Sigma) for

the second and third injections (boosters) were added to the sample. Animals used in this

experiment (rabbits) allowed direct subcutaneous injection of the protein. Two rabbits were

used for immunization. In order to increase the number of B cells bearing antigen-specific

cell-surface antibodies and to produce high-affinity antibody preparations, 2 boosters were

conducted with 3- and 2-week intervals for the first and second boosters, respectively. Serum

was obtained 2 weeks after the second booster. To monitor the antibody response and to have

a control serum, blood was taken from each rabbit right before immunization.

2-2-6) Serum preparation

1) Blood was allowed to clot for 30-60 minutes at37"C.

2) The samples were centrifuged at 80,000 rpm for 5 minutes at 4 "C until clear solution were

obtained.

3) Sterile glycerol in 1:1 ratio and 0.02% sodium azide were added to the serum and kept at

20"C for further use.

2-3) T-DNA knockout line analysis

2-3-l) Southern blotting of T-DNA

1) An enzyme was chosen in order to cut at least 1000 bp of DNA flanking the T-DNA

borders and allowing generation of a fragments containing sufficient flanking genomic DNA.
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2) Arabidopszs genomic DNA (-5 pg, as estimated on the gel), 4Ulp.g HindIII or BamHI

restriction enzymes for Garlic and SALK lines respectively, 10X buffer E and final

concentration of 2.5 mM spermiclin were mixecl to set up a digestion reaction with a total

volume of at least 50 pl.

3) The volume of digests, after incubation over night at 37"C, was adjusted to about 20 ¡ú

using speed-vac. One-tenth volume of loading buffer was added to the sample. Three ¡rl

DNase-free RNase (10 pglpl) was added to the sample just before loading on gel.

3) Digested genomic DNA from primary transfotmants, untransformed plants, uncut genomic

DNA and mw marker were run on a 0.8o/o agarose gel at 60 V/cm for about 2 hrs or till the

bromophenol dye migrated two-third of the length of the gel.

4) Gel photographs are taken with a ruler laid beside it and with a minimum exposure to UV

light.

5) The gel was placed in a dish and covered with a 0.25M HCI solution for exactly 10 minutes

with gentle agitation. HCI solution was removed and gel rinsed with dHzO three times.

6) The gel was covered with denaturation buffer (1.5M NaCl, 0.5M NaOH) for 30 minutes

with gentle agitation and rinse in dHzO three times.

7) The gel was covered with neutralisation buffer (1.5M NaCl, 0.5M Tris-HCl, pH adjusted to

7.5) with gentle agitation and solution was removed 30 minutes later.

8) DNA was transferred to the nitrocellulose membrane using the same protocol as Northern

blotting except using 20X SSC as transfer buffer.

9) DNA was immobilised on the damp membrane by cross-linking with UV using GS Gene

Linker UV Chamber (Bio-Rad) at 150 mJ.

10) The f,rlter was wrapped in plastic wrap and stored dry between sheets of 
'Watman 

paper.

1 1) Hybridisation of the membrane was done in the same way as Northern blot hybridisation

by using the probes of 500 bp long from left andlor right borders (Table 7).

12) After hybridisation of the membrane and identification of the signal from the f,rlter, the

radioactive probe was stripped from the filter by pouring 400 ml of boiling 0.1% SDS

solution onto the membrane in a glass tray with gentle agitation. The membrane \ /as stripped

from radioactive prove when the solution reaches room temperature.

12) The membrane was exposed to an X-ray film over night to make sure that the probe was

removed.

2-3-2) Plant maintenance

Arabidopsls seeds of ecotypes Columbia-O (Co1-0) and Wassilewskija (WS) were obtained

from CSIRO and INRA respectively. The seeds were sown in two different ways. They were
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directly sown on the surface of Arabidopsls soil mix (perlite and peatmos in 1:1 ratio plus the

following amount of fertilisers for 500 liters soil: iron sulphate 500 g and 200 g hydrated

lime) using yellow tip pipet. Pots were covered with glad wrap til seeclling reach four-leaf

stage. In the second method surface sterilised seeds were sown onto square petri plates (10 x

10 cm) containing MS (Murashig and Skoog, 1962) medium plus 0.1 o/o sucrose and 0.8%

agar. Plates were arranged vertically in the growth room at 22-25" C. The seedlings were

transplanted to Arabidopsis soil mix after they reached the 4-leave stage. The pots were

covered with glad wrap for 48 hours for plants to be adapted to the in vivo conditions and

grown in growth chambers with 16-hr dark/8-hr light photoperiod before inoculation with

pathogens, elicitors or signalling molecules.

The first generation of knockout lines was grown under long day (16 hr light). To multiply

seed or make back-crosses, seedlings were grown at 23-25'C and under light (90-100

¡ß.lseclm2) at the level of rosette leaves. Water was given to the plants by sub-inigation and

when the soil surface had become dry. Irrigation at silique the filling period was found to be

very critical. In order to prevent possible cross-pollination and seed contamination, plants

were trained into a transparency film and each genotype kept at different trays. Punching the

transparency film helps to prevent development of disease inside the support. Siliques were

harvested when they have completely turned yellow. The bases of inflorescence were cut and

seeds were collected in the tube and aerated for 48 hrs before storage at 4oC for longer time

periods.

2-3 -3) Arøb idop sis cro s ses

Young flower buds that were located at the top of inflorescences on the flowering stalk were

chosen. In these flowers the tips of the newly emerged white petals were visible. Petal, sepal

and stamen were removed using a sterile fine forceps (ideal-tek, Switzerland # 4A). At this

step only pistils, free of other flower organs were left. From the male parent plant, suitable

pollen-donor flowers were chosen that were opened, had petals perpendicular to the main

flower body and had a grainy (not smooth) anther. These anthers were used to pollinate the

stigma. Each pistil was pollinated with several anthers to maximise the probability of

pollirration. The pistil was covered with a small cellulose bag for l-2 days. Following a

successful pollination, the pistils were elongated and siliques harvested when they turned to

golden-brown colour.
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2-3-4) Seed sterilisation

1) About 30 seeds were placed in an Eppendorf tube.

2) Seeds were soaked in 1 ml70%, ethanol for 2 minutes. Bleach solution (NaOCl, I3Yo active

chlorine, the same volume of dHzO and 1 ¡i 20% Triton-X (Sigma) was added to the seeds

and the tube was placed on a rotator for 5 minutes.

3) Seeds were spun down at about 600 rpm in a microfuge for 20 seconds and the supernatant

was removed.

4) Sterilised seeds were rinsed four times with sterile water each 5 minutes.

5) A cut off yellow tip was used to pipette up the seeds and aliquot them out evenly on the

surface of media.

2-3-5) Analysis of knockout lines by direct PCR

The PCR method was used in our experiments to see whether the T-DNA insert was in any of

the four hml gene loci. For each knockout line, three different left borders in combination with

forward- or reverse-gene specific primers (oriented toward the insertion) were used. The

following specific left border primers were used for knockout lines (Table 2). Syngenta lines

contain simple T-DNA vectors pCSA110 or pDAP101, which have the same left border

primers (McElver et a1., 2001). Different left border primers for Syngenta, INRA (Balzergue

el. aI.,2001) and SALK lines were used to do the first and second PCR reactions respectively

(Table 2) (see the list of knock out lines at Table 8).

Table 2:List of primers used for amplification of T-DNA borders from different sources

Source of

Line
Primer Sequence

Syngenta

(ABRC)

INRA

LBl

LB2

LB3

LBl

LB2

LB3

LBI

LB2

5' GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC-3'

5' _GCTTCCTATTATATCTTCCCAAATTACCAATACA- 3'

5' TAGCATCTGAATTTCATAACCAATCTCGATACAC-3'

5'-CGGCTATTGGTAATAGGACACTGG-3'

5'-CAACCCTCAACTGAAACGGGCCGGA-3'

5'-TCCAGGGCGTGTGCCAGGTGC-3'

5' -TGGTTCACGTAGTGGGCCATCG-3'

5'-GCGTGGACCGCTTGCTGCAAC T-3'

SALK
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To check the efficiency of the primers and to have a negative control, water was used as DNA

template in the negative control tube and the PCR reaction was set up using only single T-

DNA left border primer. DNA from a wild type Columbia-0 or'Wassilewskija strain was

always included in the experiment as a negative control. When border fragments were isolated

using TAIL or the ordinary PCR procedure, they were sequenced and the insertion point was

identified doing BLAST search against The Arabidopsis Information Resource (TAIR)

database.

2-3-6) Modified Thermal Asymmetric Interlaced (TAIL-) PCR

To recover the genomic fragment flanking T-DNA the modified Thermal Asymmetric

Interlaced (TAIL-) PCR (Liu and Whittier, 1995) and (Liu et a1., 1995) proposed by (McElver

et a1., 2001), was used according to Allen Session from the TAIR institute (personal comm).

In this method, a pool of three short arbitrary degenerate primers was used in two rounds of

TAIL amplification together with nested sequence-specific primers from the T-DNA left

border.

Pools of three AD primers namely ADI (5' -NTC GAS TWT SGW GTT- 3'), AD2 (5' -
NGT CGA SV/G ANA WGA A- 3') and AD3 (5' -V/GT GNA GWA NCA NAG A- 3') (Liu

et a1.,1995), were used. Concentrations of each AD primer were proportional to their level of

degeneracy and were as follows for the first and second round respectively: ADl and AD2

(3.0 pM and 1.8 pM), AD3 (4.0 pM and 1.8 pM). T-DNA left border primers were used at a

final concentration of 0.2 pM. Different nested T-DNA LBs and the same ADs were used in

first and second reactions. Initial linear amplification with the primary left border T-DNA was

carried out as follows: (1) 94'C for2 min,95oC for 1 min; (2) five cycles of 94C for 30 sec,

62"C for 1 min, and 72"C for 2.5 min; (3) two cycles of 94'C for 30 sec, 25oC for 3 min

(50% ramp), and 72 for 2.5 min (32o/o ramp); (4) fifteen cycles of 94'C for 10 sec, 68oC for 1

min,72"C for 2.5 min,94"C for 10 sec, 68oC for 1 min, 72"C for 2.5 min,94"C for 10 sec,

44C lor 1 min, andT2oC for 2.5 min; and (5) 72"C for 7 min.

With the secondary T-DNA primer, amplif,rcation was carried out for 5 cycles (94C,10 sec;

64oC,1 min; 72oC,2.5 min), followed by 15 "super" cycles (94'C,10 sec; 64"C,1 min; 72"C,

2.5min:94oC,10 sec; 64"C,1 min; 72oC,2.5min;94C,10 sec; 44oC,1 min;72oC,2.5 min).

Reactions were then subjected to a low annealing temperature PCR for 5 cycles (94'C, 10 sec;

44C, 1 min; '72"C,3 min). A final extension at72"C for 5 min was followed by a hold at 4oC.
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First, the TAIL reaction volume was 20 pl while the secondary reaction volume was 40 pl. A

slow ramp program step used with our Eppendorf PCR machine was 0.2 secl 72"C.

A 7p,l sample of each completed TAIL-PCR reaction was run on a 10lo agarose gel

electrophoresis in order to quantify the PCR product.

2-3-7) Genetic characterisation of mutants

In order to analyse the mutants genetically, to estimate the number of possible unlinked

insertion(s) site and to resolve the tagging status, two different approaches were used. Seed

from each individual T3 DRZ-30 from INRA lines were plated on selection medium

containing %MS medium (Murashig and Skoog,1962, Sigma), 0.3olo sucrose and 50 pglml

kanamycin. Syngenta and SALK lines (Table 8) were first plated on the same medium lacking

antibiotics. The two-week-old seedling were transferred to the soil and grown under long day

photoperiod (16 hrs) to bulk the seed. Seeds from each individual were directly sown on the

soil surface using yellow tips and pots were covered with glad wrap for at least 4-5 days. Ten

days later, seedlings were sprayed with 120 pgll- Basta (Hoechst Schening AgrEvo,

Australia) and 2 more times subsequently over the next 2 weeks (Figure I2). At least 50-60

seedlings were scored for each individual. Alternatively, seeds were plated on selective

medium containing 50 mg/l glufosinate ammonium (Crescent Chemical, Hauppauge, NY).

2-4) Isolation of RNAi plants

2-4-l) Propagating of donor (pDONR 201) and destination vector (pHellsgate 8)

The mentioned above, aheat shock transformation protocol was followed except using DB3.1

competent cells. 0.5 pl vector DNA was used as carrier. 100 pl of transformed cells were

cultured on a pre-warmed plate containing proper antibiotics.

2-4-2) Performing the BP recombination reaction

1) A conserved region among the four mucin-like genes was selected (Figure 7).

2) Forward and reverse primers containing gene- specific nucleotide sequence from gene

At3g5l420 (hmll) plus either a 5'-attB1 extension for the forward- or a 5'-attB2 extension for

the reverse-primer (underlined here) were designed (Gateway Technology, Invitrogen).

Forward and reverse primers for gene hmll (At3g5I420) were as follows respectively: (5'-

ACAAAAAA ATT GGG TCA ATA CCG GTG
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320 340

C G TAATGACTCA TCGTTGAqGATTqGGTCAAIACCGGTGGTAGACCgCTCGGAATC

360 * 380 * 400 *

GCtTTcGGA TcCACGGCGAAGTCATTGTCGC GACGCA ACAAGGGACTGTTGAATAT

420 * 440 * 460 *

AAGcGqTGaCGGqAAGAAGACGGAATTgTTgACGGA qAAGCgGACGG GTtA ATTTA

480 * 500 * 520 *

AGCTqaCgGATGcAGTTaCcGTTGCaGATAACGGCGTTTTGTATTTCAC GATGcTTCT

540 * 560 * 580 *

TT

300
HMLl
HML2
HML3
HML4

HMLl
HML2
HML3
HML4

HMLl
HML2
HML3
HML4
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HML2
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354
354
354
354
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4I3
413
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531
531
531
531

5 90
590
590
s90

Ta AAqTACa TcTc ATCAaIT A TTTGA aT TTqGAAGG AAACCaca GG CG

Figure 7: hml DNA fragment used for the RNAi experiment. A2l1 bp fragment from

the hmll coding region was cloned into a donor vector (pDONR2O1) using forward and

reverse primers containing attBl and attB2 extensions, respectively (green background).

There is high conservation including a 2I bp section, which is identical among the 4

hml genes (red) and \Me expected this to be effective by RISC protein complex as a

template for target recognition and cleavage. The GeneDoc (2000) program was used

for multiple sequence alignment

GT-3,) and (5,-GGGGACCACTTTGTACAAGAAAGCTGGGT CCT AAA GAA GCA

TCA GTG AAA TAC AAA A- 3').

3) A cDNA fragment (hmlI) with an EST number APZ24Ie10 (Kazusa DNA Research

Institute, Japan) was used as a DNA template.
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4) The following components were added to the 1.5 ml Eppendorf tube at room temperature

and mixed well. lOO-femtomole PCR products, pDONR201 vector (Invitrogen) 2 ¡rl (max

amount of DNA not to exceed 1 pg); 5X BP clonase Reaction Buffer 4p.l and finally TE

buffer to total volume of 16 prl.

5) BP clonase enzyme mix (Invitrogen) was removed from -80oC, thawed on ice (-2 minutes)

and vortexed briefly twice (2 seconds each time).

Q a fl BP clonase was added to the above samples. Mixed well by vortexing twice (2 seconds

each).

7) Reaction mix was incubated at25"C over night.

8) Two ¡rl proteinase K solution was added to each reaction tube and incubated for 10 minutes

at37"C.

9)1 or 10 pl of the reaction mix was used for heat shock transformation of DH5a cells.

Colonies were selected on the plates containing 50 pglml Kanamycin.

10) Over-night cultures of individual colonies was processed for DNA minipreparations and

colonies were checked for the presence of the plasmid with the correct insert by PCR using

attLl and attL2 primers for DNA sequencing (see below).

2-4-3) Sequencing of entry clones

1) The selected colonies were cultured over-night and DNA minipreparations prepared using

QIA Prep Spin (QIAGEN) Kit.

2) The sequencing reaction was set up using at least 500 ng plasmid pDONR20l containing

an insert as a DNA template.

3) Forward primer (5'-TCG CGT TAA CGC TAG CAT GGA TCT C-3') or reverse primer

(5'-GTA ACA TCA GAG ATT TTG AGA CAC-3') (3.2 pmol in total) and proximalto attBl

and attB2 respectively were used in two different reactions.

$ a ¡il BigDye Terminators V3.0 ready Reaction Kit (Applied Biosystems; Half-Reaction)

and HzO, to total volume of 20 ¡r1, were added to each tube.

5) Sequencing reactions were performed using the following PCR program: 96"C,10 seconds;

50'C, 5 seconds; 60"C,4 minutes; repeat step I for 25 cycles; rapid thermal ramp to 4'C and

hold.

6) The sequencing reaction was added to a 1.5 ml Eppendorf tube containing 80 pl fresh 75%

isopropanol.
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7) Tubes were vortexed briefly and left at room temperature for 15 minutes to precipitate the

PCR extension products.

8) The tubes were centriftigecl for 20 minutes at full speed and the supernatants cliscarcled

completely.

9) The pellets were rinsed with 250 ¡ú 75To isopropanol, vortexed briefly and spun for 5

minutes at full speed.

10) Supernatants were removed carefully and samples were dried in a vacuum centrifuge for

15 minutes.

2-4-4) Performing the LR recombination reaction

1) The following components were added to a 1.5 ml Eppendorf tube at room temperature and

mixed well. 100-300 ng pDONR20l vector plus insert, 300 ng pHELSGATE 8, 4¡rl of 5X LR

Clonase Reaction Buffer and finally TE buffer to total volume of 16 ¡rl.

2) LR Clonase (Invitrogen) was vortexed briefly twice (2 seconds each time), added to the

reaction mix and incubated at 25"C over night.

3) 2 p,l proteinase K solution was added to each reaction tube and incubated for 10 minutes at

37"C.

4) 1-10 ¡rl LR reaction mix was transformed into DHso cells and plated on LB medium

containing spectinomycine (100 ¡rglml) over night.

5) Single colonies were picked and DNA minipreparations performed.

6) Individual digests were done on the DNA preparations using the enzymes XbaI and XhoI

seperately and insert sizes were checked on agarose gels.

2-4-S) Preparation of competent Agrobacterium cells for electroporation

According to (Sambrook and Russell, 2001):

1) A loop of either L84404 or AGL1 Agrobacterium cells were inoculated in a 3 ml MGL

medium (5.0 g/L Tryptone, 5.0 glL Mannitol, 2.5 glL Yeast extract, 1.0 glL L-glutamic acid,

250 mglL KH2POa, 100 mg/L NaCl, 100 mg/L MgSO+.7HzO, 10 ml Biotin (0.1 mg/ml stock),

pH 7.0; (Garfinkel and Nester, 1980) containing 0.1% Glucose and 100 or 25 ¡tglml

Rifampicin for the first and second Agrobacterium cell lines respectively and incubated over

night at 28"C.

2) 300 ml MGL medium was inoculated with 3 ml over night culture.
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3) Cells were harvested, as detailed below, when the absorption at ODooo reached between 0.5

and 0.8.

4) Cell culture was placed on ice ancl allowecl to chill for 15-20 mimrtes and spun at 4000 rpm

at 4"C for 15 minutes.

5) The supernatant was discarded and the pellet was resuspended in 10 ml cold (4"C) 1 mM

Hepes (Sigma) pH 7.0.

6) Suspension was transferred to two 50 ml tubes and centrifuged at 5000rpm at 4"C for 15

minutes.

7) Supernatant was discarded and pellet was resuspended in 10 ml cold (4"C) lmM Hepes

solution pH 7.0.

8) Suspension was centrifuge at 5000 rpm at 4oC for 15 minutes and supematant was

discarded.

9) Pellet was resuspended in 10 ml sterile solution of llYo glycerol and centrifuged at 5000

rpm at 4oC for 15 minutes.

10) Supernatant was discarded and pellet was resuspended in 3 ml cold (4"C) sterile 10%

glycerol.

11) 40 ¡rl aliquots were dispensed into pre-labelled 0.5 ml Eppendorf tubes.

2-4-6) Electrop or ation of Ag ro b acterium

I) Agrobacterium (strain L84404) cells were thawed on ice and 1 pl of pHellsgateS-O6

vectors were added to the cells and mixed by pipetting.

2) Cells were added to a 0.1 cm Gene Pulser cuvette (Bio-Rad) equilibrated to 0"C.

3) The cuvette was placed in a holder of the Gene Pulser and a pulse was given (200 Ohm; 25

pFD capacitance and 1.8 volts).

4) Cells were removed from the cuvette immediately by adding 600 pl LB broth medium,

mixed with a pipette tip and transferred to an Eppendorf tube, which was incubated at 28"C

for 3 hours.

5) Electroporated cells were streaked on LB agar medium plate (100X20 mm Petri Dish)

containing 0.1% glucose, 75 ¡tglml spectinomycin and 100 ¡rglml rifampicin.

6) Plates were sealed with Parafilm and put in a28"C incubator to grow.

2 - 4-7 ) A g r o b act e r i um -mediate d tran sform atio n of Ar a b i dopsr's plants

1) Plates containing LB medium,0.lo/o glucose, 75 ¡tglml spectinomycin and 100 or 25 ¡tglml

rifampicin (for LB4404 and AGL1 Agrobacterium strains respectively) were streaked from
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glycerol stock of Agrobacterium containing the pHellsgate 8 vector. They were sealed with

Parafilm and incubated at 28"C for two days.

2) A l0 ml starter culture containing the same media as step I and appropriate antibiotics was

made. The culture was inoculated with a single colony, which was selected from the plate.

The tube was sealed with Parafilm and grown at 28"C for two days.

3)250 ml of LB plus glucose and appropriate antibiotics were mixed with the inoculated 10

ml starter culture and grown at 28"C for approximately 2 days or til growth media turned

cloudy.

4) The culture was poured in 5x50 ml centrifuge tubes and spun for 10 minutes at 5000 rpm

and 5oC.

5) The pellets were resuspended in 1 litre 50lo sucrose and poured into an appropriate

container for dipping. The cell concentration was adjusted to an OD ooo of about 0.6-1.0.

Silwet L-77 was added to the culture to a final concentration of 0.05%.

6) The above ground tissue of plants was dipped into the cell suspension and agitated for 30

seconds (Clough and Bent, 1998). The pots were then righted.

7) The plants were placed in a Sun Transparent Bag (Sigma) and kept in the dark overnight at

10'c.

8) On the next day, the pots were taken out of the bag and kept at normal growth condition.

The same transformation procedure was then applied two days later.

2-4-8) Selecting transformed plants

1) The seeds were surface-sterilised by soaking them in70Yo ethanol for 2 minutes,50Yo (vlv)

bleach, 0.05% Tween-2O for further 5 minutes.

2) The seeds were washed in sterilised water four times and resuspended in 0.1olo agarose.

3) The seed suspension were spread over a selection medium containing % MS medium, 50

ug/ml Kanamycin,0.5yo sucrose and 0.8% (w/v) agar in 15 mm round petri dishes and

allowed to dry a little in order to prevent movement of the seed.

4) The plates were sealed with Parafilm and kept at 4"C for 48 hours. The plates were

transferred to a growth room with 25'C and-100pE lux light intensity.

5) Thc transformcd secdlings, which look green, were transferred to the Arabidopsis soil mix.

The untransformed seedlings tum bleached a few days after plating (Figure 17).

6) T2 homozygous transformed seedling were selected by plating the Tr seed lot in a selective

medium, only unsegregated plants were used for further assays.
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2-4-9) Non-competitive RT-PCR to study gene expression

Stage l: DNase treatment of KNA samples prior to RT-PCR

1) 0.1 volume of 10X DNase I buffer and 1 ¡rl DNase (RNAse-free; Ambion), which is

equivalent to 2 units, were added to the RNA sample, mixed gently and incubated at 37"C for

30 minutes.

2) 5 ¡il of slurry of DNase Inactive Reagent was added to the sample, mixed well by flicking

and incubated at RT for 2 minutes.

3) The tube was centrifuged for 10 min at 1,000 x g for -1 min to pellet the DNase inactive

reagent.

Stage 2: Denaturation step

The annealing reaction was set up as follows: oligo (dT), 500 ng; total RNA, I I pg; DEPC

treated H2O to total volume of 10 ¡r1. The annealing mixture was heated to 70"C for 5 minutes

and cooled down on ice for 5 min.

Stage 3: cDNA synthesis

The Reverse Transcription eîzyme mixture (Promega Kit) was added as follows: 25 mM

MgCl2, 4 ¡:J;5X buffer, 2 ¡ú; l0 mM dNTPs,2 ¡il; RNasin (40 units/pl), 0.5 pl; AMV RT (20

units/pl), 0.75 pI; distilled H2O,0.75 pl. The mixture was incubated for t hour at 42"C. The

samples were heated at 95"C for 5 min, and then incubated on ice for 5 min in order to

inactivate the AMV Reverse transcriptase and prevent it to bind to the cDNA.

Stage 4: Primingfirst strand cDNA synthesis (PCR)

Two separate PCR reactions were set up for 'My Favourite Gene' (FG) assay, as well as

housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) as follows: first-

strand cDNA, 5 ¡rl; forward- and reverse-primers, 100 ng each, 1 pl; 10X PCRbuffer,2.5 ¡ú;

25 mM dNTPs, 0.5 pl; 25 mM MgCl2, 2 ¡r1; distilled HzO, up to 50 pl; Tag polymerase (5

units/¡rl), 0.2 ¡ú. The following PCR program was used: 96"C,2 min¡' 94C, I min; 64oC, I

min; 72"C, 1 min; and finally 72"C,5 min. Step 2 through step 4 was repeated for 26,30 and

34 cycles in order to determine the number of cycles where amplification was still at the

exponential phase. Forward- and reverse-primers for FG are presented in Table 3. Expression

levels of the FGs were normalised against the expression of the GAPDH gene, which is

expressed uniformly in all Arabidopsis tissues. Forward and reverse primers for GAPDH gene

were 5'-TGG TTG ATC TCG TTG TGC AGG TCT C-3' and 5'-GTC AGC CAA GTC AAC

AAC TCT CTG-3', respectively. cDNA fragments were diluted 10X and 5 pl was used to set

up a PCR reaction for GAPDH gene, which runs for 26 cycles. A band around 250 base pairs
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Table 3: List of hml primers used for specific amplification of each member of the gene

family

PCR

Gene Forward primer (5'-3') Reverse primer (5'-3')
slze

(bp)

hmlt

hmlz

hmlz

hmlq

5' _TCACTTCCCGCGGACTCAC- 3 I

5' -CACTCTGCATCAAGTCAAG_ 3'

5' -GCCTACCATGAAGACTCTGG- 3'

5' _CCTCTCGTTCTCTCATAC-3'

5 / _ATGGATGATCATGGTACAT_3'

5' -AATGCAÀGATATTTCCAC-3'

5' -TGGTTATGTGAGAGAGCGC- 3'

5 ' _CTATGTGAGAGAGTTTTG_3 '

891

520

193

993

length is expected as a result of PCR with GAPDH primers. The completed PCR reaction

(-10 pl) was run on a2o/o agarose gel (Figure 25).

2-4-10) Quantitative Real Time-PCR analysis of transcripts

Transcription levels of the four hml genes in leaf tissues from RNAi plants as well as those

treated with signalling molecules, biotic and abiotic stress, were monitored using Quantitative

Real Time-PCR (RT-qPCR). Stock solutions of the PCR product from each pair of primers

were prepared from cDNA populations obtained from 4-week-old leaves from the Columbia-O

genotype, purifîed and quantified by HPLC. 1 pl of 10X diluted cDNA derived from samples

at each time points were amplified in each PCR reaction, which was comprised of 10 ¡rl of

QuantiTec@ SYBR@ Green RT-PCR reagent, 3 pl of each forward and reverse primers (4pM

concentration) and 3 ¡rl water. The amplif,rcation was performed in a RG 2000 Rotor-Gene

Real Time cycler (Corbett Research, Sydney). The light cycler was programmed as follows:

Initial activation step for 15 min at 95'C followedby 45 cycles of 20s at95oC,30s at 55oC,

30s at 72"C, and 15s at 80"C. To carry out the melting curve analysis at the end of the

amplification, the temperature was increased from 70'C to 99"C. To obtain the abundance of

each individual mRNA, fluorescence data were acquired at 72"C and 80'C. The melting curve

was used to obtain optimal temperature for clata acquisitìon. Tndepen<lent samples of 20 pl

PCR reactions were combined and HPLC was used to puriff the products using Agilent

Eclipse DS DNA 2.1-mm X 15-cm 3.5-micron reverse phase column (Agilent Technology,

Palo Alto, CA) (Dr. Neil J. Shirley, Pers. Commun.). The products were first dried and then

dissolved in water in a fînal concentration of 20 ngl¡ú. Sequencing was done from both
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directions to confirm the size and identity of the products. Finally a stock solution containing

10e copies of the PCR product per microliter was prepared. A dilution series of 107 to 10r

copies per pl was prepared from original solutions and used as standard. In each Q-PCR

experiment 3 replicates of each of seven standard concentrations together with a two "no

template" control ("no SYBER" and "no DNA") were included.

To design the gene specific primers for control genes and hml genes (mainly 3' untranslated

region of each hml gene and sometimes part of ORF) were considered and the Primer Express

1.5 software (Applied Biosystem, Foster City, CA) used to check the likelihood of side

reactions (Table 4). Three internal genes i.e. Actin, cyclophilin and GAPDH (Glyceraldehyde-

3-phosphate dehydrogenase) were used to calculate an RT-PCR normalisation factor (NFn, z

: 3)(Vandesompele et al., 2002). To obtain a normalisation factor for each experiment,

geometric means of internal genes were calculated, and the best performing ones were chosen.

Table 4: PCR primers and products sizes together with acquisition temperature for

analysed specif,rc hml and control genes

PCR

slze

(bp)
Tem.

Acq

Gene Forward primer (5'-3') Reverse primer (5'-3')

hmlt

hmlz

hmlt

hmls

Actin *

Cyclophifin*

GAPDH *

GAGCCTCT TGCATTCCTACATTACTAG

CACAAAAAT GTAAACGTAT C GT C C C

TATGGCGGCTAAGTACGGCTAT

ATCGCGTACTACCATGATCCAAA

GAGT TCTTCACGCGATACCT CCA

TGGC GAACGCTGGTCCTAATACA

TGGTTGATCTCGTTGTGCAGGTCTC

TGATGTGCCAGGGACGAAG

I .túú¡\¡I1Lr\JU-L -L\Jl-flI\J\JI IUA

GGTGGTTATGTGAGAGAGCGC

T CAGGAGAT CAAGT CGGAGGAÎA

GACCACC T TTAT TAACCCCATTTACCA

CAAAAACTCC TCT GCCCCAATCAA

GTCAGCCAAGTCAACAACTC TCTG

r21

116

t2t

ll5

180

223

262

75

72

11

'7)

l6
19

77

*) Primers designed by Dr. Andrew Jacobs.

For each of the cDNA four replications of PCR were conducted. Usually 10x dilution of

cDNA was sufficient to perform the reaction for each gene.
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2-5) Expression analysis

2-5-l) Methyl jasmonate treatment

Four-week-old soil-grown Arabidopsis plants were treated with gaseous methyl jasmonate

(Thomma et a1.,2000). 60pl of I% (vlv) liquid methyl jasmonate (Aldrich) in ethanol was

applied on a cotton plug that was place on the wall and inside of a2}-liter transparent, airtight

container(lXbXh:27X39X28cm).Theedgeofthecontainerwascoveredwithvacuum

grease (Molykote 111, Australia) before placing the lid and the box was sealed with tape.

RNA was extracted, run on formaldehyde containing agarose gel and transformed to

nitrocellulose membrane, which was probed with the methyl jasmonate-inducible marker gene

pdfl.2 (Turner et al., 2002)(GenBank # T04323, The TIGR Arabidopsis thaliana Gene Index

(AtGÐ TC189848). EST number 37Fl0T7 from DNA Stock Centre (Arabidopsis Biological

Research Centre (ABRC) was used as a DNA template to obtain radioactive labelled probe.

pdfl.2 forward- and reverse primers were 5'- TTC GCT GCT CTT GTT CTC-3' and 5'- TTA

CTG TTT CCG CAA ACC -3' respectively. Mock treatment was done by placing plants from

the similar group in same condition, except adding 100% ethanol to the cotton plug. Seeds of

coil-l and coil-16 mutants were surface sterilised and were deposited on MS medium

(Sigma) containing 100 pM methyl jasmonate. 7 days after germination mutants from

segregating ones \Mere easily distinguishable by the normal length of root (Feys, 1994).

2-5-2) Salicylic acid treatment

Four-week-old soil-grown Arabidopsis plants were sprayed with 5mM salicylic acid (Sigma,

3-5922) plus 0.1% (vlv) Silwet-L77, until solution runoff from the plant (Schenk eI aI.,2000).

Mock treatments was done by treating the plants with water containing 0.1% (v/v) Silwet-

L77 inside a 20 litter box. RNA was extracted, run on formaldehyde gels and transferred to

nitrocellulose membrane. The Northern blot was probed with SA- inducible marker gene pr-1

(GenBank number 227258, or The TIGR ,4. thaliana Gene Index (AtGI) TC185156).

Forward and reverse primers were 5'- GAA AGC TCA AGA TAG CCC-3' and 5'-TAT AGT

GAC CAC AAA CTC C-3'respectively.

2-5-3) Ethylene treatment

Four-week-old soil-grown Arabidopsis plants were treated with gaseous ethylene (Thomma et

al., 1999a). Pots were placed in a 20 | aifüght translucent box; 1 ml gaseous ethylene (final

concentration of 50 ppm/L-l) was injected into the box using a syringe, via a silicon rubber
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septum. Ethylene levels inside the box were monitored using a gas chromatograph (Varian

3400, Varian Associates Inc., Mulgrave, Victoria) connected to a flame ionisation detector

(GC-FID). A stainless steel column (60 cm x 3.175 mm i.d.) packed with Porapak Q with

80/100 mesh was used. The oven, injector and detector temperatures were set at 50" C, 135" C

and 150' C, respectively. A 1.9 ¡tllL-t ethylene gas mixture (BOC gas, p-standard, Adelaide)

was used as a gas standard. Average concentrations were about 54.6 ppmlL-|. RNA was

extracted from plants and run on a formaldehyde gel and transferred to the membrane, which

was first probed with pr-3 or Arabidopsis basic-chitinase (CHIT-B) (Chen and Bleecker,

1995) probe using forward and reverse primers 5'-CTT ACT CAA CAA CCC TGA C-3' and

5'-CAA TAC CTC TGA TAA AAC CC-3' respectively before starting q-PCR.

2-5-4) Wounding Treatment

Five-week-old Arabidopsis plants were treated for wounding as described by (Reymond et al.,

2000) and (Rojo et al., L999). Half of the rosette leaves from one side of Arabidopsis plants

were crushed several times using pairs of fine forceps. Approximately 40o/o of the leaf area

around the apical lamina was damaged while the midrib was intact. Systemic leaves were

non-damaged ones, on opposite sides of wounding (not cauline leaves). To confirm the

effectiveness of the treatment, non-competitive RT-PCR was performed and the Arabidopsis

Vegetative Storage Protein gene (Ansp1); EST ID: 4TTS07505, At5g24780 (Berger et al.,

1995) was used as marker before using q-PCR to check up-regulation of the hml genes.

Atvspl forward and reverse primers were 5'-TCC ATC AAC TAC CCC AAC-3' and 5'-CCC

ATA TCC ATA TTT AGC G-3'respectively.

2-5-5) Phenotypic mapping, root growth

Surface sterilised seeds were sown on the Vz strength MS medium plates containing 0.8Yo agar

in a 10X10 cm2petri-dishes. l-2 ml water was added to the bottom of the each plate, wrapped

with Parafilm and kept at 4oC for 48 hrs. Plates were standing in a vertical position in an

incubator in a 16 hr light/8 hrs dark cycle. Plants were transplanted to an assay plate when the

root lengths were 1.5 cm in plants 5-7 mm apart. Growth of the roots were monitored every

24hr (Doemer,2002)
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2-6) Pathogenicity assays

2-6-l) Growth of fungus Alternarís brussicicola and plant inoculation

Alternqria brassicicola (isolate UQ4273, kindly provided by Dr Peer M. Schenk, University

of Queensland, Brisbane) was groìwn on agar plates containing clarified V8 vegetable juice

(Campbell Soup Co., Australia). To make V8 medium, solution was filtrated through a fine

mesh. Two hundred ml V8 juice, 20 g Agar and 3 g. CaCl2 (optional) was added to 800 ml

dH2O, pH adjusted to 7 .2, total volume to I L and autoclaved. Fungi were gro\Mn at 22oC for

1-2 week. Harvesting of spores was done by flooding the plate culture with sterile water and

rubbing with a sterile spatula (Broekaert eI al., 1990). Spores were collected with a pipette

and spore densities were determined using a counting chamber. Plants were inoculated by

placing 4 droplets of 5 pl suspension of 5X10s conidial spores/ml on each leaf. Four lower

leaves of 4-week old plants (Thomma et a1.,2000; Thomma et al, 1999a) were used. Mock

inoculation was done the same way except using water as inoculum. Inoculated plants were

kept at I00% RH at 24C on a 12-h-lightll2-h-dark cycle. RNA was extracted, run on a

formaldehyde gel, transferred to the membrane and hybridised with a probe from the marker

gene pdfl.2. The forward- and reverse primers were 5'-TTC GCT GCT CTT GTT CTC-3'

and 5'-TTA CTG TTT CCG CAA ACC-3' respectively (Thomma et al., 1999c).

2-6-2) Growth of BotrytÍs cinereø fungus and plant inoculation

Botrytis cinerea (kindly provided by Dr Eileen Scott, School of Agriculture and Wine,

Adelaide University) was grown on Potato Dextrose Agar (PDA) for two week under 12-h

photoperiod at 24C. Harvesting of spores was done by soaking a plate culture with sterile

Potato Dextrose Broth (PDB) (DIFCO, Detroit, USA) 12 glL and suspending spores with a

sterile spatula (Broekaert et a1., 1990). Spores were collected in an Eppendorf tube and spore

densities were determined using a haemocytometer. 4 week-old soil-grown Arabidopsis plants

were used for inoculation.

In the needle-pricks method, 2-3 drops of suspension of 5 X 105 conidial spore/ml in PDB 5

¡.rl each, were placed to the sides of the main vein leaf and droplets were punctured with a

25G needle. After the treatment plants were kept under I00% humidity (Govrin and Levine,

2000) and were checked for spreading necrosis symptoms, leaf deterioration and decay of the

plant. For mock inoculation, the same treatment was applied except punching through a 5-pl

drop of PDB on each site of the leaf. Inoculation of leaves that were attached to the plant
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resulted in lower rates of lesion development. Nevertheless, most of the leaves were

macerated within 15 days (Figure 34).

The detached inoculation techniqlle was clone according to (Ferrari et al., 2003). Rosette

leaves from 4-week-old soil-grown Arabidopsis plants were separated from the plant and the

petiole embedded in a 0.8% agar. Two 5 pl of each drops of suspension of 5X105 conidial

spores/ml in PDB were placed to each side of the middle vein leaf. The plates were kept at

22'C with a I2-hr photoperiod and I00% relative humidity. Most inoculation resulted in rapid

expansion of water-soaked lesions similar in diameter (Figure 34). The diameter of round

lesions or in case of oval lesions, the major axis of the necrotie area, was measured 2-3 days

later. To check growth of fungi inside the tissues, leaves were stained with lactophenol-trypan

blue. Fungal structure and damage to the plant tissues were monitored under the microscope

2-6-3) Growth of Pseudomonøs syringae and plant inoculation

Pseudomonas syringae pv. Tomato DC3000 derivatives containing pVSP61 (empty vector, no

avr gene), avrRpml and avrRpt2 (in the vector pVSP61) (kindly provided by Professor Jeff

Dangl, University of North Carolina, USA) were grown on fresh King or Pseudomonas

Isolation Agar (DIFCO) medium containing 100 ¡tglml Rifampicin and 30 ¡tglml Kanamycin

(Tornero and Dangl, 2001).

Four weeks old Arabidopsis Colombia-0 plants with well-expanded rosettes leaves without

any sign of stress (e.g. purple pigments), and grown in small 7-cr* pots, were used for

inoculation. The pots were well watered the day before inoculation (Whalen et al., 1991). A

generous sample of bacteria was plated onto a P. syringae Isolation Agar Medium 24 hr

before inoculation. The inoculum was spread using a Pasteur pipette to get a lawn of bacteria.

The bacteria were grown on the plate at 28"C. To wash out bacteria from the plate, 10 ml

water was added to the plate. Ten minutes later, the bacterial suspension was collected from

the plate and washed twice to remove possible antibiotics. Concentration of bacteria was

measured using a haemocytometer and adjusted to the proper concentration. The Syringe

Injection Method (Katagiri et a1.,2001) was used for the inoculation of plants with avr- and

virulent strains. Some leaves were selected and marked so that they could be identified later.

A 1ml needle-less syringe containing a bacterial suspension was used to pressure-infiltrate the

abaxial side and intercellular spaces but not the vascular system of the leaves. The

intercellular spaces of the infiltrated leaves were allowed to dry for t hr and then the plants

were kept in a box to maintain humidify for 2 to 3 days. High concentrations (1X108 colony-
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forming units cfu/ml) of virulent strains together with deep inoculation were used to study

gene expression, whereas for pathogenicity assays low concentration of 5X10s cfu/ml of both

types of strains were preparecl and only a 10 pl inoculum was injected. In dense bacterial

suspensions, hypersensitive response of dry-looking leaf areas (Figure 35) can be seen within

-12 hrs. In dipping inoculation almost no hypersensitive response was observed in resistant

plants. Syringe-inoculated leaves with 5X105 cfu/ml of P. syringae pVSP6l developed

disease symptoms within 4 days after inoculation as shown in Figure 35. To prepare bacteria

for storage in -80oC, a loop of bacteria was dissolved in YGP medium (Peptone, 5 g; Glucose,

10 g; Yeast Extract,5 g; water to the total volume of one liter and pH adjusted to 6.5-7.0)

containing 30% (vlv) sterile glycerol and mixed well before frozen in liquid nitrogen.

2-6-4) Bacterial pathogen enumeration

To quantify bacterial virulence and measure bacterial multiplication within the host tissue, P.

syringaeDc3000 was inoculatedata low concentration (1X10a or 1X106 cfu/ml).

1) Leaves were harvested and surface-sterilised by submerging in 70Yo ethanol for 1 minute

and gentle mixing. The leaves \Mere removed, blotted and rinsed in sterilised H2O for 1 minute

and blotted again.

2) Leaf discs were excised from leaves with 0.5 cm2 or smaller cork borer. There were 3

replications each containing 3 plants and 3 leaves from each plant, which were collected and

pooled together to make a sample.

3) Leaf discs were placed in a 1.5 ml tube with 100p1 sterile water. The samples were

macerated completely and the pestle was rinsed with 900pIwater and collected in the original

sample tube.

4) The samples were vortexed and a 100p1 aliquot was removed and diluted in 900 pl sterile

distilled water. A serial 1:10 dilution series up to 10-7 ìwas prepared for each sample and all

were plated on a King's medium B supplemented with 100pg/ml Rifampicin and 30 ¡rglml

Kanamycin. 10pl aliquots of the 1:10 serial dilutions were placed on to a single plate and

allowed to dry on to a surface.

5) The plates were incubatedat 28"C for approximately 2 days and then the colony-forming

units for each dilution of each sample were counted. For the 10pl plating technique, a single

spot was used for estimating the bacterial population that has >10 and <-10 colonies or

whatever was reliably countable. The population present within the tissue is calculated based

on the dilution factor, divided by the amount of tissue in cm2.
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2-6-5) Growth of Pythíum and plant inoculation

Pythium irregulare (isolate BH40) was originally isolated from wheat in Kapunda, SA.

Pythium irregtilare (isolate YDBlHR) was originally isolatecl from soil wheat-canola rotation

in Young, NSW. Pythium ultimum (isolate CACUROI) was originally isolated from cabbage

in Virginia, SA. Dr. Paul Harvey, CSIRO Land and Water kindly provided all the strains. The

Pythium strains were grown and stored on plates using Yz strength Corn Meal Agar (CMA),

containing 50 mg/l penicillin and 10 mg/l rifampicin at 25"C (Dr. A. Harvey, Pers, Comm).

Minimum sub-culturing was done in order to keep virulence characteristic. Twenty to fifteen

different knockout lines and RNAi plants were grownin4 rows in a7 cm2 pot for 3 weeks.

Every three-week-old plant clusters were inoculated with 5-6 agar plugs (1 mm diameter)

taken from a 6-7 days old Pythium culture using a pasture pipette (Staswick et al., 1998). The

agar plugs were placed 2-4 cm below the soil surface and around the perimeter of each

seedling cluster. Controls were mock-inoculated in the same way, except that the agar plugs

were taken from plates lacking the fungus. Plants were monitored daily for the symptoms of

loss of turgor and tissue collapse after inoculation.

To do in vitro inoculation, seeds were plated on % MS medium and seedlings were grown for

20 days in a 10-cm square plate. A slab of agar containing a7-day-old Pythium culture was

placed in parallel with rows of plants. Control plants received a mock inoculation with a slab

of %Cll4A containing antibiotic fungi (Vijayanetal.,1998).

2-6-6) Establishment and inoculation of Cucumber Mosaic Virus (strain K)

To establish the virus in Arabidops¡s wild type Columbia-0, 4-week-old plants were dusted

with carborundum powder. Tobacco leaves harbouring Cucumber Mosaic Virus (CMV, strain

K or M, (kindly provided by Prof John Randle, 'Waite Campus, Adelaide University) were

homogenised and transferred to marked Arabidopsis leaves and rubbed by a forefinger.

Chenopodium quinoa was used as a test plant for quantitation and detection of the CMV

virus (strain K) (Bos, 1999). To inoculate the Arabidopsis wild type Columbia-0, 4-6 weeks

old plants were dusted with carborundum, homogenised leaves from third passage were used

for mechanical inoculation of healthy Arabidopsis plants. Control plants were mock-

inoculatcd in thc samc way except using sap from healthy Arabidopsl's plants as an inoculum.

Disease symptoms developed within 2-3 days. Ten leaves from ten different plants were

pooled to average out possible gene expression differences due to leaf-to-1eaf, plant-to-plant

and pot-to-pot variation. Local and mock samples were collected at 1,2,3, and 4 days after

inoculation and systemic ones at3,4,5 and 6 days after inoculation.
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For long time storage, inoculated leaves were chopped into small pieces in Petri dishes and

kept in a dessiccator. Air was removed and the dessiccator kept in 4"C for 48 hrs. A

McCartney bottle was filled with Silica gel underneath and CaClz at the top. Some choppecl

leaves on a fîlter paper were placed on top of the CaClz. The bottle was kept in 4C.

2-6-7) Maintenance and inoculation of Fusørium oxysporium

The Fusarium oxysporium cttltivar BRIP 5I76a (kindly provided by Dr. Schenk, University

of Queensland, Brisbane) was stored using the filter paper technique outlined by (Fisher et al.,

I9S2). The fungi may lose virulence if they gro\M on agar for too long. To culture the fungus,

the fungal tissue on dried filter paper was placed onto camation leaf agar (12 g/l Bacto Agar

with gamma-irradiated carnation leaves placed on top when setting) or taken from a culture

that had been recently sub-cultured from a carnation leaf agar plate and grown at 28'C.

For single spore isolation, the Fusarium was grown on lz strength PDA (24 g/L Potato

Dextrose Broth (PDB) and 20 g of Bacto agar; Difco, Detroit, USA) for approximately one

week at RT. Five plugs were taken from these plates under sterile conditions with a cork borer

and placed into 50 ml of PDB (24gll) containing 100p1/ml of streptomycin and 15 pglml of

tetracycline (spores generate faster and larger numbers without antibiotics). A flask was

placed onto a shaker for approximately 3 days at RT and 50 rpm and filtrated through

Miracloth (Calbiochem) and washed several times with deionised water. Spore concentration

of inoculum was adjusted to 1Xl06 spores/ml and used to inoculate the knockout lines as well

as RNAi genotypes.

For the root-dip inoculation protocol the plants were grown on autoclaved soil for 2-3 weeks.

The plants were removed from the soil carefully in order to have limited damage to the root

system. Roots were rinsed in sterile water to remove extra soil and some transplanted in

Arabidops¿s soil mix again as mock-inoculated plants. The seedlings were immersed into the

conidial suspension and mixed gently for 20-30 sec (Ospina-Giraldo et aI., 2003). The

inoculated seedlings were replanted in moist soil. The pots were kept inside a box and sealed

into a clear autoclave bag to keep in high humidity. Seedlings were not watered for 48 h post-

inoculation to prevent the inoculum being washed from the root-zone, but after this period

plants were watered with sterile water.

2-6-8) I)isease symptom analysis of Fusarium oxysporium

To analyse disease progress in each specific genotype and beyond identification of phenotypic

variation, q-PCR was performed during my visit in Queensland University at Dr Peer
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Schenk's lab. Sets of primers were designed, which amplify a 400 bp region in 18S ribosomal

RNA (rRNA) gene from Fusarium oxysporum. This region of 18S transcribed internal spacer

of the rRNA gene locus was demonstrated to have little or no homology with Arabidopsis

mRNA. The following forward- 5'-CGC CAG AGG ACC CCT AAA C-3' and reverse

primer 5'-ATC GAT GCC AGA ACC AAG AGA-3' were used respectively.

To characterise the amount of fungal RNA in comparison with the amount of plant tissue, the

entire plant roots and above ground tissue was collected and RNA was extracted from both

un- and inoculated plants using the SV total RNA isolation kit (Promega). Real time PCR was

performed using three p-actin genes of Arabidopsis, þ-actin-2 (4t3g18780), þ-actin-7

(4t5g09810), and B-actin-8 (AtIg49240) with a universal actin forward primer 5'-AGT GGT

CGT ACA ACC GGT ATT GT-3' and specific reverse primers 5'-GAT GGC ATG GAG

GAA GAG AGA AAC-3', 5'-GAG GAA GAG CAT TCC CCT CGT A-3', and 5'-

GAGGATAGCATGTGGAACTGAGAA-3', respectively, combined internal standards to

normalize small differences in template amounts (Schenk et a1., 2003).

2-6-9) Trypan Blue Staining

Infection and development of fungi in leaf was studied as described by (Koch and

Slusarenko, 1990). Staining was performed by one minute boiling of whole leaf tissue in lacto

phenol-trypan blue (10 ml of lactic acid, 10 ml of glycerol, 10 g phenol, 10 mg trypan blue,

dissolved in 10 ml distilled water). To decolourise, samples were boiled approximately for 2

minutes in 2:l lacto phenol: ethanol, then washed in 50'/o ethanol for 5 minutes (O'Donnell et

aI.,2001).

2-6-10) Monitoring susceptibility to Alternariø brøssicicola

To monitor susceptibility of mutants to A. brassicicola different methods were employed

according to (Thomma et al., 1999a). For counting the newly formed spores, six days after

inoculation, batches of hve leaves containing 20 lesions were collected and placed in 5 ml of

0.1% Tween 20 in a test tube. Tubes were vigorously shacken and the leaves were removed

from the suspension and checked under the microscope for remaining spores. The suspension

containing the spores was centrifuged at 5000xg for 15 min and the sporcs wcrc rcsuspcndcd

in 200 ¡rl of 0.1olo Tween 20. A haemocytometer was used to count the spores (van Wees et

aL.,2003). In planta spores were easily distinguishable from in vitro grown by their larger size

(40pm vs 20 pm) and more hyaline appearance (Figure 27). In addition, lesion diameters

were measured to monitor disease development at a macroscopic level.
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Chapter 3: Results

The main objective of this project was to examine whether the four Arabidopsis genes are

involved in pathogen defence. This was approached with bioinformatics methods involving

genomic databases. This information was then applied to design reverse genetics approaches

and gene expression experiments.

3-1) Gene Analysis

One of the advantages of using Arabidopsls as a biological system in research is the

availability of vast amounts of information in databases. This allows Bioinformatics analysis

of the gene of interest before going to the bench.

3-1-1) Putative cis-acting regulatory DNA elements

To investigate the biological function and mode of regulation of hemomucin- like (hm[) genes

in plants, we examined possible regulatory regions up to 1 kb upstream of the start codon

(ATG) of each hml gene for homologies to plant DNA elements using the PLACE database

(Higo et al., 1999). According to (Maleck et al., 2001) and (Seki et al., 2004), most

Arabidopszs promoters use cls-elements located within the first 1kb upstream of the

transcription start. Since mostArabidopsis 5'-untranslated sequences are less than 150 bp we

can expect that most regulatory sequences are located within 1 kb upstream of the coding

region.

All members of the hml gene family contain a DNA element known as (W) sequence box (de

Pater et al., 1996), which consists of an invariant TAGC core, essential for binding of

transcription factors with a WRKY peptide motif. They have been described mostly as

positive cis-acting elements up-regulating transcription (Eulgem et al., 2000). hmll conlains

one W-box located 217 bp upstream of the promoter with a modified TTGAC core sequence

(Figure 8). One "'W'RKY" transcription factor is found in Arabidops¿s and plays an important

role in the regulation of npr-I gene expression, especially those genes responding to salicylic

acid (Yu et al., 2001).

hml2 and hml3 coding regions both contain two copies each of a (W)-box. For hml2 they are

located at position -410 and -396 upstream and for hml3 at -I20 and -410 of the
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promoter region. An additional DNA element called elicitor-responsive elements (ELRE)

(Rushton et al., 1996) is present in the hml3 gene locus at position -1 1 bp and overlaps with

the first W-box. ELRE is a binding site for the WRKY protein in pr-l genes in parsley as well

as in tobacco (Chen and Chen, 2000).

hml4 has four copies of the "'W'RKY" pr-l type binding sites and two copies of the NPR1

type. pr-1 and npr-l types of "'WRKY" boxes overlap at position -153 and -154 bp and also

at -618 and -679 bp. Two more sites of the PRI types are present at position -I7I and-696.

3-l-2) Expression summary of HML coding genes

Expression Sequence Tags (ESTs) are single-pass sequences read from a cloned cDNA

fragment. They are usually 300-500 bp in length and are produced in batches see (Bethesda,

2002). An EST population represents a collection of genes that are actively transcribed in a

given tissue andlor a given developmental stage after different treatments e.g. various

signalling molecules, elicitors and pathogen. They are used to study gene function. However,

the abundance of some gene transcripts creates redundancies in some ESTs. From 178, 000

Arabidopsls ESTs only 16,115 match to distinct genes. The Arabidopsis EST collection

represents 61 distinct tissues, biotic and abiotic challenges and developmental stages (Rudd,

2003). This represents a diffrculty of sampling cDNA libraries to a suff,tcient depth to identify

low-abundance transcripts (Fernandes et al., 2002). It also shows the difficulty of volume,

redundancy together with the common problem of short cDNA length and quality of sequence

in high-abundance transcripts groups of ESTs. The problem for the first type of ESTs was

partly resolved by techniques such as fingerprinting (Herwig et a1., 2002) and normalisation

and subtraction (Bonaldo et al., 1996). Assembly and management of the EST data in The

Institute for Genomic Research (TIGR) is conducted using the assembler program, which

adds a new EST sequence to an assembly if there is over 95o/o identity over a minimum of 40

bp of overlapping sequence with a minimum of 250 bps of unmatched sequence at either end

(Haas et a1.,2003). Assembled Arabidops¿s ESTs transcripts are collected into a Tentative

Consensus (TC) sequences and the results are extended sequences created by merging

primary sequences that overlap. This database, The Arabidopsis thaliana Gene Index (AtGI),

can be used to find out thc "cxprcssion summary" of each gene based on the source of each

EST library (Schultz et a1., 2002).

To find out the TC number of each HML gene, a translated blast search (tBLASTn) was done

against EST database (Altschul et al., 1997). GeneBank accession number (GB#) of any EST

with more thang5o/o similarity was used to find the TC in TIGR using the AtGI Reports web



No Library name

1 RAFL11

2 (1)

3 Athl gene model

4 (2)

5 lnflorescence

6 unknown

7 unknown

8 RAFLg, -15, -17, -16, -21

I Athl gene model

1g Arabidopsis developing seed

11 Full-length cDNA from Ceres

12 Root(2)

13 green silique Columbia-0

14 AG 2-6 weeks

15 AD A. thaliana (Col-O gl1 ), (3)

16 RAFLe, (6)

17 JnAr, Athl gene model

18 -4 + hormone treated callus

19 MP|Z-ADrS-013, (5)

20 Athl gene model

21 FullJength cDNA from Ceres

22 AG organ two to six-week old

AGI Locus

4t3951420

úmlt)

4t3951430

thmlz)

At3g5't440

úmls)

4t3951450

thml¿)

GenBank Protein lD

c4863006

c4863007

cAB6300B

c4863009

AIGI
Canlia

TC273886

1C271914

TC255252

TC274308

ESTs on
AFGC Arrav

o/.library
total

0.12

0.06

0

0.o2

0.'t 5

0.01

0.02

0

0.01

0.02

0.16

0.03

0.r 9

0.01

0

0.13

0.06

0

0.o2

0.03

Total #
ESTs

2063

3346

28953

5017

662

12264

28252

28953

1 0800

5017

634

12591

3346

536

28252

28953

773

't607

28953

5017

3346

AGRFST
EST Expression Summery

10

3

2

1

1

1

1

2

1?

1

1

1

1

3

various developmental stages from germ. EST expression abbreviations: AG, above ground, R, root, F, flower. S, shoot, T, tissue. The data were lasttpdated20/121O4.
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site. Compilation of overlapping ESTs of the gene can be viewed and the expression

profile button in Table 5 gives information regarding the library source of ESTs and the

summary for each library. Expression summaries can give a first clue regarding the tissue

to be collected for gene expression studies. Expression analysis of hml genes did not

show any differences between tissues therefore leaves could be as suitable as other

tissues for transcription analysis.

3-1-3) Sequence analysis

Biological attributes among certain lineages can be compared if one knows the

evolutionary relationship among the corresponding genes, which is the main subject in

systematic biology. To make phylogenetic inferences one has to determine whether trait-

specific gene sequences represent independent evolution of characters or orthologous

gene loci (Hershkovitz and Leipe, 1998). There are certain steps in the phylogenetic

analysis of nucleotide sequences that allow to distinguish between the two possibilities

(Hillis et al., 1993).

The first step is alignment of sequences and analysis of "positional homologues" that is

the unit of comparison. With more insertions/deletions among gene sequences,

alignments become increasingly difficult.

The next step is to find the phylogenetic signal in a matrix of seemingly unrelated

sequences. Examination of the shape of the tree-length distribution that result from

parsimony analysis of all possible trees or random subset of trees can be used as one of

the signals (Hillis and Huelsenbeck, 1992). Left-skewed tree-length distribution is an

indication of a correlation among character i.e. whether taxa are sharing history, while a

symmetrical distribution means sequences are extremely divergent and are randomised

with respect to phylogenetic history (Swofford et a1.,1996).

There are three major methods to infer phylogenies and to build a tree. All the other

methods fit under one of these heading (Felsenstein, 1988). Maximum parsimony (MP)

and maximum likelihood (ML) are the most popular ones that infer phylogenies from

character data directly. In MP, trees that minimise the total tree length are selected. Tree

length is the number of evolutionary steps (transfonnation from one character-state to

another) required to describe a given set of data (Swofford et al., 1996). The MP searches

for trees that require the smallest number of changes to explain the differences observed

among the taxa under study. A tree created under ML criterion is a tree, which is the most

likely to have occurred given the observed data and assumed model of evolution
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(Hershkovitz and Leipe, 1998). The Distance method, another method of phylogenetic

analysis, counts the number of differences between two sequences two by two, the branch

length and the tree constructed based on these values (see ANGIS Handbook, 1997;

Swofford et al., 1996).

The methods mentioned above do not give the most optimal tree under the selected

criterion. Exhaustive branch-and-bound are different search methods to find the best tree

(Swofford et al., 1996).

When nearly optimal trees are selected under any one of the tree creation methods,

different resampling methods are used to evaluate the robustness of trees. One of the

methods is nonparametric bootstrapping (BS). It first generates a collection of pseudo

replicate samples with replacement and computes the number of times a particular branch

appears in the tree, giving the bootstrap value (Felsenstein, 1988). Nonparametric

jackknife, like BS, is a technique that evaluates the trees by resampling the original data

set and dropping one or more alignment position in each replicate (Hershkovitz and

Leipe, 1998). Each jackknife replicate is smaller than the original data set and no

duplicate is present.

The PAUP (Swofford, 1998) software package was used here to conduct sequence

similarity analysis. The aim of PAUP is to have all possible functions in a single,

platform-independent program. Version 4 includes MP, the Distance method and ML as

tree building function for the analysis of nucleotide data. To asses the reliability of trees

PAUP uses perrnutation, decay support indices, bootstrapping and jackknife approaches.

MP was used for tree building and the jackknife method was used for resampling and

checking the trees.

To perform similarity analysis of HML and related proteins, data base searching was

conducted using amino acid sequences. ESTs from Allium cepa (Ac), Brassica napus

(Bn), Pinus radiata, Medicago truncatula (Med), Hordeum vulgare (Hv), Zea mays (Zm),

Solanum tuberosum (St), Gossipium arboreum (Ga), Lycopersicon esculentum (Le), Vitis

Vinifera (Vv), Catharanthus roseus (Cr), Caenorhabditis elegans (Ce), Homo sapiens

(HÐ, Drosophila melanogaster,, Lactuca sativa (Ls), Helianthus annuus (Ho),

Pltys'comitrella patens (Pp) Ophion'hiza purnila (belonging to Rubiaceae - Gentianales)

Catharanthus roseus (belonging to Apocynaceae) were used in this analysis. Full-length

sequence from Arabidopsis thaliana (http://www.tigr.org/tdb/) and Oryza sativa

(http://www.gramene.org/) were included in phylogenetic data analysis. The VECTRO
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Figure 9: Gene tree relationships among HML and Strictosidìne synthase like (ssf proteins

in some plant species. The comparisorls comprises deduced protein sequences genomic and

EST sequences. These results show that the four HML coding genes (subgroup 5) are more

similar to Drosophila than the ss/ genes in plant species. Please see the text for

abbreviations. Dr. Juan Juttner kindly ran the PAUP prograÍìme.
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NTI programme was used to annotate the ESTs from the same species before submitting

the sequences to the PAUP programme.

As a result of this analysis a tree was generated. In 95% bootstrap replicates the species

fall into one major clade, which are signihcantly different from Ce and Hs proteins. The

major clades were divided into five subgroups. Most of the proteins fell into subgroup I

in610/o of bootstrap replicates and they are SSL coding genes from a variety of different

species. Subgroup 2 has the least total bootstrap replicates (53Yo) among other clades

(Figure 9). There is not enough evidence to support that the proteins from Medss/l and

Stss/l matched signif,rcantly with other members of the subgroup. Subgroups no 3 and 4

have a high bootstrap replicate value (97Yo and 100% respectively) and contain some

AtSS and homologous proteins from Bn and Cr species. It is most likely that these

proteins are homologues of SS proteins in those species. Subgroups no 1-4 could

representvariants of the typical SS. If we exclude CeSS2 from subgroup no 5, bootstrap

replicates increase to 79%o. HML and SS proteins from Drosophila fell in this category,

which contains none of the AtSS proteins. Thus according to the deduced protein

sequence data in the Arabidopsls genome, AtSS and HML domains are likely to

constitute different evolutionary pathways and functions.

ABC transporter pennease protein like (ABCTPPL) (Sanchez-Femandez eI a1.,2001)

from different sources like Ac, Hv, Os, Med and Pinus grouped together (in 97o/o of

bootstrap replicates) and are closer to HML and MLP (in 63% of BR) than SS proteins.

OsABCTPPL1 is a member of this protein family with low overall similarity to ATHML

(33%) but expanded over the entire length of the protein (except N-terminal peptide).

However, the protein does not have the signature of ABC transporters i.e. no conserved

motif and no membrane spaning domains are present. It seems that name relating to

transporters gene families was given to the sequence in the absence of proof of function

(C. Schultz, pers comm).

By looking at subgroup 5 we can see MLP proteins in other species are similar to HML

proteins, such as MPL1 in Bn, which is a closely related species to Arabidops¿'s. These

MLP and HML protein domains are more closely related to Drosophila Hi|if.L and SS

proteins than to other plant SS.
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3-1-4) Gene structure

Intron positions are conserved across various genes and can be used as important

evolutionary traits (Roy, 2003). Analysis of HML and SS coding gene structures in

Arabidops,s (TAIR) database revealed that in the four HML coding genes, all three

introns (except 12 in hml4) intemrpt the nucleotide sequences at a similar position,

corresponding amino-acid sequences and intron phase (Table 6). SS coding genes do not

share similarity with hml genes regarding the intron positions. Conservation of intron

position is an indication of recent evolution of this gene family (Long,2001) and a hint

that evolution of hml genes occurred after speciation and that gene duplications occurred

after this period. The majority of introns (50%) are in phase 0 (those that lie between

codons) compare to phase I (33%) and phase 2 (8%), which, is an indication of exon

shuffling (De Souza et a1.,1998).

Since related genes have exons of similar size (Primrose and Twyman, 2003), the

observation that exons have the same size in hml genes confer exon shuffling in the hml

cluster.

The positions of introns in orthologous genes in rice were checked using the GRAMENE

database (Ware et al., 2002). It shows that only the second intron, in 3 out of 4

investigated genes, was conserved (Table 6).

These observations from phylogenetic studies together with differences in the number of

introns between the HML and the SS coding gene family indicate that the two groups are

different.

3-1-5) Protein Analysis

The sequences of HML proteins, like any other protein, contain intrinsic information that

determine their structure or function. Sequence-specific proportion of proteins can be

revealed using various databases and bioinformatic tools (Banerjee-Basu and Baxevanis,

2001). The possible functions of HML proteins were checked using PROSITE database

(Bairoch et a1., 1997). PROSITE uses a particular cluster of residues known as motif,

signature or fingerprint, instead of overall sequence alignment to find relationships with

proteins of known structure and function. For example, motifs are conserved in secondary

structures, which are connected by short loop regions, and some of them are associated

with particular functions (Branden and Tooze, 1999). HML coding genes were scanned

against the PROSITE database, one putative N-glycosylation site was found in hmll, two

were found in hml2 and hml3 and three were found in hml4.
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Domains are compact globular structures, which are usually combined from several

motifs (Branden and Tooze,1999). Often different domains of a protein are associated

with different functions and active sites are locatecl between clomains (Janin an<l Chotia,

1985). Conserved Domain Database (CDD) (Marchler-Bauer et al., 2003) is a separate

Table 6: Position of exons (E) and introns (I) in members of hml and ss/ genes in

Arabidopsrs (number 1-15) and Oryza sativa (number 17-20). All hml genes have

the same exon size except exon 4 in hmll which is 3 bp shorter than the others.

N

o

I
I1 I2 I3

Intron
Phases

Tnsertion Sites and
Exon's nt. Length

No. ab GI

E1 E2 E3 E4

1

2

3

4

5

6

1

I
9

10

11

1,2

13

74

15

I6
I1
1B

L9

20

399

399

218

242

230

236

281

284

281

326

31't

620

57

L44

386

384

r44
386

311

311

261

21 0

21 0

21 0

255

255

264

21 6

285

168

302

2r6

285

308

216

285

L24

r24

586

418

41 B

5r2

sB9

51 4

568

168

168

400

255

17

168

133

1I
168

21 9

282

aaa

282

403

381

H

P /AI

E

TAG

P

Ìl

a

a

K

K

S

K

H/AG

K

K

V/AT

K

K

F/G

F/G

r/b

E/G

L

L

L

L/AG

M

M/A

K

çl

tr

R

I/AG

O

R

I /AG

a

hmlt

hmlz

hmlz

hmlq

SSlO

SS 12

ee

SS 13

ôctr

SS6

SSB

SS9

SS11

ùù

cc?

ATPLLl

OSSLLl

OS

Os

Os

4t3951420 399 311 I24

4t3951430 399 311 I24

H

H

K

K

K

3

)
J

3

3

2

2

2

2

2

2

2

3

3

2

3

tr

3

3

3

4t3q51440

A't3951450

At2q41290

4t1974000

4t1974010

At.lql 4020

Ä't3q57010

At3g5 7 02 0

4t3q57030

4t1908470

4t3959530

Alu5s22020

4t2941300

AAP54868

BACI6494

A-APO6859

51 4

231

445

285

231

445

K

A/AG

S/TC

S /TC

S /TC

H/AG

H/AG

f i/Ar :

i\i ,/ i' tl

R/TG

R/AG

H

o

D/TC

I
O

I t,' i'(

Number of introns as well as insertion sites and phases are almost the same in the

four hml genes, except for intron 2 in hml4.
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hm14:

sHP-30

database within the Entrez system that gives an opportunity to search for domain types.

Entries in CDD are derived from Pfam (Bateman et al., 2002) and SMART (Copley,

2004) databases. As a result of CDD database mining, HML proteins map to the SS

protein \n95.3-97.5% of residues with E-value of up to 5e-125. A graphical representation

of this comparison is given below. It also shows similarity to the Senescence marker

protein-3O (SMP-30) with an E-value up to 9e-8 in hml4.

Signal peptides are typically 15-60 residues long usually located at the amino terminus of

a protein. They each specify a particular destination for the protein in cell compartments

(Alberts et al., 2002). Most common types of signal sequences are removed from the

finished protein by signal peptidase. Signal P 3.0 server (Bendtsen et al., 2004) have

focused on the prediction of these types of signal peptides. Prediction was made by

submitting deduced HML protein sequences to the web server. Prediction by neutral-

networks program shows that there are cleavage sites at positions 2l-,23- and 25 for

HML-I, -2, -3 and -4 respectively at the N-termrnus.

To obtain information regarding the physical properties of HML proteins, the remaining

part of the protein after cleavage was submitted to Expasy suite (Gasteiger et a1.,2003).

The average MW of the deduced hml gene products is 38.68 kDa and average theoretical

isoelectric point is 5.58.

Disulfide residues oxidise and form a bridge forcing the amino acid chains that contain

two cysteine residues in different parts of the polypeptide chain in a fixed three-

dimensional structure (Branden and Tooze, 1999). These covalent bonds have major

effects in maintaining the structure and stabilisation of a protein (Alberts et a1., 2002).

The CYSPRED database (Fariselli et a1., t999) was used to search for any possible

disulfide bonds but none was found in any of the hml genes.

Blocks are ungapped multiple alignments of segments of related protein sequences,

which are the most conserved regions of a proteins (Henikoff et a1.,2000). HML protein

sequences were submitted to the Block Searcher. Top hit for all the members of the gene
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family was the SS family, where all of its 6 Blocks were found to match with the Blocks

in hml genes with high E-values.

3-1-6) Microarray analysis

Expression patterns of a gene to a certain physiological condition or environmental stress

give clues about its biological role (Schena et al., 1995). Microarrays, with similar

principles as Northern blots, is a new technique that monitors gene transcription profil

hybridisation and expression on a genomic scale. Considering completion of Arabidopsis

(Kaul et a1.,2000) and rice genome sequencing (Goff et a1.,2002) microarray can play an

important role in bridging the gap between sequence information and functional

genomics (Kehoe et al., 1999). By using public microarray expression data and

development of software tools, that identify groups of co-regulated genes, it is possible to

compare promoters of sequences of genes that have similar expression pattern e.g. in

plant defence and discover shared motifs, signal transduction pathway and transcriptional

factors (Maleck et a1.,2000); Rushton and Somssich, 1999; Seki et al.,2002).In an anay

experiment thousands of gene-specific polynucleotides derived from the 3'- end of

related genes can be located on a standard microscope slide (Duggan et al., 1999).

Two types of microarrays have been developed so far, which are DNA fragment-based

and oligonucleotide-based or DNA chips. In the first type of an anay experiment, PCR

products (0.6-2.4 kb) are spotted onto a matrix usually microscope slide (Schena et al.,

1995). The limitation is that DNA deposited as double-strand molecule form intra-strand

cross-links and may be difficult to contact with the matrix along its length, after drying

DNA onto the matrix (Duggan et al., 1999). Oligonucleotides due to their short chain

length and single points of attachment at each end are better options as a probe for

hybridisation (Lipshutz et al., 1999). They do not need physical intermediates like clones,

PCR products, cDNA fragments etc. Key approach to this method is the use of probe

redundancy i.e. use of multiple oligonucleotides of different sequences designed to

hybridise to different regions of the same RNA. Oligonucleotides are from antisense

strands>5O bp long and the matrixes are silicon based (Bowtell and Sambrook, 2003).

Total RNA from treated- and mock-sample is converted into cDNA by reverse

transcriptase and in the presence of fluorescence-labelled Cy3- and Cy5-labled dUTP,

green and red signals, respectively (Bittner et al., 2003) it will be detected using a

confocal microscope. Alternatively cDNA can be transcribed by TTRNA polymerase to

biotinylated complementary RNA (cRNA) (Zhu et al., 2001). The cDNA from both
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samples are then mixed and hybridised to àn array, in which the ratio of dyes reflects the

difference in the abundance of transcription of each gene (Baldwin ef al., 1999).

Narusaka (2003) reported signif,rcant up-regulation of hmll in a genome-wicie

experiment, following A. brassicicola inoculation. However, no attempts were made to

examine differerential gene regulation and the activities of the four genes were not

separated under the hybridisation conditions. In the light of our results up-regulation of

the hmll is probably due to cross-hybridisation with hml3 or hml4 transcripts (Figure 25).

All four hml genes were up-regulated upon UV-B treatment (Ulm et al., 2004).

According to Caitlin Byrt's results (pers. comm) this is probably the outcome of cross-

hybridisation with hml4.

To search for the presence of any hml genes in microarrays database a search in "The

European Arabidopsis Stock Centre (NASCA) Affymetrix Chips" was conducted. 'We

used "The Gene Swinger" program, which allowed us to f,rnd the hybridisation

experiments, where specific genes can be highly variable over all the experiments in the

database and are presented as coeff,rcient of variances (CV). As a result of the Gene

Swinger search for hml genes, hmll hit the highest numbers of experiments, among

which some had a high CV and include cold-stress, UV-B stress, starved and cisum-

treated plants, drought-, heat-, oxidative-, salt-, and genetoxic-stresses. The hml2 search

returned a high CV in flower and pollen development and leave development. The Search

for hml3 was only successful in a few experiments, such as program cell death and silique

senescence. The search for hml4 returned salt stress and stomatal number in response to

rising atmospheric carbon dioxide level.

The result from The Gene Swing program could again be misleading, since a high CV is

calculated from all data sets. It also important to find the appropriate data set and find the

corresponding control experiment or use of conditions for comparison by the program. In

conclusion, the similarity among the four proteins and lack of specific hybridisation

conditions that could distinguish among the four HML proteins or their transcripts made

most microarrays data inconclusive. It was therefore essential to design reverse genetic

approaches and gene expression experiments using gene-specific probes.

3-l-7) Conclusion

The four hemomucin-llke (hmll-4) genes are located on chromosome 3 in a tandem

repeat structure with similarities of 75-82% among the deduced protein sequences, which

suggests that the four genes emerged from gene duplications relatively recently. This is
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conflrmed by inspection of the location and sizes of three intron sequences, which are

identical, with one minor exception, in all four genes. The inspection of DNA sequences

located upstream of the cocling regions suggestecl similar putative regulatory elements,

but with some significant differences among the four gene regions that could indicate

independent regulation of the four genes.

3-2) Analysis of T-DNA knockout lines

To use a T-DNA insertion line for phenotypic analysis several properties need to be

examined, such as confirmation of the presence of a T-DNA insert within the gene of

interest, homozygosity of the insert, estimation of the number of un-linked T-DNA

inserts and expression levels of gene loci where the insert is localised.

3-2-l) Obtaining plants with T-DNA inserts in hml genes

To check the presence of T-DNA in one of the four genes of the hml gene family the

ORFs of each gene rwere copied to "T-DNA-Express" Gene Mapping tool Salk Institute

Genomic Analysis Laboratory (SIGnAL) http://signal.salk.edu/cgi-bin/tdnaexpress, a

web based accessible graphical interface, providing both text and DNA searches of the

insertion sequence database. An arrow points at the left border of T-DNA with the plant

flanking DNA sequence.

Seeds are originally from the Alonso/Crosby/Ecker collections (Alonso, 2003; Yamada,

2003) and were subsequently sequenced in the Salk Institute using diagnostic left border

primers. Seeds of the T-DNA insertion lines are propagated and distributed to the

scientif,rc community by the Arabidopsrs Biological Resource Centre (ABRC) at Ohio

State University. The Col-O ecotype was used for generating the mutant collection and

the distributed seeds are usually T¡ or Ta generation. Since some of the lines show

silencing of ntpII (kanamycin resistance), a plant selectable marker gene, after several

generation of growth, selection was more reliable using sprays of Basta

(nttp:¡¡signat.sal@. Some of the knockout lines from the SALK

institute are listed in Table 8, and were analysed further during the course of this project.

Genoplante (France) aiming to develop a Flanking Sequence Tags (FST) database has

established a collection of 50,000 primary transformed mutant lines. A 20-kb window

shows graphically all the exon-intron borders of the annotated protein coding DNA

around the insertion region as well as FSTs. A red flag icon shows the most likely
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location of the T-DNA insert. The background ecotype is Wassilewskija. A vector called

pGKB5, which carries the nptII gene conferring kanamycin resistance, was used to

generate the collection (Bouchez et aL, 1993). It contains the har gene conferring

resistance to the herbicide Basta (phosphinotricin) and a promoterless GUS gene at the

right border of the T-DNA for promoter trapping. Distributed seeds are Tz generation.

Genoplante has released 8500 flanking sequences (Schultz et a1.,2002) and these can be

viewed at (http://flagdb-seno ).

The Syngenta SAIL collection contains 100,000 individual T-DNA mutagenised

Arabidopsls plants, derived from the Columbia ecotype. A modiflred approach to Thermal

Asymmetric Interlaced-Polymerase Chain Reaction (TAIL-PCR) was adopted to rescue

left border flanking sequences from these plants. Syngenta Biotechnology Inc is no

longer distributing seeds to academic researchers. 90% of the collection was donated to

ABRC and can be obtained by request. The sequences of the entire collection have been

deposited to GenBank as well as the Salk Institute and can be accessed at

(http://www.tmri. ases/collaborations/sarlic otion.html. )

3-2-2) Characterisation of genomic DNA flanking T-DNA

To conf,rrm the presence of a T-DNA insert in the hmll gene, a line from Syngenta

(Garlic_875_809) was obtained and left border (LB) primers towards the genomic DNA

in combination with gene-specific (GS) primers were used to isolate flanking sequences

of genomic DNA. As a result of a direct PCR reaction a band around 1200 bp was

isolated and sequenced. It was found that the inserted T-DNA is localised in bp 358 in the

antisense strand. To conf,rrm the location of the T-DNA insert in another Syngenta line,

called Garlic_908_F05, which according to the provider has the insert in the gene coding

for hml3, a TAIL-PCR was performed. The results showed that the T-DNA is inserted in

hmll, therefore I did not continue with the line.

A line from INRA was analysed using touch-down PCR and the T-DNA insert was

localised in a pectinesterase gene. Some additional SALK lines, such as SALK_045029,

SALK_041885, SALK_041048 and SALK_046142 were analysed using direct PCR from

LBs and GS primers. As a result of sequencing, the T-DNA insert was localisedinhmlZ,

hml4 and two independent insertion in hml3 respectively. Below is the graphical

representation of flanking genomic DNA around the 5' insertion site of the T-DNA insert

into the hml genes, in different knockout lines. The sign (V) denotes the
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Garlic 875 809

GCTATTTGGTGACACTATAGAATAC T CAAGCTAT GCATCCAÀCGCGTTGGGAGC TCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATT

CAC TAGTGAT T TAGCATCTGAAGT TCATAACCAATCTCGATACACCAAATCGAAT TCAATTCGGCGT TAATTCAGTACATTAAAAACGTC
LB3

CGCAATGTG T TAT TAAGTTGTC TAAGCGTCAAT TTGTT TACACCACAATATATCCTGGATGGATGGATGGGTGGATCGAGTCAGTGTCCG

V V pDAP101 vector
CAATGTGTTGATGGATGGTCG T AGAGGAT TGGGTCAATACCGGTGGTAGAC C T C TC GGTATCGC T T T T GGAC T TC AC GGCGAAGTCAT TG

Aditional bps 4t3q51420
TCGCCGACGCAAACAAGGT T T AGACGATTC T T T AT TT T T TGAAATCGAAT T T T GAAAATC T TAT CT TAGGT T TGATATTG T TGGTGGG TG

TAGGGAT TGT TGAGTATAAGC GAT GGCGN

SAT,K 045029:
CCTGC TGGGGCAAACCAGCGTGGACCGCTTGCTGCAAC TCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGC TGTTGCCCGTCTCAC TGGT

SALK LB2 V

GAAAAGAAAAACCAC CCCAGTACATTAAAAACGTCCGCAATGTGT TAT TAAGTTGTCTAAGCGTCAAT T TGTTTACACCACAATAT AC T T

PROK2 vector
GC TGCAT CGTC T CC TAGATATAGTATATCGAT GAAT T AACACAT T GCTÀAC TGGTATGAGTC GGAT AT TAGTAAAATCCAACAGAGTCAG

4t3951430
TGGACTTACATGGGAGTT T CACAGAAGAT GGAGAT GCG T TTGAT CAGGAGACATGGAGACGCCAT TAGCGAAGT

sArK 041885
VV

GGCAATCAGC TGT TGCCCGTC TCAC TGGTGAAAAGAAAAACCACCCCAGTACAT TAAAAACGTCCGCAATGTGT TATTTGTACCGAAGGC

pRoK2 vector addítional bps
AAT GCAATCCAG TAATG TCCAT C T CCATCG TAACGAAT GT TATCTGGATAACC TGGT AAGC T T T GAGTGAATAC C TC CACAC GC TCCTCA

4t3951450
CTGATGTAATAC T T GC TGCACCT T TTCCTAAAGTAGTATATAACAGATATAGATAAAT T AACTTAT TGCCAAAT CAAA

sAr,K 041048
AT CAGC T GT T G C C C GT C T CAT G G T GAAAAGAAAAAC C AC C C CAG TACGAT TAAAAAC GT C C G C AAT G T G T TAT TAAGT T G T C TAAGC G T C

pROK2 vector V V
AATT TGTT TACACCACAATATATCCTGCCAÀCGGCGCT T TTGTATTTCAC TGATGC T TC TTACAAGTACAC TC TGCATCANGTCAAGT T T

additional bps 4t3q51430
GACATTTT GGAAGG TAAACCACATGGCC GTCTCATGAGCTT TGATCCCACCACACGT GT TACAC GTGTACTTC TCAAAGACC T T TAC T TC

GCTAATGGCGTCTCCATGTC TCC TGATCAAACGCATGT CATC T T CTGNGAAAC T CCCCATGTAAGTC CACTGAC

sArK 046142
CNCNGGGGCAGGCGGNGAAGGGCAAATCAGC TGT TGCCCGTCTCACTGGTGAAAAGAAAAACCACCCCAGTACAT TAAAAACGTCCGCAA

VV
TGTGT TAT TAAGTTGTCTAAGCGTCAATAGATT TTCGCCTTGAGCTGTGATTGT TT T TCTCTCAATCAACT TCAAAAT T TGTTGATTCAC

pROK2 vector Additional bPs
CCACAGAACCAATCC TTC TACAATGCCT GTAT T CCTCT CT TC TCGT T TTCTC T TC T TCTGCAT CA TCGTCCCCT TACTCATCTC TATCAC

4t3951440
TC TCTACCAACTCGACACGT T TG AC C CAGC TCATCATCCCGCT GAC TCACT CATC TCCTC TAC TGCT TCAAT CCCGCCTC TAATAAACGA

AAGATT TCTCACCGGAGCTGAGT T TATCGGAGT CGGTC T TC T C AATÀGCCCCGAAGACATCGCC TACCATGAAGACTCTGGTT CCATCTA

CAC TGGTTGCGTTGATGGATGGNTCAAACNAGTCAAGGCCGTCCGAGTCGGTTAATGACTCACTCGTNGAAGATTTGGTCAACACCGGTG
GT AGACCGC T TCGGAATCNCTTT CGGANTCCACGGCGAAGTCATCGC CGCTGACNC T TACCAAGGTT TGCGGCTCNTGCACTTT T TTGAA
CNCGNAGNTTGAAAAT TTTCNNTNACNNNGGCTGGCTTC TGTCTNGGNCANGNNCNGTNNAATANAANCGGTGAACCGNGC

Figure 10: Sequence of genomic DNA flanking T-DNA insert in different knockout

lines. To confirrn a T-DNA is located in the gene of interest a set of pdmers were

used to amplify the genomic DNA-T-DNA border. The results of DNA sequencing

of 5 knockout lines are presented here, which contain the site of specific LB

primers used for sequencing (underlined), the junction of the genomic DNA-T-

DNA (V) and filler DNA (bold letters).
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exact LB-genomic DNA border and the site of the LB-specific primers used for border

isolation is underlined (Figure 10). In most cases an additional4-5 base pairs also called

"filler" is detected at the junction of vector ancl genomic DNA, which belong to neither

vector nor genomic DNA. Line SALK 045029 \ryas an exception since no filler DNA

were detected.

3-2-3) Selection of homozygous T-DNA insert in specific hml knockout loci

To select homozygous T-DNA plants, a direct PCR method was used. According to this

method, since the ORF of the gene is intemrpted as a result of T-DNA insertion, forward

and reverse gene-specific primers are not able to amplify and due to limited extension

time in PCR cycles, the primers cannot extend beyond the insert. LB-specific primers in

combination with a GS primer are able to amplify the T-DNA-genomic border. A

positive control (Col-0) and negative control, containing only one left border primer,

were always included in each set of reaction. In some cases an LB primer can amplify the

T-DNA. All the reactions were repeated 3 times. As an example, homo- or heterozygosity

analysis of different Garlic_875_809 plants is presented in Figure 1 1.

1.2 kb >

M t2 3 t 2 31 2 312 3t2 3 | 2 312 3

875

I 7 Water

875

Figure 11: Analysis of hetero- and homozygosity of T-DNA inserts using GS and Left

Border primers. In this picture the Garlic_875_809 T-DNA line was analysed to identify

homo- or heterozygosity among individual plants. As a result of this experiment plant

number 6 was choscn for fur1hcr cxperiments. 1: Forward and Reverse primers. It is

expected to see a band in this reaction only if either one of both DNA strands are free of

insertion; 2: Reverse and Left Border primers. PCR products are expected only when an

insertion is in the gene of interest; 3: Only left border primer was included in the reaction.

No band is expected.

6 23 12 Col-O
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3-2-4) Estimation of the number of unlinked T-DNA insertions

To estimate the number of T-DNA inserts per plant, Southern blot analysis was

performed using a T-DNA probe from the left and/or right border. The length of the

probes was -500 bp and relevant primers are listed in Table 7. The digestion was done

using enzymes, which do not cut the T-DNA fragment (Figure 12).

B

Col-} hnl2 hml4 Col-0 hml4 hml3 CoI-D hml2

Uncut genomic DNA

Figure 12: Southern blot hybridisation of hml kaockout lines. Ten microgram

genomic DNA were digested with SalI enzyme, which cut outside of T-DNA. (A)

Gel image of digested genomic DNA separated on 0.8% agarose. (B) The

corresponding nitrocellulose membrane was hybridised overnight with a 500 bps

long left border probe.

A
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Figure 13: Genetic analysis of segregating populations of plants with T-DNA

inserts. Two-week old plants \Mere sprayed with Basta 2-3 times and numbers of

survivors for each mutant was counted to estimate the number of inserts (A).

Segregation ratio can be obtained by sowing 50 seeds from each individual in

separate pots (B). Susceptible plants bleach a few days after spraying.

Table 7: List of primers used for amplification of left and right borders pROK2 and

pDAP101.

T$-i;i n, *l
4t t.^ -. ( L. ..'. \t ¡þ r
n¡| 'r.ì 

>fr¡1- (f
-1 -,"à'; .

r¡^ .-iq
"t l' lr

l. '':'ì

A, g' Þ,t-

Ampl.

Border
bp.

Vector Forward primer (5'-3') Reverse primer (5'-3')

PPAPl O 1

PDAPl O 1

pROK2

pROK2

5' - GGAÀGCAAGGCTATTTATC_3'

5' -GCAGATACCAAATACTGTCC -3'
5' _TTCCAGTTTGGAACAAGAG _3'

5' -CCAGTCATAGCCGAATAG -3'

5' _TGTCTCGATGTAGTGGTTG -3'
5 ' -AATGCAAGATATTTCCAC_ 3 '

5' _TTAGAGTCCCGCAATTATAC _3'

5' _CACATACAAATGGACGAAC _3'

LB

RB

LB

RB

503

584

500

s38
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Another approach to estimate the number of inserts was to use the segregation ratio of

resistant to sensitive seedlings after spraying with the herbicide Basta as explained in

materials and methods. T3 seeds from the provider were bulk-propagatecl and 50 seecls

from each Ta generation were sown on separate pots on soil and sprayed with Basta

(Figure 13). As a result 3 types of offspring were observed, of which some were killed as

a result of Basta toxicity, and some not. The chi-squared test was used to check whether

the segregation was in agreement with 3:1 ratio or not and to unravel the copy number(s).

Some of the lines were already fixed regarding the status of the T-DNA insert and no

more segregation is expected to take place in those lines since they are likely to be

homozygous for T-DNA. Due to segregation some had already lost their insert as well

(Figure 13). The Garlic_875_809 line was tested and 3 out of 14 were susceptible, I

totally resistant and 10 were heterozygous or intermediate, so it was concluded that the

line contains a single insert.

3-2-5) Expression of the hml genes in related knockout lines

To test whether insertion of the T-DNA into the ORF of the hml genes caused

suppression of expression of the related genes, real time PCR was performed. As a result

of the experiment Garlic_875_809, SALK 045029 and SALK 041885 exhibited low

expression levels compared to wild type Col-0. The results are presented in (Table 9),

where the results of the Fusarium oxysporium experiment are presented.

3-2-6) Conclusion

The molecular analysis of T-DNA knockout lines revealed that four distinct mutant plants

had T-DNA inserted in the open reading frame of each of the four loci.



Table 8: Properties of knockout line mutants

Nn T-TINÀ spcd line inscrfcd opne nrovider vecfor inserfion sife T-DNA LR LB direction selec. marker abtrreviation

1 Garlic 908 F05

2 Garlic 875 B09

3 Garlic 343 G05

4 151F06

5 SALK 041048

6 SALK 045029

7 SALK 041885

8 SALK 046142

Syngenta (ABRC)

Syngenta (ABRC)

Syngenta (ABRC)

INRA

SALK

SALK

SALK

SALK

At395I440

At3g5l420

4t3951430

At3g5I420

4t3951430

4t3g51430

4t3g51450

At3s5144O

pDAP101

pDAP101

pDAP110

pGI(B5

pROK2

pROK2

pROK2

oROK2

promoter

ORF

promoter

ORT

exon

exon

ORF

ORF

20-79

388-43 1

r-r29

t-429

plus/plus

plus/plus

plus/plus

plus/minus

plus/plus

plus/minus

Basta

Basta

Basta

KarVBasta

KarVBasta

Kan/Basta

KarVBasta

Kan/Basta

t-hml l

t-hml 2

t-hml4

t-hml6I plus/minus
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3-3) RNAi experiments

To perform an RNAi analysis a number of experimental steps were taken, which are

generally divided into different sections, such as cloning, transformation analysis of gene,

analysis of expression and examination of the pathogen resistance phenotype in mutant

plants.

3-3-1) Cloning of a hml gene

The cDNA clone with accession number AY44I320 or AY442299 from Kazusa DNA

research institute, Japan, was used as a template to amplify -350 bp from the hmllgene

that is also conserved more than 85o/o among other members of the gene family. There

was a 23 bp in the amplified region that is 100% conserved among all four members of

the hml gene family. The PCR product, which had attBl and attB2 sites incorporated into

the forward and reverse primers respectively, was gel purified. The pDONR201 vector

was propagated inE. coli D83.1 cells that are resistant to the toxicity of the ccdb gene

present in the pDONR201 vector. Integrity of the propagated plasmid was checked by

digestion with BamHI and EcoN restriction enzymes. Two diagnostic bands of around

4kb and 543bp were expected following digestion. A BP clonase reaction was conducted

to ligate the PCR product into the donor vector (Figure 14) and the ligation reaction was

transformed into DH5c cells. It is crucial to use the exact equimolar amount of allB PCR

Figure 14: Sequencing result of the pDONR20l vector containing å¡øl1 DNA. The

proper insert was ligated in to the vector and sequenced using attLI and attL2

primers. A part of the hmll gene, which was more thanS5Yo conserved amonghml

genes, flanked by the attB forward and reverse primers (underlined), was cloned

into the pDONR201 donor vector and later into the pHellsgate-8 destination vector.

GGGCCCA.åATAÀTGATTTTATTTTGACTGANÀGCTGACCTGTTCGTTGCÀACÀÀATTGATGAGCAATGCTTTTTTATÀA
TGCCAÀCTTTGTACÀÀÀ.AAÀGCAGGCTTCGATTGGGTCAATACCGGTGGTAGACCTCTCGGTATCGCTTTTGGACTTCA

attBT for 4t3s51420 ftmltl
CGGCGAAGTCATTGTCGCCGACGCAAACAAGGGATTGTTGAGTATAAGCGATGGCGGGAAGAAGACGGAATTGTTGACG
GATGAAGCAGACGGTGTTAGATATAAGCTGACGGATGCAGTTACCGTTGCTGATAACGGCGTTTTGTATTTCACTGATG
CTTCTTTAGGACCCAGCTTTCTTGTACAAAGTTGGCATTATAÀGAÀAGCÀTTGCTTATCÀATTTGTTGCAÀCGAACAGG

attB2 rev
TCÀCTÀTCAGTCÀÀAÀTÀ.BÀÀTCATTÀTTTGCCATCCAGCTGCAGCTCTGGCCCGTGTCTCAAAATCTCTGÀTGTTÀCA

attL2. Rev
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product and donor vector in the ligation mixture. M13 forward and reverse primers were

used to check the size of the insert on colonies that were formed on selective LB meclium.

The insert was sequenced using attLI and attL2 primers and found to contain the gene of

interest and attBs extension.

After generating the entry clone, a reaction using LR Clonase was performed to transfer

the gene of interest into an attR-containing destination vector that was pHellsgate 8, in

order to create an attB-containing clone. The main features of this vector are the

incorporation of two PCR products into opposite orientation simultaneously and their

separation by an active intron (Helliwell et a1., 2002). To check the presence of the

inserts, two restrictions sites, XhoI andXbaI, were designed as presented in Figure 15.

PDK intron and four putative branch points are present in the vector.

CaMV
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(Helliwell er a1., 2002)

Figure 15: Map of the pHellsgate 8 vector. The vector contains a 5'- and a 3'-splice

site and four putative branch points (4 x BP). The diagnostic aspects of the vector

are the position of XhoI and XbaI restriction sites for digestion to confirm the

presence of the insert. A 35S-promoter mediates transcription of an inverted repeat

of the PCR products, which are separated by an intron.

The reaction mixture was transformed into DH5o E. coli cells and some colonies were

selected on selective medium. 'When 
a pDONR201 vector recombines into pHellsgate 8

vector usually two types of recombinant products are expected. One type, as presented in

Figure 16, (colonies 3, 5 and 6) is the correct conformation of the intron. V/hile in
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Vector Þ

1.3 kb >

0.35 kb >

67
Figure 16: Agarose gel separation of plasmid digestions in seven colonies. A

recombination reaction between pDONR201 containing a 0.35-kb fragment of the hmll

gene and the pHellsgate 8 vector was performed. Each plasmid was digested with Xhol

andXbal and as a result two types of products were observed. The 0.35-kb fragment is

the expected insert size and a strong indication that the gene fragment is in the correct

conformation. The 1.3-kb fragment suggests the fragment is in the reversed orientation

with respect to the CaMV 35S promoter.

another type of plasmid there are still two copies of the insert present but the fragment is

reversed with respect to the direction of the transcription. To check the existence of the

insert in the vector 10 ml of over-night cell cultures of seven colonies were prepared.

Plasmids were prepared using the SDS-alkaline lysis method and individually subjected

to DNA digestion reactions with XhoI or XbaI restriction enzymes. As a result three

colonies were found to have the inserts in the right direction (Figure 16). The colony

number 3 was chosen and transformed into the A. tumefaciens strain LB4404. The wild-

type plant Col-O was transformed with A. tumefaciens and seeds were collected. To select

the transformed seeds they were surface sterilised and about 2000 seeds were cultured in

10 cm round petri-dishes on Yz MS medium containing Kanamycin. Two to three weeks

later the transformed green seedlings, which were distinguishable from untransformed

bleached ones, \Mere isolatcd and transferred to Jiffy-7 pellets in the greenhouse for

further analysis and seed harvesting (Figure 17).

- - - - -12345
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Figure 17: Isolation of transformed plants on selective medium. About 2000 seeds

were surface sterilised and cultured on % MS medium containing Kanamycin. The

green seedlings marked with circle were selected three weeks later and transferred

to Jiffy-7 pellet.

3-3-2) Analysis and selection of RNAi plants

Fifty seedlings were isolated from selective medium and their phenotype was monitored

during different growth stages in the greenhouse. Non-competitive RT-PCR was

performed in order to select the plants with reduced transcript numbers from hml genes.

As a result three plants were selected and real copy numbers of each gene in different

individuals \ilere measured using Real-Time PCR (Figure 18). The result of Real Time

PCR showed that the three plants, which were called RNAi-1, -5 and -32 are significantly

different from Col-O wild type regarding the mRNA copy number (Figure 18). All three

mutant plants have an almost four-fold decrease in copy number of hmll mRNA

compared to wild type. hml2 and hml3 genes were also nearly four fold suppressed, while

hml4 was down regulated -3.5 and -1.5 in RNAi-1 and RNAi-5 respectively, but over-

expressed -2.2 fold in RNAi-32 compared to wild type Col-O. As a result of RNAi

suppression as well as induction of expression, two types of expression responses were
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observed in this gene family: Firstly, the expected suppression of expression by dsRNA

and secondly, the over-expression of the hml4 gene in one of the RNAi transgenic plants

by an unknown process.

IHMLl
IHML2

IHML3

ËHML4

col-0 RNAi-1 RNAi-5

Genotypes

Figure 18: Normalised expression levels of the three RNAi plants and wild type A.

thaliana (Co1-0). Transcription levels of each of the hml genes were presented after

normalisation in terms of copy numbers. Most of the genes were suppressed nearþ

four fold except the gene hml4 in RNAi-32, which showed over-expression.
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3-3-3) Conclusion

A transformation vector (pHellsgate 8) was used that contained the hml template in an

inverse orientation with a spacer in between to allow the RNA to form a stem-loop

structure. A 2Il bp fragment from the HMll-coding region was used, which had more

than 80o/o overall sequence similarity, containing a 2l bp fragment with sequence identity

among the four genes. Agrobacterium-mediated transformation yielded numerous

transgenic plants, from which 3 isolates were characterised further. RNAi-1 and RNAi-S

showed reduction of all four transcripts up to four-fold. RNAi-32 showed similar

reduction of transcripts in hmll-3, but more than two-fold over-expression in the gene

coding for HML4.

RNAÍ

c -r -5 -32

Genomic DNA

(Agarose gel)

RNAi

c -t -5 -32

Southernblot

(DIG-probe)

Figure 19: To confirm that RNAi mutants are independently transformed, Southern blot

analysis of genomic DNA from RNAi-1, -5 and -32 were performed. A single-stranded

DlGlabelled probe was designed to the CaMV 35S promoter region of the pHellsgate-8

vector. As a result RNAi-32 had 1, RNA-I, 2 and RNAi-5 had 4 copies of the vector

(courtesy of Natalie Kibble). Result of segregation analysis of the RNAi genotypes on

selective medium resulted in the same conclusion regarding the copy number of insert.
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3-4) Expression analysis of hml genes

'l'o understand the hml gene expression patterns, a reverse transcription quantitative

polymerase chain reaction (RT-qPCR) was employed and transcript abundance of the

four genes analysed during various treatments and time points. A. thaliana plants were

treated with different signalling molecules, pathogens and an abiotic stress in order to

determine the regulation of mRNAs in these genes.

In summary, hml2 and hml3 followed a similar expression pattern, while the other two

genes responded to stimuli with unique gene expression patterns.

3-4-1) Inducibility of the hml genes by salicylic acid

As a result of SA treatment, expression levels of some of the hml genes were altered

signifîcantly. While hmll transcripts remained by and large unaffected by the treatment,

it appears as if transcription were suppressed as a result of treatmentatthe 1,3 and 6 hr

time points (Figure 22).It reaches a level that was observed in mock treated tissues 12 hr

later and no significant changes are observed afterward. hml2 and hml3 were upregulated

3 hrs after treatment and a plateau was observed at 6 and 12 hrs time points with a

decrease to normal level at 48 hrs after treatement. Copy numbers of hmß mRNA

reached a maximum of 1,300,000 copies, while hml2 transcripts had 850,000 copies at its

highest levels. Both genes were expressed with similar kinetics. SA treatment was up-

regulating hml4 expression with a peak at 3 hrs after treatment. The expression reached

its normal level 12 hrs later. Mock treated plants exhibited low levels of gene activity in

the case of genes hml2-4 (Figure 22).

3-4-2) Inducibility of the hml genes by methyl jasmonate

To ensure that the treatment was effective, up-regulation of the MJ marker gene, pdfl.2,

was monitored using Northern blot hybridisation. The gene was upregulated 12 hrs after

treatment (Figure 20), as previously reported.

As a consequence of plant treatments with MJ in volatile form, no significant changes in

transcription level of hmll were observed (Figure 23).In contrast, hml2 transcripts were

upregulated 3 hrs after treatment and the maximum copy number was -250,000

compared to -100,000 in mock treated samples. hml3 reached the highest
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0 5 12 24 5 12 24hrs

treated mock

Figure 20: Northern blot analysis of plants treated with MJ. Plants were treated

with gaseous form of MJ and total RNA was tested on a Northern blot with pdfl.2

as a probe (A). The ethydium bromide-staining pattern of the ribosomal RNAs (B).

A

71224487122448hrs
mock treated

Figure 21: Northem blot anaþsis of plants treated with ethylene. Plants were

treated with ethylene and total RNA was tested on a Northern blot with a PR3 DNA

fragment as a probe (A). The ethidium bromide staining pattern of the ribosomal

RNAs (B). Upregulation of the gene observed24 and 48 hrs after treatment.

B

TO
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Figure 22: Normalised expression levels of Arabidopsis hml genes following SA

treatment. As a result of spraying of plants with 5mM signalling molecule SA,

hmll transcripts were suppressed slightly at early time points. hml2 and hml3

transcripts were upregulated significantly 3 hrs after treatment, with a plateau at 6

and 12 hr time points and decrease to normal levels 48 hrs later. Both genes were

expressed with similar kinetics and hml3 showed higher expression SA up-

regulated the hml4 gene significantly with a peak at 3 hrs after treatment and

returning soon to its normal level at the 12 hr time point.
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Figure 23: Normalised expression levels of Arabidopsis hml genes following MJ

treatment. Arabidops¡s wild type Col-0 treated with lo/o (v/v) MJ in gaseous form.

No significant changes in transcription levels of the hmll were observed. hml2 and

hml3 transcripts reached their highest points at the 3 hr time point with mRNA

copy numbers of 250k and 100k per microliter, respectively. The most significant

change was observed with hml4 transcripts, where the mRNA copy number reached

900k copies per microliter 3 hrs after treatment. Transcription of the gene was

biphasic with two peaks at3 and 48 hrs treatment.
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Figure 24: Normalised expression levels of Arabidopsis hml genes following

ethylene treatment. Expression of the hmll was similar in both mock and treated

samples. Transcription levels were significantly changed in hml2 and hml3

transcripts t hr after treatment with a maximum copy number of 250k and 140k

copies, respectively. There is a second peak in mRNA levels of both genes at the 48

hr time point. Transcription levels of the hml4 was significantly changed at 0.5 hr

time point reaching a maximum copy number of 800k per microliter at t hr and

returning to normal levels at the 6 hr time point.
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point at 3 hr with a mRNA copy number of 100,000 compared to 10,000 in mock samples

at the same time point. The most significant change was observed with gene hml4, where

the mRNA level reached 900,000 copies per microliter 3 hrs after treatment. The

transcription level of the gene was almost zero at the same time in mock samples.

Transcription of hml4 was biphasic with ¡wo peaks at 3 and 48 hrs after treatment.

Although the relative changes observed in hml2 and hml3 are significant, the absolute

changes in the two genes are small in comparison to hml4 (Figure 23).

3-4-3) Inducibility of the hml genes by Ethylene

Ethylene-treated plants were first analysed regarding the effectiveness of the treatment

using the PR3 marker gene. A Northern blot analysis was performed and the gene was

found to be up-regulated 24 and 48 hrs after treatment (Figure 21).

Expression levels of hmll were similar in both mock and ethylene-treated samples

(Figure 24). Signif,rcant up-regulation of hmD and hml3 transcripts were observed at I hr

time points with a maximum copy number of 250,000 and 140,000 copies respectively,

with hml3 being stronger induced compared to hml2 in response to ethylene. There is a

second induction in mRNA copy number of both genes at 48 hrs after treatment. The

transcription level of hml4 was significantly changed at 0.5 hr after treatment to the

maximum of 800,000 copies and returned to normal levels at 6 hrs after treatment. The

same gene was up-regulated again atlater time points (Figure 24).
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3-4-4) Expression profile following inoculation with A. brsssicícola

The hml4 gene was up-regulated in a biphasic manner upon challenging with the

necrotrophic fungal pathogen Alternaria brassicicolo. Twelve hrs and 48 hrs after

treating the plants with the incompatible pathogen a significant up-regulation by 7- and

l9-fold respectively, occurred as observed in Figure 25. hml2 transcription was up

regulated l0-fold 48 hrs after inoculation and reduced to 6-fo1d after 72 hrs. The hml3

expression level was increased to almost 4-fold compared to mock inoculation and

followed the same kinetics as hml2. hmll did not show any significant changes upon

inoculation (Figure 25).
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Figure 25: Alternaria brassicicola inducibility of hml genes. hml3 transcription up-
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3-4-5) Wound-induced expression of the hml genes

To confirm the effectiveness of the treatment, non-competitive RT-PCR was performed

and the Arabidopsis vspl gene was used as a wound related marker before using RT-

qPCR to check up-regulation of the hml genes. The gene \Mas up-regulated 3 and 6 hrs

after treatment in both local and systemic tissues with the same kinetics (Figure 27). hml4

transcription was up-regulated significantly at 0.5 hr after treatment and reached the

maximum level of >2M copies t hr later. The expression level was back to normal

abundance at l2hrs after treatment (Figure 26).
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the only gene among the gene family that was up-regulated significantly and
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Figure 27: Quantitative analysis of vsp-L, a wounding marker gene using non-

competitive RT-PCR. Total RNA from treated plants was extracted at 0, 3 and 6

hr time points and RT-PCR was performed in26 cycles. The GAPDH gene was

used for normalisation and showed that similar amounts of RNA were used

across all samples. Samples from local as well as systemic tissues were included

in the experiment. Up-regulation of the gene was observed at 3 and 6 hrs after

treatment.

In systemic tissues, which were collected 6 hrs after treatment, expression of the hml4

gene had peaks at 6 and 24 hrs after treatm ent. hml3 was up-regulated to - 1 20k copies at

the 3 hr time point and was almost unchanged in systemic tissues. The hml2 gene was

slightly up-regulated at the I hr time point (-80k) and again with the same kinetic as

hml3. hmll transcription levels did not changed significantly in neither local nor systemic

tissues (Figure 26).

3-4-6) Inducibility of the hml genes by CMV

To establish the transcriptional response of hml genes ti viral infection, a cucumber

mosaic virus (CMV) infection in Arabidopsls plants, tobacco leaves harbouring the virus

were used as an inoculum. Ten to fifteen days later, plants showed chlorosis or yellowing

of inoculated leaves, distortion and size reduction of systemic leaves, reduced internode

and stunting of inflorescence that are typical symptoms in compatible interactions in

virus infected plants (Bos, 1999)(Figure 28-A and -C). Chenopodium quinoa, which was

used as a test plant for quantitation and detection of the CMV virus (strain K) showed

disease symptoms within 2 days (Figure 28-B). Interestingly, the third passage used for
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inoculation the virus-associated symptoms appeared only after 2-3 days, which was used

as an indication that selection may have taken place among the virus populations.

Figure 28: Establishment of cucumber mosaic virus (CMV) strain K in A. thaliana. 4-

week-old plants were rub-inoculated with homogenised tissue from tobacco plants

harbouring strains K and M. Two weeks after inoculation, symptoms such as chlorosis

and yellowing of rosette leaves, distortion and size reduction of systemic leaves (A) and

stunting of inflorescences (C) were observed from strain K only. To define the quantity

and quality of the virus, Chenopodium quinoa were used as a test plant and inoculated

using the inoculumfromArabidopsis plants after the second passage (B).
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Regarding the transcription analysis of hd genes following CMV inoculation, the hmll

gene expression did not significantly change upon treatment both in systemic and local

samples. In contrast , hml2 mRNA level significantly changed 2 days after inoculation and

reached a maximum level of -1.4 M copies at 4 days after inoculation. The copy numbers

changed significantly in systemic tissues at day 4 and remained constant for the rest of the

experiment. Transcription levels of hml3 also changed significantly and reached the highest

levels (-900k) at day 4. Systemic tissues also exhibited a significant change in expression

levels of the gene, after 4 days after the treatment and then remained at the same level

(Figure 29).

3-4-7) Conclusion

Regulation of the four genes after elicitors and pathogen application followed three

characteristic patterns comprising the hmll, which is not induced, hml2 and hml3, which

respond to some stimuli, and hml4, which is responding very strongly to most of the

stimuli. hmtl is expressed constitutively and did not increase expression upon treatment, in

contrast to other hml genes, which responded to specif,rc stimuli. Although lack of

induction does not rule out an immune function, it seems the hmll gene may have a

different, possibly housekeeping role and reduction in activity may be compensatory or

neutrally exclusive to stress immune induction.

Among the other genes that responded to stimuli with altered gene expression, both the

hml2 and hml3 followed a similar pattern. The gene hml4 is the most responsive of the four

genes and the mRNA copy numbers of this gene were significantly changed in all the

experiments conducted in this section.
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Figure 29: Normalised expression levels of Arabidopsis hml genes following virus

inoculation. Expression of the hmll was similar in both systemic and treated samples.

Transcription levels were significantly changed in hml2 and hml3 transcripts three

days after inoculation in treated leaves and stayed at constant levels till day 6. The

hml2 is induced at a higher level compared to hml3 in this experiment. No significant

changes in mRNA levels were observed in systemic tissues till day 4 and stayed at a

constant level afterwards. The hml4 was significantly up-regulated at day 3 in local

tissues and did not change from day 3-6.
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3 -5) Pathogenicity assays

DifIèrent signalling pathways are present in Arabidops¿s that differ in mode of action for

controlling specific pathogens each depending on specific signalling molecules (see:

Introduction). Since different members of hml genes are up- regulated by different

signalling molecules based on expression profile analysis, pathogenicity assays are one

further approach to reveal the function of these genes. The choice of microbes for the

assays came from transcription analysis of each gene, which can give a clue regarding the

pathogen(s) they might control.

3-5-1) Alternøria brøssicícols assay

The number of in planta spores, counted six days after inoculation, is usually considered a

measure for susceptibility or resistance of a genotype to A. brassicicola (van Wees,2003).

The in planta spores are 3 times bigger, having less colour and are more hyaline (Figure

30-B) compared to in vitro spores. Sometimes small, beige, necrotic lesions the same size

as the initial drop are formed on the Col-0 leaf as a result of inoculation (Figure 30-A).

!.Õ

'fI

J

It
B

Figure 30: Inoculation of Arabidopsls with A. brassicicola. (A) The small, beige,

necrotic lesions are the symptoms that appeared 6 days after inoculation in Col-O

plants. (B) Spores formed in planta are usually colourless, and have a more hyaline

appearance compared to spores cultured in vitro. A few in vitro spores were added to

this sample to show the difference between the two groups (see arrow in B).
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To quantify the disease severity, the 3 T-DNA knockout lines called t-hmll, t-hml2 and

t-hml3; as well as 2 different RNAi plants namely RNAi-5 and RNAi-32 were included

in the experiment. Arabidops¿s wild type Col-O was used a control. A known susceptible

mutant to A. brassicicola with a defective MJ pathway (coil-L6, kindly provided by

Professor John G. Turner, UK) and a mutant with a blocked SA pathway (npr-l, kindly

provided by Dr. Xinnian Dong, NC, USA) were also included in the experiment as a

positive control. Statistical analysis was performed using JMP@ V4.0.4 (SAS institute,

2001) software. Pair-wise comparison using Student t-test showed that genotype t-hml3,

coil-l6 and npr-1 were significantly different from Col-O, while the other genotypes did

not exhibit any differences from the wild type plants (Figure 31). Enhanced tissue

colonisation by the pathogen was observedin coil-16 compared to wild type (Thomma

and Broekaert, 1998), while npr-l was marginally different from Col-0.
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Figure 31: Analysis of Alternaria brassicicola in planta spores formed on varlous

Arabidopsl's genotypes. The number of spores plants was counted 6 days after

inoculation using bottom round 96-we11-plate. Mean of the genotypes were compared

using each pair student's t-test. According to this analysis t-hml3, coil-16 and npr-l

showed a significant difference with wild type Col-O. In this particular experiment,
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even when the 2 extreme samples in t-hml3 were excluded from the analysis, the

difference was still significant.

The same experiment was repeated 4 times. The average mean of RNAi-5 was

significantly different from Col-O in some of the experiments (two out of four) but the

results were not reproducible. RNAi-32 also had lower mean compared to the Col-0

genotype in almost all replicates, but differences were not significant. However the size

of the spores seems to be smaller than the average size formed in wild type. To test

whether the average size is statistically different from wild type, the sizes of 20 random

spores were measured using a stage micrometer.

'When 
the number of in planta spores were counted in different genotypes, a difference

in the size of the spores in RNAi-32 plants compared to Col-O was observed. Thirty

spores were counted randomly from the two genotypes and analysed statistically. Pair-

wise comparison using Student t-test showed that the difference was significant

(Figure32)
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Figure 32: Size differences between in planto spores formed in RNAi-32 and Col-O

Arabidopsis plants. Statistical analysis confirmed that the spore size in Col-O was

significantly bigger than in RNAi-32.
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3-5-2) Botrytìs cinereø assay

Drop inoculation of excised Arabidopsls leaves from wild type, knockout lines and RNAi

plants with the necrotrophic pathogen B. cinerea produced primary lesion of brown colour

-2-3 days after inoculation (Figure 34-A). In the following days the size of the lesions

increased and the lesions became darker and growth of the fungus was detected in the

lesions (Figure 34-B). The expansion of the lesion following inoculation can usually

provide a discrete measure of disease susceptibility (Guimaraes et al.,2004). The sizes of

the lesions Ìwere measured using a calliper and the average sizes of the necrosis in each

individual were compared. Statistical analysis was performed using JMf (SAS institute

Inc., 2001). The statistical analysis showed that lesions in t-hml4, CS3070 (ein2-l) and

CS3071 (etrl) were significantly bigger than in Col-O (Figure 33).

IMean
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r3251
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Figure 33: Resistance of different hml-knockout lines and RNAi plants to B. cinerea.

Detached leaves were drop-inoculated and size of the lesions was measured 5 days after

treatment. Pair-wise comparison using Student t-test showed that the knockout line for gene

t-hml4, ein2-l (CS3070), etr3 (C53071) were significantly different from wild type Col-O.

Significant differences in RNAi-5 and RNAi-1 in lesion size were not reproducible in

subsequent experiments.

E
E
.c
q)
.N
(t)

c
.9
Ø
q)

c)
o)ñ
Lo

1

6

5

4

)
J

2

1

0



t20

t

/

Figure 34: In vitro and in vivo inoculation of different knockout lines and RNAi

plants with Botrlttis cinerea. Five rosette leaves from each plant were detached,

embedded in 0.8% agar and drop-inoculafed.2-3 days later some primary lesions of

brown colour became visible (A). Most in vitro inoculations resulted in rapid

expansion of water-soaked lesion of similar size. Localised necrotic lesions were

observecl in some leaves especially in tlie C53071 (en'l) ntutant, where almost all the

leaves developed spreading of necrotic symptoms (B). ln an in vivo needle-prick

inoculation technique, leaves were drop-inoculated and punched with a needle. Some

of the sites did not show the sy toms ( , C). Sometimes the in vivo inoculated

leaves were totally colonised by the fungi and disintegrated, which can be used as an

indication of disease susceptibility of a genotype (D).
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Most of the genotypes including Col-O displayed concentric primary lesions, some of

which developed into water-soaked appearances few days post inoculation (Figure 35-B).

One of the genotypes (RNAi-32) showed the opposite phenotype, primary lesions were

dark, dry and disperse, suggesting B. cinerea had problems in establishing itself on this

particular genotype. Statistical analysis showed that RNAi-32 had significantly smaller

lesion size in 1 out of 3 experiments. However, when the RNAi-32 leaves were stained

with lactophenol-trypan blue it was found that the nature of the lesion are different from

wild-type Col-O as well as other knockout lines and RNAi plants. It seems that a kind of

incompatible interaction was taking place and more tissue damage rather than growth of

hyphae was observed and less surface was invaded by hyphae (Figure 35-B). The type A

symptom in Figure 33 shows the typical reaction in Col-O and other genotypes although

type B reaction are also present, while in the t-hml4 mutant the majority of symptoms were

type A and a few type B were observed. This suggests that there was a mixture of two types

of reaction in both groups of genotypes with one type of symptoms having the majority in

each group.

Figure 35: Microscopical images of B. cinerea infection. Arabidopsls leaves stained with

lactophenol-trypan blue, seven days after inoculation in vitro and observed under a

microscope. (A) Blue staining of hyphae and necrotic lesion are detected in most of the

genotypes including wild type plants and was the only reaction seen in CS3070 (ein2) and

CS3071 (etr3). (B) Limited growth of hyphae was observed inside the RNAi-32 leaves and

tissue damage can be noticed resembling incompatible interactions.
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To confirm that the symptoms are from .B. cinerea, viable mycelium that could be

recovered from almost all the lesions, was transferred to PDA medium and grown on plate

for 12 weeks.

Some of the localised necrotic spots can develop into spreading necrotic symptoms a few

days post inoculation (Figure 34-B), which depends on many factors (Heuvel, 1981). The

spreading of necrosis symptoms was measured in different genotypes. The knockout line /-

hml4, CS3070 (ein2) and CS3071 (etr3) genotypes exhibited significant differences

regarding the number of leaves with spreading necrosis symptoms compared to Col-O

(Figure 36).
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Figure 36: Average number of spreading symptoms 10 days after B. cinerea

inoculation in vitro. Knockout line t-hml4, ein2-l (CS3070) and etr3 (CS3071)

genotypes had significantly higher numbers of leaves with the pathogenic symptoms.

RNAi-32 had a lowest mean compared to other genotypes but the differences were

not significant.
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In case of the in vivo inoculation method, fungi are sometimes able to colonize the total leaf

area and as a result leaf necrosis occurs and fungi sporulate strongly on the surface of the

macerated tissue (Figure 34-D). Numbers of the maceratecl leaves per plant were counted in

an in vivo assay 15 days after inoculation. The t-hml| mutant genotype was found to be

significantly more susceptible to B. cinerea and had a higher number of disintegrated

leaves.
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3-5-3) Pseudomonas syringø¿ assay

Basal resistance against P. ,syringae is mainly controlled by the SA pathway (Bostock et a1..

2001). According to the expression profile study, hml2, hml3 and hml4 responded to SA

significantly. Based on these results P. syringae pv. tomato DC3000, which has a

compatible interaction with Arabidopsis, was used to check susceptibility of different t-hml

lines and RNAi plants in comparison to wild type Col-0. A low concentration (10s cfu/ml)

of inoculum was used for infiltration in order to allow the bacteria to amplify inside the

leaves. Four days later the typical symptoms appeared (Figure 37-B). The quantity of

bacteria inside the host tissue was estimated by making dilution series.

Different knockout lines and RNAi plants were infiltrated with P. syringae containing the

pVSP61 vector.

Figure 37 Infiltration of Arabidopsls plants with P. syringae pv. tomato DC3000.

Two types of strains were used for infiltration containing the pVSP61 (empty vector,

îo qvr gene) (B), and strains containing avrRpt2 and avrRpmlin the pVSP6l vector

(A). The water-soaked symptoms developed after 2 to 3 days, followed by chlorosis

and necrosis of the infiltrated leaves -4 days after inoculation (B). Infiltration of the

plants with the strains containing the avr gene of Rpml and Rpt2 rcsulted in localised

cell death known as HR within 12 to 24 hrs (A).
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npr-l mutant plants together with Col-O wild-type were included in the experiment as a

positive control and checked, respectively. Surprisingly, RNAi-32 demonstrated a

signifîcant susceptibilify compared to Col-O and the other genotypes (Figure 38). Given

that the hml4 is part of a MJ-dependent (as well as SA-dependent) pathway and considering

basal resistance against the bacterium P. syringae is mainly controlled by the SA pathway,

it is possible that susceptibility of RNAi-32 plants that has a high expression level of hml4

is due to antagonistic relations of the SA and MJ pathways. The P. syringae experiment

was condu cted 4 times using the pVSP6 | (no avr gene) strain.
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Figure 38: Multiplication of the P. syringaepv. tomato DC3000 strain inArabidopsis

leaves. Leaves of knockout lines and RNAi plants were inoculated with low

concentrations of bacteria and in planta populations were determined 4 days after

infiltration. The number of cfu/cm2 in RNAi-32 and npr-l plants were significantly

higher than in Col-0 and the other genotypes. A relatively high standard deviation

was also observed in the RNAi-32 genotype.
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In 2 out of 4 cases the RNAi-1 and RNAi-5 had significantly higher numbers of cfu/cm2

leaf tissue compared to Col-0, yet the results were not reproducible'

To study the multiplication rate of the avr strains in knockout lines and RNAi genotypes,

plants inoculated with avrRpml strains of P. syringae (non-pathogenic) and the number of

cfiilcmz leaf was counted 4 days after inoculation. The number of cfu/cm2 leaf was at a

relatively low level (-1500) compared to members in the pathogenic strain (-15000). No

significant differences were observed among the genotypes in comparison to Col-0.

Systemic acquired resistance (SAR) was also studied. Some rosette leaves on one side of

the plant were infiltrated with the avr strain of P. syringae (Rpt2) and 3 days later the other

half was inoculated with the virulence strain of P. syringae (pVSP61, Figure 39). The

pVSP6l titer was determined inside the leaves 4 days after infiltration in terms of cfu/cm2

leaf area. Analysis of the SAR experiment and pair-wise comparison using Student t-test

showed that t-hml4 was statistically different from Col-O (Figure 40). This experiment was

conducted once by using at least 10 plants per genotype.

Figure 39: SAR reaction study in a second generation of hml mutant lines and RNAi

genotypes. Three rosette leaves from one side of the plants (left side here) were

inoculated with the avirulent strain (RpmI) and the same numbers of distal leaves

(right side here) were infiltrated with the virulent strain (pVSP61) 3 days later. Four

days after the second inoculation, the number of virulent bacteria inside the leaves

was counted.
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Figure 40: Bacterial titre in a SAR response. Wild type Arabidopsis, t-hml lines and

RNAi plants were first infiltrated with a suspension of P. syringae pv tomato

DC3000 caffyiîg Rpml;3 days latcr 3 distal leaves were inoculated with P. syringae.

pv. tomato DC3000 (virulence). The bacterial titre was determined 4 days after the

second inoculation. The rhml4 mutant genotype exhibited significant susceptibility

to DC3000 in comparison to wild type Col-O, while in other genotypes multiplication

of bacteria was suppressed.
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3-5-4) Fusurium oxysporum assay

The genus Fusarium is a soil-born phytopathogen that causes vascular wilt disease in over

100 cultivated plant species throughout the world (Agrios, 2004). Fusarium oxysporum is

one of the most variable species and contains populations, which cause vascular wilt

disease. It also contains populations that cause root, crown and bulb rots and populations,

which can be soil saprophytes (Burgess et al.,1994). Different t-hml lines, RNAi and wild

type Col-O plants were root-dip inoculated in a suspension of fungal spores as described in

Materials and Methods. To monitor the disease resistance of the various genotypes,

pathogen biomass was determined 12 days post inoculation using real-time PCR. By using

the real-time PCR approach the actual pathogen colonisation can be determined rather than

the symptoms, which can be sometimes misleading (Brouwer et al., 2003). In this

experiment the amount of fungal RNA was compared with RNA extracted from entire plant

Table 9: Quantification of F. oxysporum progression using real-time qPCR. A: Ribosomal

RNA from F. oxysporum infections in different t-hml and knockout lines using fungal

rRNA indicate that the mutants were as susceptible as wild type to the pathogen. B: mRNA

copy number in different t-hml lines are also quantified here and show that the insertion

causes the down regulation of the corresponding gene, which is specified with blue colour'

A

þ'usarrum rKL\A

B

Before lnfection

RNA1-1 RNA1-5 WT t-hnl7 t-hnl2 t-hnf[

0.0043

1.250

hmlt

hmlz

hmlz

hmls

I2 DPI !usart-um

hmlt

hmlz

hmlz

hmlq

0.0042

0.0039

0.0035

0.0302

0.0052

0.0041

0.0030

0.0689

0.0289s5

0.0084315

0.004129

0 -0133022

0.0067

0 . 0101

0.0017

0 . 07 97

0.0190

0.0017

0.0098

0.01349

0.0t62

0.0063

0.0038

0.0001

0.004

0.008

0.00s

0.01

0.007

0 .021-

0.010

0 .02r

0.005

0.063

0.030

0.065

0.020

0.003

0.030

0.r72

0.013

0.026

0.014

0.038

0.017

0.063

0.021-

0.001
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root and above-ground tissues. RT-qPCR was run with 18s rRNA primers, in parallel with

actin primers for normalisation. Therefore, the differences between fungal mRNA levels

and the amount of plant mRNA was calculated as indicated. RNA from un-inoculated

Arabidopsis plants and F. oxysporium infected plants was isolated to test amplification of

the different primer pairs in the respective samples. The result of q-PCR did not show any

significant differences in the amount of fungal rRNA from the samples collected before and

after inoculation (indicated with orange colour) in comparison with similar samples in Col-

0 (Table 9).

3-5-5) Pythium assay

To investigate whether the MJ pathway is defected in t-hml plants or whether hml genes are

located down-stream of MJ pathways, an experiment was set up with 3 strains of the soil-

bom patho gen Pythium. Two methods of plant inoculation were used. In the first method,

wild type and mutants Arabidopsl's plants were grown in a soil that was pasteurised with

moist heat at 60"C for 40 min. In the second method 20-day-old seedlings grown in sterile

conditions in vitro were inoculated with a strip of agar. A typical sign of a viable Pythium

is fast growth of its mycelia in agar plates. Two to three days after inoculation mycelia

from the agar strip reach the plant roots.

It seems Pythium irregulare (isolate BH40) lost its pathogenicity during maintenance or it

was not originally pathogenic to Arabidopsrs, since none of the mutants (including

susceptible etr3) exhibited any damage or susceptibility to the pathogen both in vitro and in

vivo. Pythium ultimun (isolate CACUROI) was found to be too aggressive against the

plants in vitro as all the genotypes, including Col-O, showed chlorosis and collapse of their

leaf tissues within 3-4 days after inoculation (Figure 41-A). The same plants were mock

treated in vitro with strips of agar containing the antibiotic and without the pathogen. No

sign of toxicity of the antibiotic, which is present in Pythium agar, was observed in any

plate. P. iruegulare (isolate YDBlHR) was also tried both in vivo and in vitro. An obstacle

in interpreting the in vitro results was that the size of the seedlings has a significant impact

on their susceptibility. The smaller seedlings did not survive even in the resistant genotype

like Col-O, while the bigger once were still looking healthy. No increased susceptibility was

observed to this strain of pathogen in vivo in any Arabidopsis genotypes (Figure 41-B).
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Figure 41: Susceptibility of t-hml mutants lines and RNAi plants to Pythium. (A)

Three-week-old in vitro grown mutant and wild type plants were inoculated with a 7

day old Pythium culture. The susceptibility of the genotypes was exhibited in the

form of chlorosis and collapse of their leaf tissues. (B) Two-week-old seedlings

grown in vitro were inoculated with three strains of Pythiurn. Only etr3 mutants,

which are insensitive to ethylene exhibited susceptibility to different strains of the

pathogen (B-1). Col-O wild type plants were resistant to the pathogen (B-2).



131

3-5-6) Conclusion

Both T-DNA insertion mutants (hmll-a) and RNAi plants (RNAi-1, RNAi-5 and RNAi-32)

\Mere examined in pathogenicity assays and compared to wild-type plants and specific

mutants affected in defence-related pathways.

When Alternaria fungal spores were counted on wild-type and mutant plants, significant

differences were observed on the T-DNA insertion mutant t-hml3 (high signifrcance)' coil-

16 (high significance) and npr-l (low significance), whith the latter two mutants being

defective in the methyl-jasmonate and salicylic acid response, respectively. In drop-

inoculation of Arabidopsls leaves by the fungus Botrytis, a significant increase in lesion

size and number of spreading symptoms was observed in t-hml4 plants, together with

highly significant size increases in the ethylene pathway mutants ein2-l and etr3. A

qualitative difference in lesion size and type of response was observed in RNA|-32 planls,

which requires further investigation. When plants were inoculated with bacteria from the

virulent strain of Pseudomonas syringae, higher numbers of bacteria were found in RNAi-

32 and npr-I plants, compared to other mutants and wild-type plants.

A difference in responses was noticed when a systemic acquired resistance (SAR) assay

was performed with wild-type and mutant plants. Under these conditions, an increased

bacterial titre, which represents less acquired resistance, was observed in the t-hml4 mutant
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3-6) Heterologous expression of hml genes

To prepare antibodies against recombinant HML, protein-coding DNA was expressed in a

bacterial expression system. The first step was to prepare the pQE expression vector.

PQE30 was chosen as an expression vector, in which the 6xHistidine (6xHis-tag) is located

at the N-terminus. A section of the hmll coding region was chosen in such a way to align in

a correct reading frame with the 6xHis-tag. After performing the RT-PCR, the products

were gel-purified and sequenced as explained in material and methods. The vector was

digested with enzymes that do not cut the HMll-coding gene and the fragment to be

expressed was digested with the same enzyme and both products were gel-purified. The

digested insert and vector were ligated and transformed into E. coli either Ml5 or SGl3009

(QIAGEN) strains carrying the pREP4 repressor plasmid. The resulting colonies,

containing the proper size insert were chosen for heterologous expression as explained

before. The non-induced control (T0) as well as induced samples were run on SDS-PAGE.

To optimise the expression of the HML protein, a time-course analysis of the level of

protein expression was performed (Figure 42).

As a result of the time course analysis, the maximum amount of expression was observed 4

h after induction and the size of the protein was about 10 kDa. Expression was observed

only in insert A (Figure 40) and with the SGl3009 strain of E' coli.

To decide whether to purify the 6xHis-tagged HML protein under denaturing or non-

denaturing conditions, cells were lysed by sonication. Both the supernatant and pellet from

the sonication step were analysed by SDS-PAGE. As a result the protein was found to be in

insoluble form in the pellet, and the protocol for purification of the protein was changed

accordingly (Figure 43).

6xHis-tagged protein was purified under denaturing condition and directly used for

immunisation. The protein was purified by the batch method. The protein-resin (Ni-NTA)

complex was packed in a Poly-Prep chromatography column (BIO-RAD) for washing and

elution. As a result of the batch purihcation method, the 6xHis-tagged protein was eluted

with buffer F (Figure 44).

Western blot analysis using monoclonal anti-His antibodies as a probe, was performed to

confirm that the expressed protein is the 6x-His tagged recombinant HML protein (Figure

4s).
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Insert A insert B

Figure 42: Time course of expression of a conserved coding region of hml genes

(6xHis{agged HMLI) in E. coli using the pQE30 vector. The proteins from two

different inserts (A and B) were induced by lmM IPTG and the samples were

removed at time 0 or control, lh,2 h, 3h and 4 h after induction. Crude cell lysates

were run on SDS-PAGE gel and visualised by Commassie staining; C: noninduced

control; M: marker.

-10 Kb >
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Figure 43: Lysed bacterial cells were separated by centrifugation and pellet and

supernatant samples were run separately. As a result 6x-His tagged HML protein was

found to be in the pellet. Tz: induced cells; S: supernatant; P: pellet.
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-10 kDa Þ

MCTZDE F

Figure 44: Protein purification using the batch method. As a result of the batch

purification method, the 6xHis-taged proteins was eluted with buffer F. M, marker,

C: noninduced control, D: sample eluted with buffer D, E: sample eluted with buffer

E.

-10 kDa Þ

MCT2

Figure 45: 
'Western blot analysis of expressed protein using a monoclonal anti-his

antibodies, C: noninduced control, T2: induced cells.
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M T6 T3 Trz Tzq T¿¡ I 2

antigen

Figure 46: SDS-PAGE gel analysis of the proteins extracted from plants treated with

SA at different time points. T0,..., T¿s represents time points 0 till 48 h after

induction, respectively. Two antigen samples (bacterial extracts) used for

immunisation were also included in the experiment.

-39 kDa Þ

-10 kDa Þ

M To T3 ^rn '|zq T¿s t2
antigen

Figure 47: Western blot analysis using anti-HML antibodies. Protein extracts

from plants treated with SA were blotted with anti-HML antibodies. Note the

signals at samples time 3h, l2h and 24h after SA treatment, which correspond

to the native gene upregulation of the 39 kDa protein, which is absent at the 48

time point.
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To study the expression of HML protein upon gene induction and examine the protein

production, protein extracts from plants treated with SA at different time points (To,Tz,Tzq

and Ta3) were extracted, separated by SDS-PAGE and stained with Commassie brilliant

blue (Figure 46). 
'Western blot analysis was performed using antibodies raised in rabbits.

To check the quality of the antigen, 3pl antigen (used for immunising rabbit #10 and #11)

were run on the gel as well. As a result of Western blot analysis, a band at about 39 kDa

appeared on samples collected at time 3, 12 and 24, which corresponds to the time of

transcript up-regulation at the gene level (Figure 47).

3-6-1) Conclusion

The results of heterologous expression and antibody staining indicate that hml genes are not

pseudogenes regarding translation and protein synthesis. Transcription and translation

appear to be very well coordinated and confirm the expression data obrained by RT-qPCR.
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Chapter 4: Discussion

Since the immune response in Drosophila is conserved in multicellular organisms,

including plants, it was interesting to examine a possible role for Drosophila immune genes

in Arabidopsls using functional genetics approaches. This includes Bioinformatics to

analyse the gene structure and deduced protein, reverse genetics approaches to elucidate

individual gene and gene expression studies to examine the regulation of the Arabidopsis

genes

4-I) Hemomucin-like proteins in animals

The observation that Arabidopsrs HML proteins are more similar to animal orthologs than

to Arabidops¿s strictosidine synthase proteins (Figure 9) suggests that a putative function of

HML proteins is probably more related to existing animal members than to other plant

members of strictosidine synthase proteins. It is therefore useful to summarise what is

known about the structure and possible function of Drosophilahemomttcin proteins.

Hemomucin was first discovered in Drosophila as a lectin-responsive receptor on

Schneider cells (Theopold et a1.,1996).In the presence of GalNAc-specific lectins, such as

Helix pomatia Iectin (HPL), these cells produce antibacterial peptides, which indicates that

hemomucin is an immune receptor. The cloning of the lectin-receptor revealed a

membrane-anchored glycoprotein with a short intracellular domain and two extracellular

domains, comprising a mucin domain and a domain with similarities to plant strictosidine

synthase (Theopold et al., 1996).

A second gcnc with extensive protein sequence similarity to the strictosidine synthase

domain was found in the Drosophila genome data bank, which was located in the same

chromosomal region (Fabbri et a1.,2000). The predicted protein was a secreted soluble

protein of 46 kDa in size, which lacked a significant mucin domain and could be identified

in hemolymph serum using antibodies against the 100 kDa hemomucin (Fabbri et al.,

2000). This gene, which coded for the second member of a family of strictosidine synthase-

like genes was called Drosophila melanogasler strictosidine synthase-like 2 (Dmssl2) and

was used to identify possible members in other organisms (Fabbri et a1.,2000). With the
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exception of yeast, all other eukaryotic genome sequencing projects revealed a

representative of the strictosidine synthase-like gene family. For example, the

Caenorhabditis elegans genome contained two members, whereas zebrafish, mouse and

human genomes had one member each and none contained a mucin domain, which appears

to be unique to insects (Fabbri et a1.,2000). This suggests that the soluble form is probably

the more representative protein among multicellular organisms. As mentioned before, the

identification of similar sequences in plants suggested that this gene family existed before

the separation of plants and animals and more detailed sequence comparison among

Arabidops¿s members of the gene family suggested to us that the four members of the HML

coding genes are more related to the animal members of the gene family than to the

putative strictosidine synthase genes (Figure 9). This raises a number of questions, such as

whether HML proteins have enzymatic activity related to strictosidine synthases. In a

metabolomics approach to answer this question no clear evidence of an interaction of

recombinant HML proteins with the biochemical precursors tryptamine and secologanin

was observed (J. Kibble and C. Schultz, pers. comm.). Although this does not rule out a

metabolic function of HML protein, the lack of clear metabolic activity together with the

protein comparisons showing more similarity among animal members of this protein family

than to the enzyme family of plant strictosidine synthases, suggest that the HML and

animal members of this family of proteins have unique functional properties. One

possibility is that these proteins recognise and bind to one of the structural analogues of the

biochemical precursors without a biosynthetic function. This could be reminiscent of the

glucanases and lectins, which show extensive similarity due to their ability to bind to

sugars, creating two distinct functional families, which share sugar-binding activities but

only one having enzymatic activities.

Another question relates to the functional relationship of the 100 kDa Drosophila

hemomucin and the 46\<Da soluble form. The two molecules are found in different cellular

and extracellular locations and perform different functions, one is involved in signalling

(Theopold et al., 1996) the other in coagulation (Theopold et al., 2002). Howevet, the two

forms are impossible to differentiate at protein sequence level when using the strictosidine

synthase domain of the 100 kDa hemomucin, which suggests that the extracellular domain

of hemomucin and Dmssl2 perform similar functions and are equally related to Arabidopsis

HML proteins and the other animal proteins. Although hemomucin has been implicated in

coagulation reactions (Kinuthia et al., 1999; Theopold and Schmidt,I99l), the question is

whether the role of hemomucin in immune signalling can be reconciled with a coagulation
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reaction. One of the functions of the strictosidine synthase domain is to bind lipoproteins,

which may have pro-coagulant properties (Theopold and Schmidt, 1991). In a recent

speculative model (Schmidt and Theopold, 2004), the assembly of cell surface receptors

and globular coagulation products is based on similar structural features, resulting in

endosomal vesicles when interacting with receptors on the cell surface and globules when

interacting with soluble molecules. The implication is that pro-coagulants and other

proteins can form defense-related globular structures inactivating toxic and pathogenic

residues by forming a cage. The same molecules can potentially interact with lipoproteins

bound to receptors on the cell surface to engage in endocytotic and signalling activities. If

HML proteins are involved in this type of activity they should be regulated like effector

molecules in the defense against pathogens.

4-2) Transcription analysis of hml genes

Our prime question regarding the aim of the project was whether hml genes, like their

orthologes in Drosophila, are involved in defence. To answer this question, various

signalling molecules and pathogens were applied to wild type plants to study the expression

patterns. In addition T-DNA insertion mutants and RNAi transgenic plants were analysed

for resistance phenotypes, which can reveal the possible function(s) of the gene family. We

also wanted to know whether these highly conserved genes with more thanS5Yo homology

among each other (Figure 7 and Table 1 1) show the same responses or if they differ in this

regard. If the four related genes have the same function double, or triple mutants from

knockout lines are required, otherwise one member will take over the function of another.

Expression studies, using diagnostic PCR primers for each of the four genes helped to

deduce the regulation of each member of this gene family in response to various treatments.

Regulation of the four genes after elicitors and pathogen application followed three

characteristic patterns comprising the hmll, which is not induced, hml2 and hml3, which

respond to some stimuli, and hml4, which is responding very strongly to most of the

stimuli. hmll is expressed constitutively and did not increase expression upon treatment, in

contrast to other hml genes, which responded to specific stimuli. It seems the gene may

have a housekeeping role and reduction in activity may be compensatory or neutrally

exclusive to stress immune induction. Housekeeping genes are expressed most of the time

in all tissue to maintain a key product necessary for general function in all cells e.g. protein
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synthesis (Strachan and Read, 1999). However, the expression level is not necessarily the

same across all tissues and they are not the most highly expressed genes in cells

(Warrington et al., 2000). Statistical analysis of expression pattern of 7,070 genes in 59

tissues from 19 human tissue types showed that housekeeping genes evolve with a slower

rate than tissue-specific genes (Zhang and Li, 2004). Regarding the numbers and types of

cls-elements found in the hmll gene region, which was the lowest among the four genes,

and considering the result of Zhang (Zhang and Li, 2004), the apparent slower rate of

evolution may be indicative by the lower number of regulatory DNA elements. If the

reflection of species phylogeny is reflected in the evolution of promoters (Koch et al.,

2001), the numbers of promoter elements of the four genes suggest a slower rate of

evolution of the hmll gene.

Among the other genes that responded to stimuli with altered gene expression, both hml2

and, hml3 followed a similar pattern. 1) Treatment with SA caused significant up-regulation

of genes hml2 and hml3. mRNA levels changed from almost zero, in the mock treated

samples, to 1M and 1.6M copies, respectively. Both genes had the same expression kinetics

with the peak of transcription 3 hrs after treatment and a plateau between 6 to 12 hr time

points. In the case of the SA treatment, hml2 expression is comparable to hml3. 2)

Transcription levels after ethylene treatment were also more pronounced, which shows that

the same two genes were co-expressed with the peaks of expression detected at t hr and 48

hr time points. However, the levels of induction in expression were not as significant when

compared to the SA treatment. The transcription levels of hml2 and hml3 did not extend

300k and 150k copies respectively, while in the SA experiment the mRNA copy numbers

were 3-5 times higher. 3) In the MJ treatment, although the highest transcription levels

were 200k and 100k copies for genes hml2 and hml3 respectively, not much changes

occurred relative to mock samples. 4) In the wounding experiment, both genes were

expressed close to the base level or below 100k copies during the whole period of study. 5)

After virus applications significant changes in mRNA copy numbers were observed in both

genes, such as 1.3M and 900k for hml2 and hml3 respectively for the local induction

followed by a systemic induction. 6) In the A. brassicicola experiment the genes hml2 and

hml3 were up-regulated by 10 and 19 fold respectively, at 48hrs after treatment. Since the

two genes were co-expressed and had similar kinetics in the A. brassicicola, SA and virus

experiments, the two genes might play more important roles in SA-pathway related

functions, virus and A. brassicicola inteructions or possibly resistance, rather than in MJ- or

ethylene-pathway related functions or the wounding response. The patterns of observed
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transcriptional changes in the two genes suggest that hml2 and hml3 might have similar

functions.

The gene hml4 is the most responsive of the four genes and the mRNA copy numbers of

this gene were significantly changed in all the experiments conducted in this section (Table

10).

Table 10: Summary of the hml4 gene expression after different treatments. The hml4

gene responded to all the treatments at relatively early time points.

No Treatments
Approx. mRNA copies/pl

at peak of expression
Time of expression peak

I

2

J

4

5

SA

Ethylene

MJ

Wounding

Virus, CMV (L)

Virus, CMV (sys)

A. brassicicola

-4 x 106

-9 X 105

-9 X 105

-2.2Xrc6

-t.2 x rc6

-800 x 106

six fold up-regulation

3 hrs

0.5 hr

3 hrs

thr
3 days post inoculation

4 days post inoculation

12 hrs6

Expression kinetics of the hml4 gene was unique and different from hmlI, hml2 or hml3 in

all assays performed. Evidences from expression patterns suggest interactions between

different pathways, which promote rapid and efficient tuning mechanism to optimize

responses to various stimuli (Genoud and Metraux, 1999). For example, antagonistic

relations between JA and SA responses are observed in some instances, where marker

genes in one pathway may be over-expressed as mutations block the other pathway, either

constitutively or in their ability to become induced as a result of a pathogen treatment

(Penninckx et al., 1996). Synergistic cross-talk between the two pathways has also been

observed in microarray analyses (e.g. Schenk et a1.,2000).

Upon wounding, secondary metabolites are produced, including terpenoids, alkaloids and

phenolics that have been combined together into one group called phytoalexins (Dixon et

a1.,1995).In addition proteins like proteinase inhibitors and lectins are produced as a result

of damage to plant tissues. Both groups have a putative role as insect anti-feedants, which

might protect the plant after wounding (de Bruxelles and Roberts, 2001). Phytoalexins also

include lignin, suberin monomers and some other stress-induced compounds, all products
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of the phenylpropanoid biosynthesis pathway that are produced after wounding or insect

damage (Dixon et a1., 1995). The concentrations of these compounds are at a high level

around the site of infection that is toxic to pathogens in in vitro assays. Farmers and Ryans

(Igg2) observed that MJ, in addition to wounding, is a strong inducer of proteinase

inhibitors in different plant leaves, indicating that jasmonate is a component of the

signalling pathway for proteinase inhibitor expression. They also demonstrated that a

precursor of JA can act as a signal for proteinase inhibitor induction (Farmer and Ryan,

I9g2). Therefore, JA, originally recognized as a possible signal in wounding reaction, is

also found to accumulate endogenously in wounded leaves (Creelman and Mullet, 1995)

and is considered a secondary signal after perception of wound-related signals (Leon et al.,

2001). Etþlene is also synthesized following wounding (Wang et a1., 2002). There are two

enzymes that catalyse ethylene from its precursor, S-adenosyl-L-methionine, in two

different steps, which are aminocyclopropane carboxylic acid (ACC) synthase and ACC

oxidase. Both steps are wound-inducible (Zhott and Thornburg, 1999). Finally, a

microarray study containing 3500 cDNA clones suggested that genes, which are responsive

to wounding at a local level, are also expressed systemically with the same kinetics

(Delessert et al., 2004).

As observed in transcription experiment, hml4 was the only gene among the four, which

responded to wounding. This is consistent with the existence of unique putative cls-

regulatory elements in the hml4 gene region, such as drought-responsive and ABA

elements. Arabidopsls drought-responsive genes are induced by exogenous application of

ABA or intrinsic ABA accumulation during dehydration (Bartels et a1., 1996).Increase in

ABA levels appears to be a conìmon feature of wounding (Pena Cortes et al., 1995)'

Increase in ABA levels helps to limit water loss by the closure of stomata (Leung and

Giraudat, 1998). The most effective responsive element regarding wound treatment is

probably the one to which the ABRELATERD1 factor binds. A putative ABA element is

unique for the hml4 gene region and might act individually. Alternatively, since ABA

mediates the response to dehydration (Guilfoyle, 1997), it might bind to alarge number of

candidate c¿s-elements for dehydration responsive factors present in the promoter region of

the hml4 gene. A novel class of thebZIP transcription factors, DPBF-I with a core binding

sequence of ACACNNG is also present in the hml4 promoter in two copies. There is one

copy of each in the hml2 and hml3 promoter region, which could be below the threshold,

whereas the hmt4 gene is more sensitive to this elicitor as it has acquired additional

elements during evolution.
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There is also some evidence that SA is involved in resistance to viruses by interfering with

virus replication and virus movement (Murphy et al., 1999). A tobacco mosaic virus-

susceptible tobacco plant (nn genotype) was pre-treatecl with SA ancl as a consequence,

viral RNA and viral coat protein accumulation was reduced after inoculation, which was

found to be the result of SA-interference with viral replication (Chivasa et al., 1997).

Moreover SA had no effects on CMV replication in local tobacco tissue but SA inhibited

entry of CMV into vascular tissue resulting in a delay in symptom development in systemic

tissue over long distances (Naylor et al., 1993). It seems there is a functional connection

between SA-induced resistance to virus and RNA silencing (Singh et a1., 2004). A tobacco

RNA-dependent RNA polymerase (RdRP) gene activity was increased in virus-infected or

SA-treated plants. Transgenic tobacco plants, which by expressing anti-sense rRdRP RNA

products showed a reduction in inducible RdRP activity, and were more susceptibility to

infection by TMV and PVX (Xie, 2001). Therefore, it was concluded that this particular

gene or closely related RdRPs are important factors in limiting the accumulation of some

RNA viruses within plant tissue.

We have observed three types of responses to stimuli in the hml genes and there are two

possible explanations for such variations: 1) Divergence among HML protein functions

involving elicitor and tissue-specific expression; 2) Differences in crs-regulatory elements,

which bind transcription factors of individual hml genes that are performing similar

functions. To verify the fîrst hypothesis the four deduced proteins were aligned using

Lasergene (DNASTAR Inc.) software. According to the degree of similarity presented in

Table 11, it is possible to divide the proteins in 3 groups as presented in 3 colours and to

rank the relative divergence as follows: hml2> hml3 > hml4> hmll'

These differences of the HML protein sequences could be partly responsible for functional

differences. Grouping the four proteins according to similarity among the proteins are only

partly in agreement with the results deduced from transcription experiment. For example

HML4, which was the highest inducible of the four genes is most closely related to HML1,

which is not inducible at all. Diversity among HML proteins, which is shown in Table 11

might therefore explain some but not all of the variation observed in gene function and in

transcription studies. However, using another Arabidopsis SSl-protein as an outgroup,

HML| became the most different among the four proteins. Conversely, the four proteins
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may perfonn similar functions, which are regulated differently in tissue- and time-specific

patterns.

Table 1 1: Sequence pair distance of HML proteins alignment using Lasergene

software. Percentages of similarity among the proteins are presented and each likely

similar group has a specific colour.

1 2 3 4 HMLs

1

2

3

4

4-3) cis-acting regulatory DNA elements of hml genes

Interaction of transcription factors with cis-acting elements and/or other transcription

factors play an important role in the regulation of gene activity (Guilfoyle, 1997).

Similarly, dramatic changes in gene activity are expected as a result of changes in

transcription factors (Liu et al., 1999). Some scientist like V/ilson (1976) noted that

morphological and protein evolution do not match, arguing that extreme diversity in

morphology in the absence of diversity at the protein level is the result of mutations in

regulatory region of the genes (Doebley and Lukens, 1998). If the proteins are not evolving

in agreement with natural selection, their function can be conserved over millions of years

and diversification could be a result of mutation in regulatory regions. For example, the

mouse Small-eye (Pax-6) gene that is controlling eye formation is able to induce ectopic

eye formation in Drosophila with over 500 million years of divergence between the two

species (Doebley and Lukens, 1998). The proteins and their function in evolution is known

and their substitution by other homologous proteins is impossible. Some scientists believe

that modification of promoters and enhancers can easily produce variation in the pattem of

gene expression and produce new phenotypes, which natural selection can work upon.

Doebley (1998) argued that plant forms can evolve more easily as a result of modifications

of crs-regulatory regions of transcriptional regulators (also Rockman and 'Wray, 2002;

Stone and Wray, 2001). The same DNA elements with only one base pair differences can

75.0

79.0

80.0

77 78.0

82.0



l4s

make dramatic changes in expression patterns of a gene in response to different pathogens

and wounding (Rushton, 2002).

In this context, the hml genes can be grouped according to the types and relative numbers

of putative DNA regulatory elements. The most interesting and the more abundant ones are

presented in Figure 8. Although the genes responded to different signalling molecules none

of the known MJ, SA and ethylene responsive elements (according to PLACE web

database searched on 23llll04) have been found in the promoter region of hml genes.

Putative W-boxes were the most interesting responsive elements, which have been found so

far. They usually occur as a cluster in promoters of the genes regulated by enhancer

proteins containing WRKY motifs (Maleck et aI.,2000). Clustering and over-presentation

of W-boxes elements in hmll (7), hml2 (12), hml3 (12) and hm4 (15) gene region

correlated with an increasing sensitivity to elicitor-mediated regulation and may be an

indication of their crucial role in the control of these genes.

From an evolutionary point of view increasing the number of transcriptional factor binding

sites like the WRKY element from 7 in hmll, to 12 jn hml2 &,3 and to 15 in hml4 is likely

to be an indication how promoters may have evolved by transformingthe hml genes from a

housekeeping role (hmll) to becoming responsive to diverse range of signalling molecules

and pathogens in hmt4. However, given the structural similarity of hmll and hml4, the

evolution from a pathogen-related ancestral function to a housekeeping function is also

possible. The fact that defence related functions of hml genes are conserved in plants and

animals, suggest that this function may have already existed in single cells before the

emergence of multicellular organisms.

In a study using synthetic promoters, it was found that as the copy numbers of elements

increased, the response to e.g. wounding in planta enhanced (4 copies compared to I and2;

Rushton et al., 2002). Tetramers of only a single type of element from a range of cls-acting

factors that were inducible by pathogens were able to direct local gene expression.

Two MAP kinase proteins were found to integrate multiple stress pathway responses and it

was concluded that plant defence reactions against pathogens is a complex network, which

is interconnected with other stress pathways (Romeis et al., 1999). Bent (2001), based on

other results, concluded that networks share some components like MAPK proteins, that

are capable in receiving signal input from various pathways or more precisely induced by

pathogens and/or wounding. In an experiment using synthetic promoters, Rushton (2002)

used tetramers of only a single type from a range of cis-acting factors that were inducible

by pathogens. Some of these tetramers were able to mediate gene expression in planta in
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incompatible, non-host interactions and wounding, indicating that coordination of

resistance genes occurs at the promoter level (Rushton et a1.,2002). Considering the type of

the elements used, it was concluded that SA, MJ and ethylene pathways might merge at

promoter levels.

In contrast to such coordination, antagonistic relationships between pathways are also

observed at the promoter level. A DNA binding protein, WRKY7}, was identified as a

crucial factor that controls plant responses to two different virulent pathogens, with

different virulence strategies (Li et a1.,2004).Increase in SA increases WRKY7} expression

and JA represses its expression. Since a pathogen or elicitor may trigger the synthesis of

SA or MJ and activate subsequent pathways, the actual expression levels of WRKY7O could

be the result of a balance between two pathways. Since WRKY7} activity depends on

threshold levels, the protein could be acting as a switch to regulate subsets of defence-

related genes in each pathway and thus integrating the signals.

Regarding the merging of pathways at the protein and promoter level and the response of

different hml genes to stimuli and pathogens, it seems the more responsive elements are

found in the promoter region the more these genes are responsive and interactive to

different pathways.

4-4) Pathogenicity assay of hml genes

The t-hml mutants were phenotypically normal in the absence of the pathogens. 'When

challenged with pathogens, the t-hmt4 mutant displayed susceptibility to the necrotrophic

pathogen B. cinerea and exhibited different phenotypes with respect to other symptoms

such as size of lesions, spreading necrosis and the percentage of disintegrated leaves per

plant. In contrast, RNAi-32 that shows a higher transcription level of the hml4 gene was

more resistant to the pathogen by showing tissue damage rather than spreading of hyphae

inside the leaves. The t-hml4 rnutant was similar to ein2-l and etr3, but not to npr-l in

relative susceptibility to B. cinerea. The mutants defective in ethylene perception and

signalling in Arabidopsis (ein2-1 and etr3), tobacco and soybean, demonstrated that

ethylene is required for resistance against the B. cinerea (Diaz et al., 2002). Resistance

against Alternaria and Botrytrs is not affected in NahG and nprl mutants indicating that a

role of SA, if any, is undetectable (Thomma et a1.,1998) or minor (Zimmerli et a1.,2001).

JA plays a role in limiting cell death and mutants with defects in the MJ pathway are more

susceptible to necrotrophic pathogens (Nickstadt et a1.,2004). Although this is not always
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the case since the mutant esal is more sensitive than wild type to a necrotrophic pathogen,

while the JA pathway is intact (Tierens et a1.,2002).It will be interesting to examine the

biosynthetic feedback regulation of pdfl.2 in t-hml4 and to check the accumulation of the

protein after inoculation with ¡. cinerea compared to wild type at several time points. -8.

cinerea inoculation usually results in an induction of the pdfl.2 protein both in local and

distant tissues (Penninckx et al., 1996).

Necrotrophic pathogens are immune to HR defence by secreting toxins that kill the host

cells in order to obtain the nutrient. In fact some pathogens like B. cinerea benefit from HR

reactions, which does not protect the host cells against infection by necrotrophs (Govrin

and Levine,2002).In contrast biotrophs try to alter the host metabolism and keep the cells

alive while extracting their nutrients (Govrin and Levine, 2000).

It is generally accepted that two metabolic pathways are required for SA synthesis in plant

cells 1) The phenylpropanoid pathway, in which SA is catalyzed by phenylalanine

ammonia lyase (PAL) and 2) The isochorismate synthase (ICS) pathway. SA biosynthesis

through PAL occurs in cells undergoing cell death in conjunction with the production of

low molecular weight antimicrobial substances, such as camalexin, which is required for

fu|| resistance to Alternaria (Thomma et al., 1999c; Ton and Mauch-Mani, 2004). SA

synthesis through ICS has an important role against pathogens in local as well as distant

tissues and mediates the activation of some antimicrobial proteins, such as PR-3 and PR-4

(Wildermuth et a1., 2001). The production of JA and SA is necessary for signal

amplification in the ICS pathway and the defence against B. cinerea is governed by this

specific pathway (related references in (Fenari et al., 2003: Tierens et al., 2002). In

conclusion, using several single, double as well as triple mutants from different pathways, a

complex network of metabolic and gene regulatory pathways were observed that affected

the accumulation or perception of SA. Ferrari et al. (2003) concluded that local resistance

to B. cinerea requires intact SA, MJ and ethylene pathways and lesion formation of -B'

cinerea at the local inoculation site depends on ethylene, JA- and SA pathways as well as

production of camalexin. The more camalexin production was reduced, the more

susceptibility to B. cinerea was observed (pad4>pad2>pad3). In another experiment,

Arabidopsis responded to B. cinerea inoculation by producing an oxidative burst,

camalexin production and transcription of genes associated with SAR (Ferrari et al., 2003).

Although the necrosis symptoms, similar to the HR response, were observed following

infection by B. cinerea, the pathogen did not induce SAR reactions and inoculation caused

significant changes in camalexin two days after inoculation (Govrin and Levine, 2002).
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According to these observations B, cinerea and A. brassicicola are mostly controlled by JA

and camalexin.

SA-dependent defence responses have been shown to be effective against biotrophic

pathogens such as P. syringae (Baker et aI., 1997; Cao et al., 1997). To find out whether or

not disease susceptibility of t-hml4 mutants is restricted to B. cinerea, the t-hml mutants

were also inoculated with different strains of P. syringae and the response to the SAR

phenomenon, avirulent as well as virulent strains of bacteria, were monitored. As a result of

inoculation with virulent strains of the biotrophic pathogen, RNAi-32, which over-

expressed hml4, and npr-l mutants exhibited a significantly higher number of cfu/ml, in

comparison to Col-0. Since hml4 is over-expressed in RNAi-32 and show of increased

resistance to some pathogens, such as B. cinerea, the question is why these plants are more

susceptible to P. syringae. The npr-l mutant has been shown to be susceptible to P.

syringae. The SA pathway is activated in coil-l and mpk4 mutants and higher resistance to

biotrophic pathogen P. syringae and even complete absence of visible disease symptoms

was observed (Kloek et a1.,2001) and (Petersen et al., 2000). Based on these results, a

negative cross-talk between MJ and SA pathways was suggested (Feys and Parker, 2000).

Although we did not check the SA levels per se or upon pathogen inoculation in RNAi-32

in comparison to wild type, the likely explanation for the higher susceptibility of RNAi-32

is the upregulation of MJ or MJ-related pathways by increased hml4 expression that

resulted in suppression of the SA pathway and higher susceptibility to the virulent strain of

P. syringae. The RNAi-32 phenotype upon P. syringae DC3000 inoculation is similar to

the phenotype observed in plants treated with bacterial phytotoxin, coronatine (COR). COR

is produced by several strains of P. syringae, acting as a virulence factor that promotes

parasitism and inhibits host defence mechanisms (Blender,1999). Due to a similarity in

structure with MJ, it is likely that COR functions as a molecular mimic of MJ, and the

increased signalling through MJ pathway attenuates the SA-signalling event (Rao et al.,

2000). I have observed strong up-regulation of pdf\.2 and pr-l following P. syringae

inoculation, which is in agreement with MJ-mimicry effects of COR. However, Kloek

(2001) observed that other mutants defective in MJ production, such asfad3-2 fad7-2 fadS

or MJ perception such as jarl-1, exhibited similar levels of susceptibility to P. syringae as

wild types. Therefore, higher resistance in coil mutants was suggested as a result of

insensitivity to COR. A Coll-dependent pathway is proposed as the result of COR

interferences with the SA pathway (Kloek, 2001). Higher susceptibility of RNAi-32 with

over-expression of hml4 to P. syringae is in agreement with the idea of an antagonistic
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relationship between MJ and SA pathways or suppression of SA pathways as a result of

one or more of the over-expressed MJ-related products. SA pathway or one of its

components could be weakened as a result of over-expression of products from MJ-related

pathways.

A possible defect of the JA pathway in t-hml4 mutant plants was tested with a treatment of

the mutant plant with MJ and using the MJ-marker pdfl.2-coding DNA as a probe in a

Northem blot analysis. The experiment was conducted twice and no defect in the PDF1.2-

dependent pathway was observed (data not shown).

The SAR reaction was also studied in this experiment, in which t-hml4 mutant plants had a

significantly higher number of cfu/ml than the other t-hml mutants and RNAi plants. This

suggests that systemic immunity, following primary inoculation with an avirulent strain,

did not develop in this particular genotype. The infections causing immunization ate

associated with phytoalexin biosynthesis, chalcone synthase and phenylalanine-ammonia-

lyase (Ryals et al., 1994). If we assume that phytoalexins, possibly camalexin or its

upstream products, are missing in t-hml4, higher susceptibility as observed in Botrytis and

tissue damage rather than growth of hyphae inside the leaves can be expected. Furthermore,

higher incidence of spore formation in t-hml3 mutants and significant smaller sizes of in

planta spores in the Alternaria experiment could be explained. Although hml3 is different

from hml4 regarding the protein-coding DNA sequence, promoters and response to stimuli,

it is still likely that their products are functionally similar and upstream of the camalexin

synthesis.

We used different positive controls in the Alternaria experiment to demonstrate specific

effects of t-hml mutants. The ein2-I and nprl mutants, although significantly different

from Col-O, exhibited no spreading lesions and tissue colonisation as observed in coil-16

(Thomma et al., I999c), which is an indication that SA- and ethylene-dependent pathways

are only marginally effective against Alternaria. Based on high susceptibility of the

camalexin-deficient pad3-I mutant and the fact that MJ treatment did increase the level of

resistance in the pad3-1 mutant, Thomma et al (1999) suggested a role of a hypothetical

JA-inducible yet ethylene-independent effector and possibly camalexin for resistance

against the pathogen. In another experiment using different inoculation and fungal

quantification methods, camalexin was found to be an important factor in basal resistance

in Arabidopsls against A. brassicicola (Narusaka et a1.,2003; Ton and Mauch-Mani,2004;
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van 'Wees et a1.,2003). Cell death together with a lack of antimicrobial products, such as

camalexin, are favourable conditions for a necrotrophic fungus.

If the hml4 gene is upstream of camalexin production the wild type phenotype of t-hml4

mutants in the A, brassicicola experiment is probably due to incompatible interactions of

the pathogen with Arabidops¿s, which can induce a parallel signalling process thal can

bypass a requirement for hml4 for production of camalexin or possible other hypothetical

products similar to observations in the pad4 gene (van 'Wees et aI., 2003; Zhou et al.,

1ee8).

4-5) RNAi technique and response s tn hml genes

On the assumption that the four hml genes were functionally related, the only way to

observe a phenotype in a reverse genetics approach was to inactivate all four genes. The

method of choice was dsRNA inactivation (RNAi), using a conserved DNA fragment that

was almost identical in all four genes (Figure 7). In this experiment about 50 seedlings

were isolated following transformation, hml transcript expression was monitored using

non-competitive RT-PCR. Three plants were selected and qRT-PCR was employed to

quantify the copy numbers in each individual. In two of the isolates (RNAi-1 and RNAi-5),

the four genes were down-regulated as expected from RNAi-mediated inactivation of

transcripts (Figure 18). However, one isolate (RNAi-32),had a unique response to dsRNA,

since hml4 is over expressed almost twice the normal level in wild type plants. One

explanation for such a phenomenon is that dsRNA, in addition to well-known effects of

working as a template for Dicer-mediated degradation of homologous mRNA, can also act

as an elicitor. To be effective as an elicitor, the dsRNA can be from any source. The genes

that are specifically involved in defence against viruses may be up-regulated upon the

emergence of virus or virus-like material, such as dsRNA. For example, Hemolin is a

haemolymph protein in Lepidoptera, which is induced upon infection by bacteria. The

RNAi silencing approach was applied to suppress the expression of hemolin in Chinese oak

silk moth Hyalophora cercropia (Hirai et a1., 2004).It was found that dsRNA per se could

act as an inducer of Hemolin. To test such a hypothesis it is necessary to monitor

transcription levels of the hml4 gene in other RNAi plants regardless of the gene targeted

for silencing. Since hmt4 is upregulated significantly upon plant inoculation with

compatible virus CMV, both at a local as well in systemic tissues, it is likely that the gene
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is involved in defence reaction against viruses. If the gene is playing a role in the defence

against viruses it maybe up-regulated in response to any dsRNA entering the genome.

Regarding the RNAi phenotypes in pathogenicity assays, no reproducible results were

obtained with RNAi-1 and RNAi-5. One possible explanation is that the suppression level

in RNAi plants, compared to T-DNA knockout lines, are just not low enough or are

variable due to dsRNA being a possible inducer (see discussion above).

4-6) T-DNA knockout lines

I have obtained T-DNA insert lines from three different institutes. The best lines to work

with, regarding the isolation and sequencing of the genomic DNA flanking the T-DNA

insert and with a low number of other independent T-DNAs, were the lines from "Salk

Institute Genomic Analysis Laboratory", CA, USA. It seems the method of transformation

is efficient including the vector used. Most of the lines had a single insert and it maybe that

T-DNA inserts were intact at the border without formation of concatamers, which makes

the isolation, and characterisation of the T-DNA border easier.

4-7) Heterologous expression

Upregulation of the genes upon external stimuli is not always an indication of higher

protein synthesis, so it is always useful to check protein synthesis. SA treated samples were

used for this purpose because SA induced expression of hml2-hml4 genes therefore it is

expected that differences in translation could be observed under these conditions.

Although the loadings were not quite the same for all samples, according to the gel image

(Figure 46),yetthe amount of protein induced in T3, TnarTdT2aarc considerably different

from the ones in To and T+s. Protein synthesis are at the same time points as peaks of

mRNA levels i.e. there is no time gap between hml transcription and translation. A

conserved peptide fragment among the four HML proteins was chosen for antibody

production. Because the antibodies reacted with all four proteins it is not possible to use the

antiserum for expression studies of individual genes. However these antibodies can be used

to determine tissue and subcellular location of the proteins in the plant.

4-8) Conclusion and future directions

Taken together, these data suggest that the four HMl-coding genes are regulated

individually and involved in housekeeping (hmll) and defense functions (hmD-\.
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To confirm a role of hmt2-4 in defence experiments may include the over-expression of

one or more of these gene s in Arabidopsr's or other crop plants and phenotypic analysis of

transgenic plants. If these hml genes are directly involved in defence, as RNAi-32 may

indicate, over-expression may produce protection against some pathogens.



153

References

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

least two R gene-mediated signaling pathways in Arabidopsis. Proceedings of the

National Academy of Sciences of the United States of America 9 5 , 10306- 103 I 1 .

Agrios, G. N. (2004). Plant pathology, 5 edn (Amsterdam, Boston, Elsevier Academic

Press).
Alberts, 8., Johnson, 4., Lewis, J., Raff, M., Roberts, K., and'Walter, P. (2002). Molecular

Biology of the Cell, 4th ed edn (New York, Garland Science)'

Alonso, J. M., Stepanova, A. N., Leisse, T. J., Kim' C. J., Chen, H. M', Shinn, P',

Stevenson, D.K., Zimmerman, J., Barajas, P., Cheuk, R, et al. (2003). Genome-wide

insertional mutagenesis of Arabidopsis thaliana. Science 
'Washington 301,653-657 .

Alonso, J.M., Hirayama, T., Roman, G., Nourizadeh, S., and Ecker, J. R. (1999). EIN2, a

bifunctional transducer of ethylene and stress responses in Arabidopsis. Science 284,

2t48-2152.
Altschul, S. F., Madden, T. L., Schäffer, A. A', Zhang, J., Zhang, 2., }l4illet, W', and

Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein

database searchprograms. Nucleic Acids Research 2 5, 3389-3402.

Aukerman, M. J., and Sakai, H. (2003). Regulation of flowering time and floral organ

identity by a microRNA and its APETALA2-like target genes. Plant Cell 15,2730-

274r.
Azpiroz Leehan, R., and Feldmann, K. A. (1997). T-DNA insertion mutagenesis in

Arabidopsis: going back and forth. Trends in Genetics 13, 152-156.

Bairoch, 4., Bucher, P., and Hofmann, K. (1997). The PROSITE database, its status in

1997. Nucleic Acids Research 25,2I7-221.
Baker, 8., Zambryski, P., Staskawicz, 8., and Dinesh Kumar, S. P. (1997). Signaling in

plant-microbe interactions. Science'Washing ton 2 7 6, 7 26-7 33 .

Baker, C. J., and Orlandi, E. 'W. (1995). Active oxygen in plant pathogenesis. Annual

Review of Phytopathology 3 3, 299-32I.
Baldwin, D., Crane, V., and Rice, D. (1999). A comparison of gel-based, nylon filter and

microarray techniques to detect differential RNA expression in plants. Current

Opinion in Plant Biology 2,96-103.
Balzergue, S., DubreucQ, B., Chauvin, S., Le-Clainche, I., Le Boulaire, F., de RoSe, R',

Samson, F., Biaudet, v., Lecharny,4., cruaud,c, et al. (2001). Improved PcR-

walking for large-scale isolation of plant T-DNA borders. Biotechniques 30, 496-+.

Banerjee-Basu, S., and Baxevanis, A. D. (2001). predictive methods using protein

sequences. In Bioinformatics : a practical guide to the analysis of genes and proteins,

A. D. Baxevanis, and B. F. F. Ouellette, eds. (New York, Wiley-Interscience), pp.

253-282.
Bartel,8., and Bartel, D. P. (2003). MicroRNAs: At the root of plant development? Plant

Physiology I 32, 109-7 17 .

Bartel, D. P. (t004). MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell

I16,28I-297.
Bartels, D., Furini, 4., Ingram, J., Salamini, F., Chandler, J. V/., Gallagher, L., Elster, R.,

and Bianchi, G. (1996). Response of plants to dehydration stress: a molecular

analysis. Plant Growth Regulation 20, 1 1 1-1 18.



154

Bass, B. L. (2000). Double-stranded RNA as a template for gene silencing. Cell 101,235-

238.
Bateman,4., Birney, E., cemtt|L., Durbin, R., Etwiller, L., Eddy, S.R., Griffiths-Jones,

S., Howe, K. L., Marshall, M., and Sonnhammer, E. L. L. (2002). The Pfam Protein

Families Database. Nucleic Acids Research 30,276-280.

Bechtold, N., Ellis, J., and Pelletier, G. (1993). In planta Agrobacterium mediated gene

transfer by infiltration of adult Arabidopsis thaliana plants. C R Acad Sci Paris, Life

Sciences 3 I 6, LI94-II99.
Bendtsen, J. D., Nielsen, H., von Heijne, G., and Brunak, S. (2004). Improved prediction of

signal peptides: SignatP 3.0. Journal of Molecular Biology 340,783-795.

Bent, A. F. (1996). Plant disease resistance genes: function meets structure. Plant Cell 8,

l7 51 -177 l.
Bent, A. F. (2000). Arabidopsis in planta transformation. Uses, mechanisms, and prospects

for transformation of other species. Plant Physiology 124, 1540-1547 .

Bent, A. F., Innes, R.W., Ecker, J. R., and Staskawicz, B.J. (1992)' Disease development

in ethylene-insensitive Arabidopsis thaliana infected with virulent and avirulent

Pseudomonas and Xanthomonas pathogens. Molecular Plant Microbe Interactions 5,

312-378.
Berger, S., Bell, E., Sadka, 4., and Mullet, J. E. (1995). Arabidopsis thaliana Atvsp is

- 
homologous to soybean VspA and VspB, genes encoding vegetative storage protein

acid phosphatases, and is regulated similarly by methyl jasmonate, wounding, sugars,

light and phosphate. Plant Molecular Biology 27,933-942.
Bernstein, E., caudy, A. 4., Hammond, s. M., and Hannon, G. J. (2001). Role for a

bidentate ribonuclease in the initiation step of RNA interference. Nature 409, 363-

366.
Bethesda, M. D. (2002). The NCBI Handbook, National Llbrary of Medicine (US), NCBI).

Biezen, E. A. v. d., and Jones, J. D. G. (1998). Plant disease-resistance proteins and the

gene-for-gene concept. Trends in Biochemical sciences 23,454-456.
Bittnei, M., Butow, R., and DeRisi, J. L. (2003). Expression analysis of RNA. In DNA

microarrays : a molecular cloning manual, D. Bowtell, and J. Sambrook, eds. (Cold

spring Harbor, NY, cold Spring Harbor Laboratory Press), pp. 101-289.

Bleeckãr, Ã. g., and Kende, H. (2000). Ethylene: A gaseous signal molecule in plants.

Annual Review of Cell and Developmental Biology l6,l-+.
Bonaldo, M. F., Lennon, G., and Soares, M. B. (1996). Normalization and subtraction: two

approaches to facilitate gene discovery. Genome Research 6,791-806.
Bos, i.- (1999). Plant viruses, unique and intriguing pathogens : a textbook of plant

virology (Leiden, Backhuys Publishers).

Bostock, R.-M., Karban, R., Thaler, J. S., Weyman, P. D., and Gilchrist, D. (2001). Signal

interactions in induced resistance to pathogens and insect herbivores. European

Joumal of Plant Pathology 107, 103-lll.
Bouchez, D., Camilleri, C., and Caboche, M. (1993)' A binary vector based on Basta

resistance for in planta transformation of Arabidopsis thaliana. C R Acad Sci Paris,

Life Sciences 316, I188-1193.
Bowling, s. 4., Guo, A. L., Cao, H., Gordon, A. S., Klessig, D. F., and Dong, x. N. (1994).

A mutation in Arabidopsis that leads to constitutive expression of systematic acquired

resistance. Plant Cell 6, 1845-1851'
Bowtell, D., and Sambrook, J. (2003). DNA microarrays : a molecular cloning manual. In

DNA microarrays : a molecular cloning manual, D. Bowtell, and J. Sambrook, eds.

(Cold Spring Harbor Laboratory, NY, Cold Spring Harbor Laboratory Press).



155

Branden, C., and Tooze, J. (1999). Introduction to protein structure, 2nd edn (New York,

Garland).
Brennecke, J., Hipfner, D. R., Stark,4., Russell, R. 8., and Cohen, S.M' (2003). bantam

encodes a developmentally regulated microRNA that controls cell proliferation and

regulates the proapoptotic gene hid in Drosophila. Cell I13,25-36.
Brigneti, G., voinnet, o., Li, w., Ji, L., Ding, S., and Baulcombe, D. c. (1998). Viral

- 
pathogenicity determinants are suppressors of transgene silencing in Nicotiana

benthamiana. EMBO Journal I 7, 6739-67 46.

Broekaert, W. F., Terras, F. R. G., Cammue, B. P. 4., and Vanderleyden, J. (1990). An

automated quantitative assay for fungal growth inhibition. FEMS Microbiology

Letters 69,55-60.
Brouwer, M., Lievens, 8., Van Hemelrijck, 'W., Van den Ackerveken, G.' Cammue, B. P'

A., and Thomma, B. (2003). Quantification of disease progression of several

microbial pathogens on Arabidopsis thaliana using real-time fluorescence PCR. Fems

Microbiology Letters 2 28, 241-248.
Burgess, L. Vy'., Summerell, B. 4., Bullock, S., Gott, K. P., and Backhouse, D. (1994).

Laboratory manual for Fusarium research (Sydney, University of Sydney).

Cao, H., Bowling, S. 4., Gordon, A. S., and Dong, X. N. (1994). Charactetization of an

Arabidopsis mutant that is noffesponsive to inducers of systemic acquired resistance.

Plant Cell 6, 1583-1592.
Cao,H., Glazebrook, J., Clarke, J.D.,Volko, S., and Dong, X. (1997). The Arabidopsis

NpRl gene that controls systemic acquired resistance encodes a novel protein

containing ankyrin repeats. Cell Cambridge 88, 57-63.

Carthew, R. V/. (2001). Gene silencing by double-stranded RNA. Current Opinion in Cell

Biology 13,244-248.
century, K. 

-S., 
Shapiro,4.D., Repetti, P. P., Dahlbeck, D., Holub, E., and Staskawicz, B.

l. çtSOl¡. NDRl, a pathogen-induced component required for Arabidopsis disease

resistance. Science 2 7 8, 1963-1965.

Cerutti, H. (2003). RNA interference: traveling in the cell and gaining functions? Trends in

Genetics 19,39-46.
Chandra, S., Stennis, M., and Low, P. S. (1998). Measurement of Ca2+ fluxes during

elicitation of the oxidative burst in aequorin-transformed tobacco cells (vol 272, pg

2827 4, 1997). Joumal of Biological Chemistry 27 3, 1 838-1838'

Chang, C., and Shockey, J. A. (1999). The ethylene-response pathway: signal perception to

gene regulation. Current Opinion in Plant Biology 2,352-358'
Chen, and Chen, Z. (2000).Isolation and characterization of two pathogen- and salicylic

acid-induced genes encoding WRKY DNA-binding proteins from tobacco. Plant

Molecular Biology 42, 387 -396.

Chen, e. G., and Bleecker, A. B. (1995). Analysis of Ethylene Signal-Transduction

Kinetics Associated with Seedling-Growth Response and Chitinase Induction in

wild-Type and Mutant Arabidopsis. Plant Physiology 108,597-607.

Chilton, M. D. M., and Que, Q.D. (2003). Targeted integration of T-DNA into the tobacco

genome at double-stranded breaks: New insights on the mechanism of T-DNA

integration. Plant Physiology I 33, 956-965.

Chivasa, S., tvturphy,4.M., Naylor, M., and Carr, J. P. (1997). Salicylic acid interferes

with tobacco mosaic virus replication via a novel salicylhydroxamic acid-sensitive

mechanism. Plant CelI 9, 547 -557 .

Christie, P. J. (2001). Type IV secretion: intercellular transfer of macromolecules by

systems ancestrally related to conjugation machines. Molecular Microbiology 40,

294-305.



156

Chuang, C. F., and Meyerowitz, E. M. (2000). Specific and heriTable genetic interference

by double-strandãd RNA in Arabidopsis thaliana. Proceedings of the National

Academy of sciences of the united States of America 97,4985-4990.

Citovsky, V., Guralnick, E}., Simon, M.N., and Wall, J. S. (1997). The molecular structure

olAgrobacterium VirE2-single stranded DNA complexes involved in nuclear import.

Journal of Molecular Biology 271,718-727 .

Clark, K. L., Larsen, P. 8., Wang, X. X., and Chang, C. (1998). Association of the

Arabidopsis CTR1 Raf-like kinase with the ETR1 and ERS ethylene receptors (vol

95,pg 5401, 1998). Proceedings of the National Academy of Sciences of the United

States of America 95,9060-9060.
clarke, J. D., Liu, Y. D., Klessig, D. F., and Dong, x. N. (1998). Uncoupling PR gene

expression from NPR1 and bacterial resistance: Characterization of the dominant

Arabidopsis cpr6- 1 mutant. Plant Cell I 0 ' 557 -569 '

clarke, J. D., volko, s. M., Ledford, H., Ausubel, F. M., and Dong, x. N. (2000). Roles of

salicylic acid, jasmonic acid, and ethylene in cpr-induced resistance in Arabidopsis.

Plant Cell I 2, 217 5-2190.
Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis thaliana. Plant Journal 16,735-743-

Clough, S. J., Fengler, K. 4., Yu, I. C.' Lippok, 8., Smith, R' K', and Bent, A' F' (2000)'

the Rrabidopsis dndl "defense, no death" gene encodes a mutated cyclic nucleotide-

gated ion chãnnel. Proceedings of the National Academy of Sciences of the United

States of America 97,9323-9328.
Cogoni, C., and Macino, G. (1997). Conservation of transgene-induced post-transcriptional

gene silencing in plants and fungi. Trends in Plant Science 2,438-443.

Conraìh, U., Silva, H- and Klessig, D. F. (1997). Protein dephosphorylation mediates

saíicylic acid-induced expression of PR-l genes in tobacco. Plant Journal 11,747-

757.
Creelman, R. 4., Bell, E., and Mullet, J. E. (1992).Involvement of a lipoxygenase-like

enzyme in abscisic acid biosynthesis. Plant Physiology 99,1258-1260'

Creelman, R. A., and Mullet, J. E. (1995). Jasmonic acid distribution and action in plants:

regulation during development and response to biotic and abiotic stress. Proceedings

of the National Ãcademy of Sciences of the United States of America 92, 4ll4-4l19.
Creelman, R. 4., and Mu|let, J. E. (1997). Biosynthesis and action of jasmonates in plants'

Annual Review of Plant Physiology and Plant Molecular Biology 48,355-381.

Dalmay, T., Hamilton, 4., Rudd, S., Angell, s., and Baulcombe, D. C. (2000)' An RNA-

Dependent RNA polymerase gene in Arabidopsis is required for posttranscriptional

gene silencing mediated by a transgene but not by a virus. Cell 101,543-553.

Dalmãy, T., Horsefield, R., Braunstein, T. H., and Baulcombe, D. C. (2001). SDE3 encodes

an RNA helicase required for posttranscriptional gene silencing in Arabidopsis. Embo

Journal 20,2069-2071.
Dangl, J. L., and Jones, J. D. G. (2001). Plant pathogens and integrated defence responses

to infection. Nature 4l 1,826-833.
de Bruxelles, G. L., and Roberts, M. R. (2001). Signals regulating multiple responses to

wounding and herbivores. Critical Reviews in Plant Sciences 20, 481-52I.

De Buck, S., Jãcobs, 4., Van Montagu, M., and Depicker, A. (1999). The DNA sequences

of T-DNA junctions suggest that complex T-DNA loci are formed by a recombination

process resembling T-DNA integration. Plant Journal 20,295-304.

de paier, S., Greco, V.,Þham, K., Memelink, J., and Kijne, J. (1996). Characterization of a

zinc-dependent transcriptional activator from Arabidopsis. Nucleic Acids Research

24,4624-463r.



r57

De Souza, S. J., Long, M., Kleln, R.J., Roy, S., Lin, S., and Gilbert, W. (1998). Toward a

resolution of the introns earlyllate debate: Only phase zero introns are correlated with
the structure of ancient proteins. Proceedings of the National Academy of Sciences of
the United States of America 95,5094-5099.

Delessert, C., 'Wilson, I. W., Van Der Straeten, D., and Dolferus, R. (2004). Spatial and

temporal analysis of the local response to wounding in Arabidopsis leaves. Plant

Molecular Biology 55, 165- 181 .

Delledonne, M., Xia, Y. J., Dixon, R. 4., and Lamb, C. (1998). Nitric oxide functions as a

signal in plant disease resistance. Nature 394, 585-588.

Dempsãy, D. 4., Shah, J., and Klessig, D. F. (1999). Salicylic acid and disease resistance in

plants. Critical Reviews in Plant Sciences 18,547-515-

Diaz, J., ten Have,4., and van Kan, J. A. L. (2002). The role of ethylene and wound

signaling in resistance of tomato to Botrytis cinerea. Plant Physiology 129, l34l-
1351.

Dixon, R. 4., Harrison, M. J., and Paiva, N. L. (1995). The isoflavonoid phytoalexin

pathway: from enzymes to genes to transcription factors. Physiologia Plantarum 93,

385-392.
Doebley, J., and Lukens, L. (1998). Transcriptional regulators and the evolution of plant

form. Plant Cell 10,1075-1082.
Doerner, P. (2002). quntitative analysis of root growth. In Arabidopsis: A Laboratory

Manual, D. Weigel, and J. Glazebrook, eds. (Cold Spring Harbor Laboratory), pp. 56-

62.
Duggan, D.J., Bittner, M., chen, Y.D., Meltzer, P., andTrent, J. M. (1999). Expression

profiling using cDNA microarrays. Nature Genetics 21, 10-14.

Durner, J., Shah, J., and Klessig, D. F. (1997). Salicylic acid and disease resistance in

plants. Trends in Plant Science 2,266-214.
Durnér, J.,'Wendehenne, D., and Klessig, D. F. (1998). Defense gene induction in tobacco

by nitric oxide, cyclic GMP, and cyclic ADP-ribose. Proceedings of the National

Academy of Sciences of the United States of America 95, 10328-10333.

Durrenberg.., F., Crameri, 4., Hohn, 8., and Koukolikova Nicola, Z. (1989). Covalently

bound YirD2 protein of Agrobacterium tumefaciens protects the T-DNA from

exonucleolytic degradation. Proceedings of the National Academy of Sciences of the

United States of America 86,9154-9158.
Elbashir, S. M., Lendeckel, W., and Tuschl, T. (2001). RNA interference is mediated by

21,-and22-nucleotide RNAs. Genes & Development 15, 188-200'

Ellis, C., and Turner, J. G. (2001). The Arabidopsis mutant cevl has constitutively active

jasmonate and ethylene signal pathways and enhanced resistance to pathogens. Plant

Cell I3,1025-1033.
Ellis, C., ancl Turner, J. G. (2002). A conditionally fertile coil allele indicates cross-talk

between plant hormone signalling pathways in Arabidopsis thaliana seeds and young

seedlings. Planta 21 5, 549-556.
Ellis, J., Dodãs, P., and Pryor, T. (2000). Structure, function and evolution of plant disease

resistance genes. Current Opinion in Plant Biology 3,278-284.
Emery, J. F., Floyd, s. K., Alvarez, J., Eshed, Y., Hawker, N. P., Izhaki,4., Baum, S. F.,

and Bowman, J. L. (2003). Radial patterning of Arabidopsis shoots by class III HD-

ZIP andKANADI genes. Current Biology 13,1768-1714.

Eulgem, T., Rushton, P. J., Robatzek, S., and Somssich, I. E. (2000). The WRKY
superfamily of plant transcription factors. Trends in Plant Science 5,199-206.



158

Fabbri, M., Delp, G., Schmidt, O., and Theopold, U. (2000). Animal and plant members of
a gene family with similarity to alkaloid-synthesizing enzymes. Biochemical &
Biophysical Research Communications 27 1, 19I-196-

Fagard, M., and Vaucheret, H. (2000). (Trans)gene silencing in plants: How many

mechanisms? Annual Review of Plant Physiology and Plant Molecular Biology 51,

167-t94.
Falk, 4., Feys, B. J., Frost, L.N., Jones, J. D. G., Daniels, M. J., and Parker, J. E. (1999).

EDS1, an essential component of R gene-mediated disease resistance in Arabidopsis

has homology to eukaryotic lipases. Proceedings of the National Academy of
Sciences of the United States of America 96,3292-3297.

Fariselli, P., Riccobelli, P., and Casadio, R. (1999). Role of evolutionary information in
predicting the disulfide-bonding state of cysteine in proteins. Proteins-Structure

Function and Genetics 36,340-346.
Farmer, E. 8., and Ryan, C. A. (1992). Octadecanoid precursors of jasmonic acid activate

the synthesis of wound-inducible proteinase inhibitors. Plant Cell 4,I29-134.
Feldmann, K. A. (1991). T-DNA insertion mutagenesis in Arabidopsis: mutational

spectrum. Plant Journal l,7l-82.
Felsenstein, J. (1988). phylogenies from molecular sequences: inference and reliability.

Annual reviews in genetics 22,521-565.
Felton, G.'W., Korth, K. L., Bi, J. L','Wesley, S. V., Huhman, D.V', Mathews, M' C',

Murphy, J. 8., Lamb, C., and Dixon, R. A. (1999). Inverse relationship between

systemic resistance of plants to microorganisms and to insect herbivory. Current

Biology 9,317-320.
Fernandes,l., Brendel, V., Gai, X. Vy'., Lal, S., Chandler, V. L., Elumalai' P., Galbraith, D.

W., pierson, E. 4., and Walbot, Y. (2002). Comparison of RNA expression profiles

based on maize expressed sequence tag frequency analysis and micro-array

hybridization. Plant Physiology I 2 8, 89 6 -9 10.

Fenari, S., Plotnikova, J. M., De Lorenzo, G., and Ausubel, F. M. (2003). Arabidopsis

local resistance to Botrytis cinerea involves salicylic acid and camalexin and requires

EDS4 and PAD2, but not SID2, EDS5 or PAD4. Plant Journal35,193-205.
Feys, B. J., Moisan,L.J., Newman, M.4., and Parker, J.E.(2001). Direct interaction

between the Arabidopsis disease resistance signaling proteins, EDS1 and PAD4.

Embo Journal 20, 5400-5411.
Feys, B. J., and Parker, J. E. (2000). Interplay of signaling pathways in plant disease

resistance. Trends in Genetics 16,449-455-
Feys, B. J. F., Benedetti, C. E., Penfold, C. N., and Turner, J. G. (1994)' Arabidopsis

mutants selected for resistance to the phytotoxin coronatine are male sterile,

insensitive to methyl jasmonate, and resistant to a bacterial pathogen. Plant Cell ó,

75r-159.
Fire, 4., Xu, S. Q., Montgomery, M. K., Kostas, S. 4., Driver, s. E., and Mello, c. c.

(1998). Potent and specific genetic interference by double-stranded RNA in
Caenorhabditis elegans. Nature 39 I, 806-811.

Fisher, N. L., Burgess, L. V/., Toussoun, T. 4., and Nelson, P. E. (1982). Carnation leaves

as a substrate and for preserving cultures of Fusarium species. Phytopathology 72,

15 1-1 53.
Foley, R. C., and Singh, K. B. (2004). TGA5 acts as a positive and TGA4 acts as a negative

regulator of ocs element activity in Arabidopsis roots in response to defence signals.

Febs Letters 5 63, l4l-145.



159

Fraser, A. G., Kamath, R. S., Zipperlen, P., Martinez-Campos, M., Sohrmann, M., and

Ahringer, J. (2000). Functional genomic analysis of C. elegans chromosome I by

systematic RNA interference' Nature 408' 325 - 330'

Friesnér, J., and Britt, A. B. (2003). Ku80- and DNA ligase IV-deficient plants are sensitive

to ionizing radiation and defective in T-DNA integration. Plant Journal 34,427-440.

Frye, C. 4., and Innes, R. W. (1998). An Arabidopsis mutant with enhanced resistance to

powdery mildew. Plant Cell 10,947-956.
Frye, C. 4., Tang, D. 2., and Innes, R. W. (2001). Negative regulation of defense responses

in plants by a conserved MAPKK kinase. Proceedings of the National Academy of
Sciences of the United States of America 98,373-378.

Gaffney, T., Friedrich, L., Vernooij, 8., Negrotto, D., Nye, G'' Uknes, S', Ward, E',

Kessmann, H., and Ryals, J. (1993). Requirement of salicylic acid for the induction of
systemic acquired resistance. Science V/ashington 261, 7 54-7 56.

Garfini<el, D. J., and Nester, E. W. (19S0). Agrobacterium tumefaciens mutants affected in

crown gall tumorigenesis and octopine catabolism. Journal of Bacteriology 144,732-

143.
Gasteiger, E., Gattiker, 4., Hoogland, C., Ivanyi, [., Appel, R. D., and Bairoch, A. (2003)'

EleeSy: the proteomics server for in-depth protein knowledge and analysis. Nucleic

Acids Research 3 l, 3784-37 88'
Gelvin, S. B. (2000). Agrobacterium and plant genes involved in T-DNA transfer and

integration. Annual Review of Plant Physiology and Plant Molecular Biology 51,

223-256.
Gelvin, S. B. (2003). Agobacterium-mediated plant transformation: The biology behind the

"gene-Jockeying" tool. Microbiology and Molecular Biology Reviews 67,16-+.

GeneDãc (2000). A tool for editing and annotating multiple sequence allignment,

(http : //www.psc. edu/biomed/genedoc/).
Genoud, T., and Metraux, J. P. (1999). Crosstalk in plant cell signaling: structure and

function of the genetic network. Trends in Plant Science 4,503-507.

Glazebrook, J. (l9gg). Genes controlling expression of defense responses in Arabidopsis.

Current Opinion in Plant Biology 2,280-286.
Glazebrook, f. (ZOOt1. Genes controlling expression of defense responses in Arabidopsis -

2001 status. Current Opinion in Plant Biology 4,301-308'
Glazebrook, J., Chen, W.J., Estes,8., Chang, H. S., Nawrath, C., Metraux, J. P., Zhu'T',

and Katagiri, F. (2003). Topology of the network integrating salicylate and jasmonate

signal transduction derived from global expression phenotyping. Plant Jottmal 34,

2r1-228.
Goff, S.4., Ricke, D.,Lan, T.H., Presting, G.,'Wang, R'L', Dunn, M', Glazebrook, J',

Sessions, 4., Oeller, P., Varma, H., et al. (2002). A draft sequence of the rice genome

(Oryz,a sativa L. ssp japonica). Science 296,92-100.
Gonczy, P., Echeverri, C., Oegema, K', Coulsotr' 4., Jones, S' J' M', Copley, R' R',

ó.rp"ron, J., Oegema, J., Brehm, M., cassin, E., et al. (2000). Functional genomic

anaìysis of cell division in C. elegans using RNAi of genes on chromosome III.

Nature London 408, 331-336.
Govrin, E. M., and Levino, A. (2000). The hypersensitive response facilitates plant

infection by the necrotrophic pathogen Botrytis cinerea. Current Biology 10,751-751.

Govrin, E. M., and Levine, A. (2002). Infection of Arabidopsis with a necrotrophic

pathogen, Botrytis cinerea, elicits various defense responses but does not induce

systemic acquired resistance (SAR). Plant Molecular Biology 48,267-276.

Grishok,4., pasquinelli, A. E., Conte, D., Li, N., Parrish, S., Ha, I., Baillie, D.L., Fire,4.,
Ruvkun, G., and Mello, C. C. (2001). Genes and mechanisms related to RNA



160

interference regulate expression of the small temporal RNAs that control C-elegans

developmental timing. Cell I 06, 23-34.
Guilfoyle, 1.. l. 1f Sl7). The structure of plant gene promoters. Genetic engineering:

principles and methods 19,15-47.
Guimãraes, R.L., Chetelat, R.T., and Stotz, H. U. (2004). Resistance to Botrytis cinerea in

Solanum lycopersicoides is dominant in hybrids with tomato, and involves induced

hyphal death. European Journal of Plant Pathology 110,13-23'

Gundlach, H., Muller, M.J., Kutchan, T.M., andZenk, M. H. (1992)- Jasmonic acid is a

signal transducer in elicitor-induced plant cell cultures. Proceedings of the National

Academy of Sciences of the United States of America 89,2389-2393.

Guo, H. W., and Ecker, J. R. (2004). The ethylene signaling pathway: new insights. Current

Opinion in Plant BiologY 7,40-49.
Gupta, V., Willits, M. G., and Glazebrook, J. (2000). Arabidopsis thaliana EDS4

contributes to salicylic acid (SA)-dependent expression of defense responses:

Evidence for inhibition of jasmonic acid signaling by SA. Molecular Plant-Microbe

Interactions 13, 503-51 1.

Haas, B. J., Delcher, A. L., Mount, s. M., wOrtman, J. R., Smith, R. K., Hannick, L. I.,
Maiti, R., Ronning, C. M., Rusch, D. 8., Town, C. D., et al. (2003). Improving the

Arabidopsis genome annotation using maximal transcript alignment assemblies.

Nucleic Acids Research 31 , 5654-5666.

Hall, A. E., Findell, J.L., Schaller, G. E., Sisler, E. C., and Bleecker, A. B. (2000).

Etþlene perception by the ERSl protein in Arabidopsis. Plant Physiology 123,1449-

t457.
Hamilton, A. J., and Baulcombe, D. C. (1999). A species of small antisense RNA in

posttranscriptional gene silencing in plants. Science 286,950-952.
Hammerschmidt, R. (1999). Induced disease resistance: how do induced plants stop

pathogens? Physiological and Molecular Plant Pathology 55, 17-84.

Hammerschmidt, R., and Becker, J. S. (1997). Acquired resistance to disease in plants.

Horticultural Reviews I 8, 247 -289.

Hammond Kosack, K. E., and Jones, J. D. G. (1996). Resistance gene-dependent plant

defense responses. Plant Cell 8,I773-1791.
Hammond, S. M., Bernstein, E., Beach, D., and Hannon, G. J. (2000). An RNA-directed

nuclease mediates post-transcriptional gene silencing in Drosophila cells. Nature 404,

293-296.
Heath, M. C. (2000). Hypersensitive response-related death. Plant Molecular Biology 44,

32r-334.
Hellens, R., Mullineaux, P., and Klee, H. (2000). A guide to Agrobacterium binary Ti

vectors. Trends in Plant Science 5,446-451.
Helliwell, C. 4., 'Wesley, S. V., V/ielopolska, A. J., and Waterhouse, P. M. (2002). High-

throughput vectors for effîcient gene silencing in plants. Functional Plant Biology 29,

l2l7-1225.
Henikoff, J. G., Greene, E. 4., Pietrokovski, S., and Henikoff, S. (2000). Increased

coverage of protein families with the blocks database servers. Nucleic Acids Research

28,228-230.
Herrera Estrella, 4., Montagü, M. v., and Wang, K. (1990). A bacterial peptide acting as a

plant nucle ar targeting signal: the amino-terminal portion of Agrobacterium YirD2
protein directs abeta -galactosidase fusion protein into tobacco nuclei. Proceedings of
lhe National Academy of Sciences of the United States of America 87, 9534-9537 .

Hershkovitz, M.4., and Leipe, D. D. (1993). Phylogenetic Analysis. In Methods of
biochemical analysis, Bioinformatics : a practical guide to the analysis of genes and



161

proteins, A. Baxevanis, and B. F. F. Ouellette, eds. (New York, John Wiley), pp. 189-

230.
Herwig, R., Schulz, B., Weisshaar,B., Hennig, S., Steinfath, M., Drungowski, M.' Stahl,

D., V/ruck, W., Menze, A., O'Brien, J., et al. (2002). Construction of a 'unigene'

çDNA clone set by oligonucleotide fingerprinting allows access to 25 000 potential

sugar beet genes. Plant Journal 32,845-857.
Heuvel,l. V. d. (1981). Effect of inoculum composition on infection of French bean leaves

by conidia of Botrytis cinerea. Netherlands Journal of Plant Pathology 87,55-64.

Higo, K., Ugu*u, Y., Iwamoto, M., and Korenaga,T. (1999). Plant c¿s-acting regulatory

DNA elements (PLACE) database: 1999. Nucleic Acids Research 27,297-300.

Hillis, D. M., Allard, M. W., and Miyamoto, M. M. (1993). Analysis of DNA sequence

data: Phylogenetic inference. Methods in Enzymology 224,456-487.

Hillis, D. M; and Huelsenbeck, J. P. (1992). Signal, noise, and reliability in molecular

phylogenetic anlysis. The Journal of heredity 83, 189-195.

Hirai, M., Terenius, O., Li, 'W., and Faye, I. (2004). Baculovirus and dsRNA induce

Hemolin, but no antibacterial activity, in Antheraea pernyi. Insect Molecular Biology

I 3,399-405.
Hoekema, 4., Hirsch, P. R., Hooykaas, P. J. J., and Schilperoort, R. A. (1983). A binary

plant vector strategy based on separation of vir- and T-region of the Agrobacterium

tumefaciens Ti-plasmid. Nature 303, 179-180.

Hua, J., and Meyerowitz, E. M. (1993). Ethylene responses are negatively regulated by a

receptor gene family in Arabidopsis thaliana. Cell 94,261-27I.
Hua, J., Sakai, H., Nourizadeh, S., chen, Q. H. G., Bleecker, A. 8., Ecker, J. R., and

Meyerowitz, E. M. (1998). EIN4 and ERS2 are members of the putative ethylene

receptor gene family in Arabidopsis. Plant cell I0,132l-1332.
Hutvagnei, G.,Mclachlan, J., Pasquinelli, A. E., Balint, E., Tuschl, T., and Zamore,P.D.

IZOOf;. A cellular function for the RNA-interference enzyme Dicer in the maturation

of the let-7 small temporal RNA. Science 293,834-838.
Hutvagner, G., and Zamore, P. D. (2002). RNA interference: Nature hates double strands.

Biofutur, 52-51.
Jabs, T., Tschope, M., colling, c., Hahlbrock, K., and Scheel, D. (1991). Elicitor-

stimulated ion fluxes and 02- from the oxidative burst are essential components in

triggering defense gene activation and phytoalexin synthesis in parsley. Proceedings

of the National Academy of Sciences of the United States of America 94, 4800-4805 .

Jacobsen, S. E., Running, M. P., and Meyerowitz, E. M. (1999). Disruption of an RNA

helicase/RNAse IIt gene in Arabidopsis causes unregulated cell division in floral

meristems. Development I 2 6, 523L -5243.

Janin, J., and Chotia, C. (1985). Domains in proteins: Definitions, location, and structural

principles. Tn Methods in Enzymology (Academic Press),pp.420-430.
Jirage,D., Tootle, T.L.,Reuber, T.L., Frost, L.N., Feys, B. J.' Parker, J. E., Ausubel' F.

- 
M., and Glazebrook, J. (1999). Arabidopsis thaliana PAD4 encodes a lipase-like gene

that is important for salicylic acid signaling. Proceedings of the National Academy of
Sciences of the United States of America 96,13583-13588.

Jirage, D., Zhou, N., Cooper, 8., Clarke, J. D., Dong, X. N., and Glazebrook' J. (2001).

Constitutive salicylic acid-dependent signaling in cprl and cpr6 mutants requires

PAD4. Plant Journal 2 6, 395-401 .

Johnson, p. R., and Ecker, J. R. (1998). The ethylene gas signal transduction pathway: A
molecular perspective. Annual Review of Genetics 32,227 -254.

Johnson, R., Narvaez, J., An, G. H., and Ryan, C. (1989)' Expression of proteinase

inhibitors I and II in transgenic tobacco plants: effects on natural defense against



t62

Manduca sexta larvae. Proceedings of the National Academy of Sciences of the

United States of America 86,9871-9875.
Johnston, R. J., Jr., and Hobert, O. (2003). A microRNA controlling left/right neuronal

asymmetry in Caenorhabditis elegans. Nature London 426,845-849.
Kachroo, P., Shanklin, J., Shah, J., Whittle, E. J., and Klessig, D. F. (2001). A fatty acid

desaturase modulates the activation of defense signaling pathways in plants.

Proceedings of the National Academy of Sciences of the United States of America 98,

9448-94s3.
Kasschau, K. D., and Carrington, J. C. (1998). A counterdefensive strategy of plant viruses:

Suppression of posttranscriptional gene silencing. Cell 9 5, 461 -47 0.

Katagiri, F. (2004). A global view of defense gene expression regulation - a highly

interconnected signaling network. Current Opinion in Plant Biology 7,506-51I.
Ka1agiri, F., Thilmotry, R., and He, S. Y. (2001). The Arabidopsis thaliana-Pseudomonas

syringae Interaction. In The Arabidopsis Book, C. R. Somerville, and E. M.

Meyerowitz, eds. (Rockville, MD, American Society of Plant Biologists).

Katavic, V., Haughn, G. W., Reed, D., Martin, M., and Kunst, L. (1994). In planta

transformation of Arabidopsis thaliana. Molecular and General Genetics 245, 363-

370.
Kaul, S., Koo, H.L., Jenkins, J.,Rizzo, M., RooneY,T.' Tallon, L.J., Feldblyum, T',

Nierman, W., Benito, M. I., Lin, X. Y., et al. (2000). Analysis of the genome

sequence of the flowering plant Arabidopsis thaliana. Nature 408,796-815.

Kehoe, D. M., Villand, P., and Somerville, S. (1999). DNA microarrays for studies of
higher plants and other photosynthetic organisms. Trends in Plant Science 4,38-4I.

Keller, T., Damude, H. G., Werner, D., Doemer, P., Dixon, R. 4., and Lamb, C. (1998). A
plant homolog of the neutrophil NADPH oxidase gp9l(phox) subunit gene encodes a

plasma membrane protein withCa2+ binding motifs. Plant Cell 10,255-266.

Ketting, R. F., Fischer, S. E. J., Bemstein, E., Sijen, T., Hannon, G. J., and Plasterk, R. H.

A. (2001). Dicer functions in RNA interference and in synthesis of small RNA

involved in developmental timing in C-elegans. Genes & Development 15, 2654-

2659.
Kinuthia, W., Li, D., Schmidt, O., and Theopold, U. (1999). Is the surface of endoparasitic

wasp eggs and larvae covered by a limited coagulation reaction? J Insect Physiol 45,

501-506.
Kieber, J. J., Rothenberg, M., Roman, G., Feldmann, K. 4., and Ecker, J. R. (1993). CTR1'

a negative regulator of the ethylene response pathway in Arabidopsis, encodes a

member of the Raf family of protein kinases. Cell Cambridge 72,427-44I.
Kiedrowski, S., Kawalleck, P., Hahlbrock, K., Somssich, I. E., and Dangl, J. L. (1992).

Rapid activation of a novel plant defense gene is strictly dependent on the

Arabiclopsis RPM1 disease resistance locus. EMBO Joumal I 1,4677-4684.

Klessig, D. F., Durner, J., Shah, J., and Yang, Y. (1998). Salicylic acid-mediated signal

tiansduction in plant disease resistance. In Phytochemical Signals and Plant-Microbe

Interactions, pp. 119-137 .

Kloek, A. P., verbsky, M. L., Sharma, s. B,, schoelz, J. 8., vogel, J., Klessig, D. F., and

Kunkel, B. N. (2001). Resistance to Pseudomonas syringae conferred by aÍr

Arabidopsis thaliana coronatine-insensitive (coil) mutation occurs through two

distinct mechanisms. Plant Joumal 26, 509-522.

Koch, E., and Slusarenko, A. (1990). Arabidopsis Is Susceptible to Infection by a Downy

Mildew Fungus. Plant Cell 2,437-445.



t63

Koch, M. A., 'Weisshaar, 8., Kroymann, J., Haubold, 8., and Mitchell-Olds, T. (2001)'

Comparative genomics and regulatory evolution: Conservation and function of the

Chs and Apetala3 promoters. Molecular Biology and Evolution 18, 1882-1891.

Koncz, C., SchèIl, J., and Redei, G. P. (1992). T-DNA transformation and insertion

mutagenesis. In Methods in Arabidopsis Research, C. Koncz, N. H. Chua, and J.

Schell, eds. (World Scientific), pp.224-273.

Kooter, J. M., Matzke, M. 4., and Meyer, P. (1999). Listening to the silent genes:

transgene silencing, gene regulation and pathogen control. Trends in Plant Science 4,

340-341.
Krupp,4., Hofmann,8., Schäfer, C., and Stitt, M. (1993). Regulation of the expression of

rbcs and other photosynthetic genes by carbohydrates: a mechanism for the 'sink

regulation' of photosynthesis? The Plant Journal 3, 817 '

Krol, A. R. v. d., Mur, L. A.,Lange, P. d., Gerats, A. G. M., Mol, J' N' M', and Stuide, A'
R. (1990). Antisense chalcone synthase genes in petunia: visualization of variable

transgene expression. Molecular and General Genetics 220,204-212'

Krysan, p.1., younE, J.C., and Sussman, M. R. (1999). T-DNA as an insertional mutagen

in Arabidopsis. Plant CelI I1,2283-2290.
Kunkel, B. N., and Brooks, D. M. (2002). Cross talk between signaling pathways in

pathogen defense. Current Opinion in Plant Biology 5,325-331'
Lawtõn, t<.4., Potter, S.L., Uknes, S., and Ryals, J' (1994)' Acquired resistance signal

transduction in Arabidopsis is ethylene independent. Plant Cell6,581-588.

Lecellier, C. H., and Voinnet, O. (2004). RNA silencing: no mercy for viruses?

Immunological Review s I 98, 285-303'

Lee, R. C., Feinbauffi, R. L., and Ambros, V. (1993). The C. elegans heterochronic gene

lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell Cambridge

7 5,843-854.
Leister, R. T., and Katagiri, F. (2000). A resistance gene product of the nucleotide binding

site - leucine rich repeats class can form a complex with bacterial avirulence proteins

in vivo. Plant Journal 22,345-354.
Leon, J., Rojo, E., and Sanchez-Serïano, J. J. (2001). Wound signalling in plants. Journal of

Experimental BotanY 52, t-9.
Leung, j., and Giraudat, J. (1998). Abscisic acid signal transduction. Annual Review of

Plant Physiology and Plant Molecular Biology 49,199-222.

Levin, J. 2., de Framond, A. J., Tuttle, 4., Bauer, M. W., and Heifetz, P. B. (2000).

Methods of double-stranded RNA-mediated gene inactivation in Arabidopsis and

their use to define an essential gene in methionine biosynthesis. Plant Molecular

Biology 44,159-775.
Li, J., Bradãr, G., and Palva, E. T. (2004). The WRKY7O transcription factor: A node of

convergence for jasmonate-mediated and salicylate-mediated signals in plant defense.

Plant Cell 16,319-331.
Li, x., zhang, Y.L., Clarke, J.D., Li, Y., and Dong, x. N. (1999). Identification and

cloning of a negative regulator of systemic acquired resistance, SNlIl, through a

screen for suppressors of nprl-1. Cell 98,329-339.

Lindbo, J. 4., Silva Rosales, L., Proebsting, W. M., and Dougherty, W. G. (1993).

Induction of a highly specific antiviral state in transgenic plants: implications for

regulation of gene expression and virus resistance. Plant Cell 5,1749-1759.

Lipshut-, R. J., Foãor, S. P. 4., Gingeras, T. R., and Lockhart, D. J. (1999). High density

synthetic oligonucleotide arrays. Nature Genetics 2I ,20'-24'



164

Liu, L. S., White, M. J., and MacRae, T. H. (1999). Transcription factors and their genes in

higher plants - Functional domains, evolution and regulation. European Joumal of
Biochemistry 2 62, 247 -257 .

Liu, Y. G., Mitsukawa, N., Oosumi, T., and V/hittier, R. F. (1995). Efhcient isolation and

mapping of Arabidopsis thaliana T-DNA insert junctions by thermal symmetric

interlaced PCR. The Plant Journal 8.

Liu, y. G., and Whittier, R. F. (1995). Thermal asymmetric interlaced PCR: automaTable

amplification and sequencing of insert end fragments from Pl and YAC clones for

chromosome walking. Genomics 25, 61 4-681.

Long, M. (2001). Evolution of novel genes. Current Opinion in Genetics & Development

I1,673-680.
Longstaff, M., Brigneti, G., Boccard, F., Chapman, S., and Baulcombe, D. (1993). Extreme

resistance to potato virus X infection in plants expressing a modified component of
the putative viral replicase. EMBO European Molecular Biology Organization

Journal 12,379-386.
Mach, J. M., castillo, A. R., Hoogstraten, R., and Greenberg, J. T. (2001). The

Arabidopsis-accelerated cell death gene ACD2 encodes red chlorophyll catabolite

reductase and suppresses the spread of disease symptoms. Proceedings of the

National Academy of Sciences of the United States of America 98,111-776.

Maes, T., De Keukeleire, P., and Gerats, T. (1999). Plant tagnology. Trends in Plant

Science 4,90-96.
Malamy, J., Can, J. P., Klessig, D., and Raskin, I. (1990). Salicylic acid: A likely

endogenous signal in the resistance response of tobacco to viral infection. Science

250,1002-1003.
Maleck, K., Levine, 4., Eulgeffi, T., Morgan, 4., Schmid, J., Lawton, K. 4., Dangl, J. L.,

and Dietrich, R. A. (2000). The transcriptome of Arabidopsis thaliana during

systemic acquired resistance. Nature Genetics 26, 403-4t0.
Marchler-Bauer,4., Anderson, J. B., De'Weese-Scott, C., Fedorova, N. D., Geer, L. Y.' He,

s. Q., Hurwitz, D. I., Jackson, J. D., Jacobs, A. R., Lanczycki, c. J., et al. (2003).

CDD: a curated Entrez database of conserved domain alignments. Nucleic Acids

Research 31,383-387 .

Martin, G. 8., Bogdanove, A. J., and Sessa, G. (2003). Understanding the functions of plant

disease resistance proteins. Annual Review of Plant Biology 54,23-61.
Martínez-G arcia, J. F., Monte, E., and Quail, P. H. (1999). A simple , rapid and quantitative

method for preparing Arabidopsis protein extracts for immunoblot analysis. The Plant

Journal 20,25t-257.
Mathur, J., Szabados, L., Schaefer, S., Grunenberg, B.' Lossow, A.' Jonas-Straube, E.,

Schell, J., Koncz, C., and Koncz-Kalman, Z. (1993). Gene identif,ication with
sequenced T-DNA tags generated by transformation of Arabidopsis cell suspension.

Plant Journal I 3, 7 07 -7 16.

Mauch Mani, 8., and Slusarenko, A. J. (1996). Production of salicylic acid precursors is a

major function of phenylalanine ammonia-lyase in the resistance of Arabidopsis to

Peronospora parasitica. Plant Cell 8, 203-212.
Mayerhofer, R., KonczKalman,2., Nawrath, C., Bakkeren, G., Crameri, A., AngeliS, K.,

Redei, G. P., Schell, J., Hohn, B., and Koncz, C. (1991). T-DNA integration: a mode

of illegitimate recombination in plants. EMBO Journal 10,691-704.

McConn, M., and Browse, J. (1996). The critical requirement for linolenic acid is pollen

development, not photosynthesis, in an Arabidopsis mutant. Plant Cell 8, 403-416-



165

McConn, M., Creelman, R. 4., Bell, E., Mullet, J. 8., and Browse, J. (1997)' Jasmonate is

essential for insect defense in Arabidopsis. Proceedings of the National Academy of

Sciences of the United States of America 94,5473-5417.

McDowell, J. M., and Dangl, J. L. (2000). Signal transduction in the plant immune

response. Trends in Biochemical Sciences 25,79-82.
McElver, J.,Tzafrir,I., Aux, G., ROgers, R., Ashby, c., Smith, K., ThOmaS, c., SChetter,

A., ZhoU., Q., Cushman, M. A., et al. (2001). Insertional Mutagenesis of Genes

Required for Seed Development in Arabidopsis thaliana. Genetics 159,175l-1763.

McKinney, E. C., Ali, N., Traut, 4., Feldmann, K. A., Belostotsky, D. A., McDowell, J.

M., and Meagher, R. B. (1995). Sequence-based identification of T-DNA insertion

mutations in Arabidopsis: actin mutants act2-l andact{-I. Plant Joumal 8,613-622.

Meyer, p., and Saedler, H- (1996). Homology-dependent gene silencing in plants. Annual

Review of Plant Physiology and Plant Molecular Biology 47,23-48.

Montgomery, M. K., and Fire, A. (1998). Double-stranded RNA as a mediator in sequence-

specific genetic silencing and co-suppression. Trends in Genetics 14,255-258.

Morel, J. B., Mourrain, P., Beclin, C., and Vaucheret, H. (2000). DNA methylation and

chromatin structure affect transcriptional and post-transcriptional transgene silencing

in Arabidopsis. Current Biology I 0, I59l-I594.
Moss, E. G. (20ô0). Non-coding RNAs: lightning strikes twice. Current Biology 10,Pt436'

R439.
Mourrain, P., Beclin, c.,Elmayatr, T., Feuerbach, F., Godon, c., Morel, J.8., Jouette, D.,

Lacombe, A. M., Nikic, S., Picault, N., e/ al. (2000). Arabidopsis sGS2 and sGS3

genes are required for posttranscriptional gene silencing and natural virus resistance.

CeIl 101,533-542.
Mueller, E., Gilbert, J., Davenport, G., Brigneti, G., and Baulcombe, D' C. (1995).

Homology-dependent resistance: transgenic virus resistance in plants related to

homology-dependent gene silencing. Plant Journal z, 1001-1013.

Murphy, A. l\ii., Chivasa, S., Singh, D. P., and Carc, J. P. (1999). Salicylic acid-induced

resistance to viruses and other pathogens: a pafüng of the ways? Trends in Plant

Science 4,155-160.
Narusaka, Y., Narusaka, M., Seki, M., IShida, J., Nakashima, M., Kamiya, 4., Enju, 4.,

Sakurai, T., Satoh, M., Kobayashi, M., et at. (2003). The oDNA Microarray analysis

using an Arabidopsis pad3 mutant reveals the expression profiles and classif,rcation of
grtr.r induced by Alternaria brassicicola attack. Plant and Cell Physiology 44,377-

387.
Nawrath, C., and Metraux, J. P. (1999). Salicylic acid induction-deficient mutants of

Arabidopsis express PR-2 and PR-5 and accumulate high levels of camalexin after

pathogen inoculation. Plant Cell I 1, 1393-1404.

Naylor, tr¿., tvt¡rphY, 4.M., Berry, J. O., and Carr, J. P. (1998). Salicylic Acid Can Induce

Resistance to Plant Virus Movement. Molecular Plant-Microbe Interactions Volume

I l, Number 9, 860-868.
Nickstadt,4., Thomma,8., Feussnef, I., Kangasjarvi,J.,Zeier, J., Loeffler, C., Scheel' D',

and Berger, S. (2004). The jasmonate-insensitive mutant jinl shows increased

resistance to biotrophic as well as necrotrophic pathogens. Molecular Plant Pathology

5,425-434.
Nimchuk, Z.,Eulgem, T., Holt, B. E., and Dangl, J. L' (2003). Recognition and response in

the plant immune system. Annual Review of Genetics 37,519-609.

Norman-Setterblad, C., Vidal, S., and Palva, E. T. (2000). Interacting signal pathways

control defense gene expression in Arabidopsis in response to cell wall-degrading



r66

enzymes from Erwinia carotovora. Molecular Plant-Microbe Interactions 13,430-
438.

Novina, C. D., and Sharp, P. A. (2004). The RNAi revolution. Nature 430,161-164'

O'Donnell, P. J., Jones, J. 8., Antoine, F. R., Ciardi, J., and Klee, H. J. (2001). Ethylene-

dependent salicylic acid regulates an expanded cell death response to a plant

pathogen. The Plant Journal 25,315-323.
Oldroyd, C. n. D., and Staskawicz, B. J. (1 )98). Genetically engineered broad-spectrum

ài..u.. resistance in tomato. Proceedings of the National Academy of Sciences of the

United States of America 95, 10300-10305.

Ospina-Giraldo, M. D., Mullins, E., and Kang, S. (2003). Loss of function of the Fusarium

oxysporum SNF1 gene reduces virulence on cabbage and Arabidopsis. Current

Genetics 44,49-57.
Palatnik, J. F., Allefl, E., wu, X. L., Schommer, c., Schwab, R., carrington, J' c., and

'Weigel, D. (2003). Control of leaf morphogenesis by microRNAs. Nature 425,251-

263.
Palauqui, J. C., Elmayan,T., Pollien, J.M., andVaucheret, H. (1998). Systemic acquired

sìlencing: transgene-specific post-transcriptional silencing is transmitted by grafting

from silènced stocks io non-silenced scions (vol 16, pg 4738, 1997). Embo Journal

17,2137 -2137 .

palauqui, J. C., and Vaucheret, H. (1993). Transgenes are dispensable for the RNA

degradation step of cosuppression. Proceedings of the National Academy of Sciences

of the United States of America 95,9615-9680.
Park, Y. D., Papp, I., Moscone, E. A., Iglesias, V. 4., Vaucheret, H., Matzke, A.J.M., and

Matzke, Vf. ¡,. (1996). Gene silencing mediated by promoter homology occurs at the

level of transcrþtion and results in meiotically heriTable alterations in methylation

and gene activity. Plant Joumal9, 183-194.

Pasquinellì, A. E., Reinhart, B. J., Slack, F., Martindale, M. Q., Kuroda, M. I., Maller,8.,' 
Hayward,D.C.,Ball, E. E., Degnan, 8., Muller,P., et al. (2000). Conservation of the

sequence and temporal expression of let-7 heterochronic regulatory RNA. Nature

London 408,86-89.
pena Cortes, H., Fisahn, J., and V/illmitzer, L. (1995). Signals involved in wound-induced

proteinase inhibitor II gene expression in tomato and potato plants. Proceedings of the

Ñational Academy of Sciences of the United States of America 92, 4106-4113.
penninckx, I.A.M. A-, Eggermont, K., Terras, F. R. G., Thomma, B. P. H.J., Samblanx,

G. V/. d., Buchala, 4., Metraux, J. P., Manners, J. M., and Broekaert,'w. F. (1996).
pathogen-induced systemic activation of a plant defensin gene in Arabidopsis follows

a salicylic acid-independent pathway. Plant cell 8,2309-2323.
Petersen, M., Brodersen, P., Naested, H., Andreasson, E., Lindhart, U., Johansen, B',

Nielsen, H.8., Lacy, M., Austin, M.J., Parker, J.8, et al. (2000). Arabidopsis MAP

kinase 4 negatively regulates systemic acquired resistance. Cell 103,1111-1120.
pieterse, C. M. j., and van Loon, L. C. (1999). Salicylic acid-independent plant defence

pathways. Trends in Plant Science 4,52-58.
Pieterse, C. M. J., van Wees, S. C. M., van Pelt, J. A., Knoester, M', Laan' R., Gerrits, N.,

'Weisbeek, P. J., and van Loon, L. C. (1998). A novel signaling pathway controlling

induced systemic resistance in Arabidopsis. Plant Cell 10,1571-1580.

Pieterse, C. M. J., Wees, S. C. M. v., Hoffland, 8., Pelt, J. A. v., and Loon, L' C. v. (1996)'

Systemic resistance in Arabidopsis induced by biocontrol bacteria is independent of
sálicylic acid accumulation and pathogenesis-related gene expression. Plant Cell 8,

1225-1231.



t67

primrose, S. 8., and Twyman, R. M. (2003). Principles of genome analysis and genomics,

3rd edn (Malden, Mass, Blackwell).
pruss, G., Ge, X., Shi, X., carrington, J. c., and vance, v. B. (1991). Plant viral

synergism: the potyviral genome encodes a broad-range pathogenicity enhancer that

transactivates replication of heterologous viruses. Plant Cell 9, 859-868.

Rao, M. V., Lee, H., Creelman, R. 4., Mullet, J. E., and Davis, K. R. (2000). Jasmonic acid

signaling modulates ozone-induced hypersensitive cell death. Plant Cell 12, 1633-

t646.
Ratcliff, F., Harrison, B. D., and Baulcombe, D. C. (1997). A similarity between viral

defense and gene silencing in plants. Science Washington 276,1558-1560.

Raz, V., and Fluhr, R. (1992). Calcium requirement for ethylene-dependent responses.

Plant Cell 4, 1123-1130.
Reuber, T. L., Plotnikova, J. M., Dewdney, J., Rogers, E. E., Wood, w., and Ausubel, F.

M. (1993). Correlation of defense gene induction defects with powdery mildew

suscèptibility in Arabidopsis enhanced disease susceptibility mutants. Plant Journal

I 6, 413-485.
Reymond, p., and Farmer, E. E. (1998). Jasmonate and salicylate as global signals for

defense gene expression. current opinion in Plant Biology 1,404-411.

Reymond, p., WeUei, H., Damond, M., and Farmer, E. E. (2000). Differential gene- 
expression in response to mechanical wounding and insect feeding in Arabidopsis.

Plant Cell 12,707-719.
Rhoades, M. w., Reinhart, B. J., Lim, L. P., Burge, c. 8., Bartel, B., and Bartel, D. P'

(2002). Prediction of plant microRNA targets. Cell I10,513-520.
Rockman, M. V., and Wiay, G. A. (2002). Abundant raw material for cls-regulatory

evolution in humans. Molecular Biology and Evolution 19,199I-2004.

Rojo, E., Leon, J., and Sanchez-Serrano, J. J. (1999). Cross-talk between wound signalling- .pathways 
determines local versus systemic gene expression in Arabidopsis thaliana.

Plant Journal 2 0, 135 -142.

Romeis, T., Piedras,P.,zhang, s.Q., Klessig, D.F., Hirt, H., and Jones, J. D. G. (1999).

Rapid Avrg- and Cf-9-dependent activation of MAP kinases in tobacco cell cultures

und 1"urr"r' Convergence of resistance gene, elicitor, wound, and salicylate responses.

Plant Cell I 1,273-287 .

Roy, S. W. (2003). Recent evidence for the Exon Theory of Genes. Genetica I18,251-266-

Ruâd, S. (2003). Expressed sequence tags: alternative or complement to whole genome

sequences? Trends in Plant Science 8,32I-329.
Rushton, P. J. (2002). Exciting prospects for plants with greater disease resistance. Trends

in Plant Science 7,325-325.
Rushton, P. J., Reinstadler, 4., Lipka, V., Lippok, 8., and Somssich, I.E. (2002)' Synthetic

plant promoters containing defined regulatory elements provide novel insights into

pathogen- and wound-induced signaling. Plant cell 14,149-762.

Rushton, p. J., and Somssich, I. E. (1999). Transcriptional regulation of plant genes

responsive to pathogens and elicitors. In Plant-Microbe Interactions, Vol 4, pp. 25L-

274.
Rushton, P. J., Torres, J. T., Parniske, M., Wernefr, P., Hahlbrock, K', and Somssich, I' E'

(1996). Interaction of elicitor-induced DNA-binding proteins with elicitor response

elements in the promoters of parsley PRI genes. The EMBO Journal 15,5690-5700.

Ryals, J., Lawton, K. 4., Delaney, T.P., Friedrich, L., Kessmann, H.' Neuenschwander, U',- 
Uknes, S., Vernootj, 8., and Weymann, K. (1995). Signal transduction in systemic

acquired resistance. Proceedings of the National Academy of Sciences of the United

States of America 92,4202-4205.



168

Ryals, J., Uknes, S., and Ward, E. (1994). Systemic acquired resistance. Plant Physiology

104,ll09-llr2.
Sakai, H., Hua, J., Chen, Q. H. G., Chang, c. R., Medrano, L. J., Bleecker, A. 8., and

Meyerowitz,E.M. (199S). ETR2 is an ETRl-like gene involved in ethylene signaling

in Arabidopsis. Proceedings of the National Academy of Sciences of the United

States of America 95,5812-5817.
Sambrook, J., and Russell, D. W. (2001). Molecular cloning : a laboratory manual, 3 edn

(Cold Spring Harbor, N.Y., Cold Spring Harbor Laboratory)'

Sanchez-Femandé2, R., Davies, T. G. E., Coleman, J. O. D', and Rea, P' A. (2001). The

Arabidopsis thaliana ABC protein superfamily, a complete inventory. JOURNAL OF

BIOLOGICAL CHEMISTRY 2 7 6, 3023 1.30244.

Schaller, G. E., and Kieber, J. J. (2001). Ethylene. In The Arabidopsis Book, C' R'

Somerville, and E. M. Meyerowitz, eds. (Rockville, MD, American Society of Plant

Biologists).
Schmidt, O., and Theopold, U. (2004). An extracellular driving force of endocytosis and

cell-shape changes (Hypothesis). BioBssays 26, 1344-1350'

scheiffele, P., Pansegrau, w., and Lanka, E. (1995). Initiation of Agrobacterium

tumefaciens T-DNA processing. Purified proteins VirDl andYirD2 catalyze site- and

strand-specific cleaváge of superhelical T-border DNA in vitro. Journal of Biological

Chemistry 270, 1269-127 6.

Schena, M., Shalon, D., Davis, R. 'W., and Brown, P. o. (1995). Quantitative monitoring of
gene expression pattems with a complementary DNA microarray. Science 270,467-

470.
Schenk, P. M., Kazan, K., Manners, J. M., Anderson, J. P., Simpson, R. S., WilSOn, I.w.,

Somerville, S. C., and Maclean, D. J. (2003). Systemic gene expression in

Arabidopsis during an incompatible interaction with Alternaria brassicicola. Plant

Physiology I 3 2, 999-1010.
Schenk, P. M.,Kazan,K., Wilson, I., Anderson, J. P., Richmond, T., Somerville, S. C., and

Manners, J. M. (2000). Coordinated plant defense responses in Arabidopsis revealed

by microarray analysis. Proceedings of the National Academy of Sciences of the

United States of America 97, 11655-11660.

Schiebel, W., Pelissier, T., Riedel, L., Thalmeir, S., Schiebel, R', Kempe, D., Lottspeich,

F., Sanger, H. L., and Wassenegger, M. (1998). Isolation of an RNA-dìrected RNA

polymerase-specif,rc cDNA clone from tomato. Plant CeIl' 10,2087-210I.

Schultz, C. J. (2002). transporters gene families.

schultz, c. J., Rumsewicz, M. P., Johnson, .. L., Jones, B. J., Gaspar, Y. M., and Bacic, A.

(2ß02). Using genomic resources to guide research directions. The arabinogalactan

protein gene family as a test case. Plant Physiology 129,1448-1463.

Schwãizer, P, Buchala, 4,, Silverman, P., Seskar, M., Raskin, I.. and Metraux, J. P' (1997)'

Jasmonate-inducible genes are activated in rice by pathogen attack without a

concomitant increase in endogenous jasmonic acid levels. Plant Physiology I14,79-
88.

Seki, M., Satou, M., Sakurai, T., Akiyama,K.,Iida, K., Ishida, J., Nakajima, M., Enju,4.,
Narusaka, M., Fujita, M., et at. (2004). RIKEN Arabidopsis full-length (RAFL)

cDNA and its applications for expression profiling under abiotic stress conditions.

Journal of Experimental Botany 55,213-223.

Seki, M., Satou, M., Sakurai, T., and Shinozaki, K. (2002). RIKEN Arabidopsis fuIl-length

cDNA database. Trends in Plant Science 7' 562-563.

Shah, J. (2003). The salicylic acid loop in plant defense. Current Opinion in Plant Biology

6,365-371.



r69

Shah, J., Kachroo, P., and Klessig, D. F. (1999). The Arabidopsis ssil mutation restores

pathogenesis-related gene expression in nprl plants and renders defensin gene

expression salicylic acid dependent' Plant Cell I1,191-206'
Shah, J., and Klessig, D. F. (1999). Salicylic acid: signal perception and transduction. In

Biochemistry and Molecular Biology of Plant Hormones, pp. 513-541.

Shirano, Y., Kachroo, P., Shah, J., and Klessig, D. F. (2002). A gain-of-function mutation

in an Arabidopsis Toll Interleukin-1 Receptor-Nucleotide Binding Site-Leucine-Rich

Repeat type R gene triggers defense responses and results in enhanced disease

resistance. Plant Cell I 4, 3149-3162.
Sijen, T., Fleenor, J., Simmer, F., Thijssen, K. L., Parrish, S., Timmons, L., Plasterk, R. H.

4., and Fire, A. (2001a). On the role of RNA amplification in dsRNA-triggered gene

silencing. CeIl I 07, 465-47 6.

Sijen, T., Vij;, I., Rebocho,4., van Blokland, R., Roelofs, D., Mol, J. N. M., and Kooter, J.

M. (1OOf U). Transcriptional and posttranscriptional gene silencing ùÍe

mechanistically related. Current Biology I 1, 436-440-

Singh, D. P., Moore, C. 4., Gilliland, 4., and Carc, J. P. (2004)' Activation of multiple

antiviral defence mechanisms by salicylic acid. Molecular Plant Pathology 5, 57-63.

Smith, N. 4., Singh, S. P., Wang, M. 8., Stoutjesdijk, P. 4., Green, A. G., and Waterhouse,
p. M. (2000). Gene expression - Total silencing by intron-spliced hairpin RNAs.

Nature 407,319-320.
Solano, R., Stepanova,4., Chao, Q. M., and Ecker, J. R. (1998). Nuclear events in ethylene

signaling: a transcriptional cascade mediated by ETHYLENE-INSENSITIVE3 and

ETHYLENE-RESPONSE-FACTORI. Genes & Development I 2, 3103-37 14.

Staswick, p. E., Yuen, G. Y., and Lehman, C. C. (1993). Jasmonate signaling mutants of
Arabidopsis are susceptible to the soil fungus Pythium irregulare. Plant Journal 15,

147-1s4.
Sticher, L., Mauch Mani, B., and Metraux, J. P. (1997). Systemic acquired resistance.

Annual Review of Phytopathology 35,235-270.

Stintzi, 4., and Browse, J. (2000). The Arabidopsis male-sterile mutant, opr3, lacks the 12-

oxophytodienoic acid reductase required for jasmonate synthesis. Proceedings of the

National Academy of Sciences of the United States of America 97, 10625-10630.

Stintzi, 4.,'Weber, H., Reymond, P., Browse, J., and Farmer, E' E. (2001). Plant defense in

the absence of jasmonic acid: The role of cyclopentenones. Proceedings of the

National Academy of Sciences of the United States of America 98,12837-12842.

Stone, J. R., and'Wray, G. A. (2001). Rapid evolution of cls-regulatory sequences via local

point mutations. Molecular Biology and Evolution 18, I764-1770.

Stoudisdijk, p. 4., Singh, S. P., Liu, Q., Hurlstone, C. J., Waterhouse, P. 4., and Green, A.
-G. 

Q0O2). hpRNA-mediated targeting of the Arabidopsis FAD2 gene gives highly

efficient and sTable silencing. Plant Physiology 129,1723-t731.

Strachan, T., and Read, A. P. (1999). Human Molecular Genetics 2, 2nd edn (Oxford,

BIOS Scientific Publishers).
Swofford, D. L. (1998). Phylogenetic analysis using parsimony (*and other methods)

(Sunderland, Mass, Sinauer Associates).

Swofford, D. L., Olsen, G. J., Waddell, P. J., and Hillis, D. M. (1996). Phylogenetic

Inference. In Molecular systematics, D. M. Hillis, C.}y'roritz' and B' K. Mable, eds.

(Sunderland, MA, Sinauer Associates,), pp' 401-514.

Tabara, H., Sarkissian, M., Kelly, W. G., Fleenor, J., Grishok, 4., Timmons, L., Fire, 4.,
and Mel|o, C. C. (lggg). The rde-l gene, RNA interference, and transposon silencing

in C-elegans. Cell 99,123-132.



t70

Tang, D. 2, and Innes, R. W. (2002). Overexpression of a kinase-deficient form of the

EDR1 gene enhances powdery mildew resistance and ethylene-induced senescence in

Arabidopsis. Plant Journal 32, 97 5-983.

Tang, G. L., Reinhart, B. J., Bartel, D. P., and Zamore, P. D. (2003). A biochemical

framework for RNA silencing in plants. Genes & Development 17,49-63'

Tao, Y., Xie,Z. Y., Chen, V/. Q., Glazebrook, J., Chang, H'S', Han, B', Zhu,T',Zou,G'
2', and Katagiri, F. (2003). Quantitative nature of Arabidopsis responses during

compatible u.td ittro-patible interactions with the bacterial pathogen Pseudomonas

syringae. Plant Cell l5,3Il-330.
Tavernier, E., Wendehenne, D., Blein, J. P., and Pugin, A. (1995). Involvement of free

calcium in action of cryptogein, a proteinaceous elicitor of hypersensitive reaction in

tobacco cells. Plant Physiology I 09, 1025-1031.

Theopold, U., Li, D., Fabbri, M., Scherfer, C., and Schmidt, O- (2002). The coagulation of

ìnsect hemolymph., Cellular and Molecular Life Sciences 59,363-372.

Theopold, u., Samakovlis, c., Erdjument, B. H., Dillon, N., Axelsson, 8., Schmidt, o.,

Tempst, p., and Hultmark, D. (1996). Helix pomatia lectin, an inducer of Drosophila

immune response, binds to hemomucin, a novel surface mucin, Journal of Biological

Chemistry 271 , 12708-15.
Theopold, U., and Schmidt, O. (1997). Helix pomatia lectin and annexin V, molecular

markers for hemolymph coagulation., Journal of Insect Physiology 4 3 , 667 -61 4 .

Thomma, 8., and Broekaert, W. F. (1998). Tissue-specific expression of plant defensin

genes pDF2.1 and PDF2.2 in Arabidopsis thaliana. Plant Physiology and

Biochemistry 3 6, 533-537 .

Thomma, 8., Eggermont, K., Broekaert, vy'. F., and cammue, B. P. A. (2000). Disease

development of several fungi on Arabidopsis can be reduced by treatment with

methyijasmonate. Plant Physiology and Biochemistry 38, 421-427 .

Thomma, 8., Eggermont, K., Penninckx, I., Mauch-Mani, 8., vogelsang, R., Cammue, B.

p. 4., and-groekaert, W. F. (1993). Separate jasmonate-dependent and salicylate-

rdependent defense-response pathways in Arabidopsis are essential for resistance to

distinct microbial pathògens. Proceedings of the National Academy of Sciences of the

United States of America 95, 15107-151 1 1.

Thomma, 8., Eggermont, K., Tierens, K., and Broekaert, W' F. (I999a). Requirement of
functional ethylene-insensitive 2 gene for efficient resistance of Arabidopsis to

infection by Botrytis cinerea. Plant Physiology 121 , I093-lI0l.
Thomma, 8., Tâdess., y. S H., Jacobs, M.' and Broekaert, W. F. (1999b)' Disturbed

correlation between fungal biomass and beta-glucuronidase activity in infections of

Arabidopsis thaliana with transgenic Alternaria brassicicola. Plant Science 148,31-

36.
Thomma, B. p. h. j., Nelissen, I., Eggermont, K., and Broekaert, W. F' (1999c)' Deficiency

in phytòalexin production causes enhanced susceptibility of Arabidopsis thaliana to

the fungus Alternaria brassicicola. Plant Journal 19,163-171.

Tierens, K., Thomma, 8., Bari, R. P., Garmier, M., Eggermont, K., Brouwer, M.,

Penninckx, I., Broekaert, W. F., and Cammue, B. P. A. (2002). Esa1, an Arabidopsis

mutant with enhanced susceptibility to a range of necrotrophic fungal pathogens,

shows a distorted induction of defense responses by reactive oxygen generating

compounds. Plant Journal 2 9, 131 -140.

Tijsterman, M., Ketting, R. F., and Plasterk, R. H. 
^. 

(2002). The genetics of RNA

silencing. Annual Review of Genetics 36,489-519'
Tinland, B. (1996). The integration of T-DNA into plant genomes. Trends in Plant Science

l, 178-184.



17l

Tinland, 8., and Hohn, B. (1995). Recombination between prokaryotic and eukaryotic

DNA: integration of Agrobacterium tumefaciens T-DNA into the plant genome.

Genetic engineering: principles and methods 17,209-229'
Ton, J., and Mauch-Mani, B. (2004). beta-amino-butyric acid-induced resistance against

necrotrophic pathogens is based on ABA-dependent priming for callose. Plant Joumal

38,119-130.
Tornero, p., and Dangl, J. L. (2001). A high-throughput method for quantifying growth of

phytopathogenic bacteria in Arabidopsis thaliana. Plant Journal 28,475-481.

Turner, 
-J. 

G. (1998). ... response: COI1 indicates a role for selective proteolysis in
jasmonate signal pathways. Trends in Plant Science 3,368-369.

TurnJr, J. G., Elli;, C., and Devoto, A. (2002). The jasmonate signal pathway. Plant Cell

14, S153-S164.
Turner, J. G., Rakhmilevich, A. L., Burdelya, C., Neal, Z.,Imboden, M., Sondel, P. M., and

yu, H. (2001). Anti-CD40 antibody induces antitumor and antimetastatic effects: The

role of NK cells. Journal of Immunology 166,89-94-
Tzfna, T., Li, J. X., Lacroix, 8., and Citovsky, V. (2004). Agrobacterium T-DNA

integration: molecules and models. Trends in Genetics 20,375-383'

Tzfra, T. Rhee, Y., Chen, M. H., Kunik, T., and Citovsky, V. (2000). Nucleic acid

iransport in plant-microbe interactions: The molecules that walk through the walls.

Annual Review of Microbiology 54,187-219.
Uknes, S., Mauch Mani, 8., Moyer, M., Potter, S., Williams, S., Dincher, S., Chandler, D',

Slusarenko,4., Ward, E., and Ryals, J. (1992). Acquired resistance in Arabidopsis.

Plant Cell 4,645-656.
van Attikuffi, H., Bundock, P., and Hooykaas, P. J. J. (2001). Non-homologous end-joining

proteins are required for Agrobacterium T-DNA integration. Embo Journal 20,6550-

65s8.
van Gent, D. C., Hoeijmakers, J. H. J., and Kanaar, R. (2001). Chromosomal stability and

the DNA double-stranded break connection. Nature Reviews Genetics 2,196-206.

van Loon, L.C., Bakker, P., and Pieterse, C. M. J. (1998). Systemic resistance induced by

rhizosphere bacteria. Annual Review of Phytopathology 36,453-483.

van Wees, S. C. Vt., Chang, H. S., Zh.u,T., and Glazebrook, J. (2003). Characterization of
the early response of Arabidopsis to Alternaria brassicicola infection using expression

profiling. Plant Physiology 132, 606-617 .

Vancå, V., and Vauõheret, H. (2001). RNA silencing in plants - Defense and

counterdefense. Scienc e 2 9 2, 227 7 -2280.

vandesompele, J., De Preter, K., Pattyn, F., Poppe, 8., Van Roy, N., De Paepe, A., and

Speleman, F. (2002). Accurate normalization of real-time quantitative RT-PCR data

by geometric averaging of multiple intemal control genes. Genome Biology 3,l-12.
Verhagen, B. W. M., Glázebrook, J., Zh:l,T., Chang, H. S., van Loon, L. C., and Pieterse,

ð. ff¡. J. (2004). The transcriptome of rhizobacteria-induced systemic resistance in

Arabidopsis. Molecular Plant-Microbe Interactions I 7, 89 5 -908.

vijayan, P., Shockey, J., Levesque, c. 4., cook, R. J., and Browse, J. (1998). A role for- - 
jasmonate in pathogen defense of Arabidopsis. Proceedings of the National Academy

of Sciences of the United States of America 95,1209-1214.

Voinnet, O., and Baulcombe, D. C. (1997). Systemic signalling in gene silencing. Nature

London 389,553.
Voinnet, O., pinto, Y.M., and Baulcombe, D. C. (1999). Suppression of gene silencing: A

general strategy used by diverse DNA and RNA viruses of plants. Proceedings of the

Ñational Academy of Sciences of the United States of America 96,14147-14152.



172

Voinnet, O., Vain, P., Angell, S., and Baulcombe, D. C. (1998). Systemic spread of

sequence-specific transgene RNA degradation in plants is initiated by localized

introduction of ectopic promoterless DNA. Cell95,117-I8l '

Walden, R. (2002). T-DNA tagging in a genomics era. Critical Reviews in Plant Sciences

2 I , 143-165.

Wang, K. L. C., Li, H., and Ecker, J. R. (2002). Ethylene biosynthesis and signaling

networks. Plant Cell I 4, 5131-515 1.

Ware, D. H., Jaiswal, P. J., Ni, J. J., Yap, I., Pan, X' K', Clark, K' Y', Teytelman' L''
Schmidt, S. C., Zhao, 

'W., Chang, K., et al. (2002). Gramene, a tool for grass

Genomics. Plant Physiology I 30, 1606-1613.

Warrington, J. 4., Dee, S., and Trulsotr, M. (2000). Large-scale genomic analysis using

aifymetrix GeneChip (R) probe alïays. In Microarray Biochip Technology, pp. 119-+.

,J/assenegger, M., Heimes, S., Riedel, L., and Sanger, H. L. (1994). RNA-directed de novo

-.thylution of genomic sequences in plants. Cell Cambtidge 76,567-516'

Waterhouse, P. M., Graham, H. W., and'Wang, M. B. (1998). Virus resistance and gene

silencing in plants can be induced by simultaneous expression of sense and antisense

RNA. proceedings of the National Academy of Sciences of the United States of

America 9 5, 13959-13964.
Waterhouse, P. M., Wang, M.8., and Finnegan, E. J. (2001a). Role of short RNAs in gene

silencing. Trends in Plant Science 6,297-301.
Waterhous", Þ. M., Wang, M. 8., and Lough, T. (2001b). Gene silencing as an adaptive

defence against viruses. Nature 4l 1,834-842.
Weigel, D., Ah;, J.H., Blazquez, M.4., Borevitz, J.O., Christensen, S.K., Fankhauser,

-C., 
Ferrandiz, C., Kardailsky, I., Malancharuvil, E.J., Neff, M' M, et al. (2000)-

Activation tagging in Arabidopsis. Plant Physiology 122,1003-1013.

whalen, M. c., Innãs, R. W., Bent, A. F., and Staskawicz, B. J. (1991). Identification of
pseudomonas syringae pathogens of Arabidopsis and a bacterial locus determining

ãvirulence on both Arabidopsis and Soybean. The Plant Cell 3,49-59.
rù/ightman, B., Burglin, T. R., Gatto, J., Arasu, P., and Ruvkun, G' (1991)' Negative

regulatory sequences in the lin-14 3'-untranslated region are necessary to generate a

teirporal .*ìt.h during Caenorhabditis elegans development. Genes and

Development 5, I 813- 1824-

V/ildermuth, M. C., DewdnaY, J., Wu, G., and Ausubel, F. M. (2001)' Isochorismate

synthase is required to synthesize salicylic acid for plant defence. Nature 414, 562-

565.
'Willmann, M. R. (2002). Plant defense inthe absence of jasmonic acid. Trends inPlant

Science 7,8-9.
Winkler, R. G., and Feldmann, K. A. (1998). PCR-based identification of T-DNA insertion

mutants. In Arabidopsis Protocols, pp. 129-136.

Wu-Scharf, D., Jeong, È. R., Zhang, C. M., and Cerutti, H. (2000). Transgene and

transposon silenóing in Chlamydomonas reinhardtii by a DEAH-Box RNA helicase'

Science 290, 1159-1162.
Xiao, s. Y., Brown, s., Patrick, E., Brearley, c., and Turner, J. G. (2003). Enhanced

transcription of the arabidopsis disease resistance genes RPV/8.1 and RPW8.2 via a

salicyhô acid-dependent arnplification circuit is required for hypersensitive cell death.

Plant Cell j,5,33-45.

Xiao, S.Y., Ellwood, S., Calis, O., Patrick,E.,Li, T.X., Coleman, M., and Turner, J. G.

(2001). Broad-spectrum mildew resistance in Arabidopsis thaliana mediated by

RPW8. Science 29 I, 118-120.



r13

Xie, D. X., Feys, B. F., James, s., Nieto-Rostro, M., and Turner, J. G. (1998). COI1: An

Arabidopiis gene required for jasmonate-regulated defense and fertility. Science 280,

1091-1094.
Xu, p. 2., Yernooy, S. Y., Guo, M., and Hay, B. A. (2003). The Drosophila MicroRNA

mir-14 suppresses cell death and is required for normal fat metabolism. Current

Biology 13,790-795.
Xu, y., Chãng, p. F. L., Liu, D., Narasimhan,M.L., Raghothama, K. G., Hasegawa, P.M.,

and Bressan, R. A. (1994). Plant defense genes are synergistically induced by

ethylene and methyl jasmonate. Plant Cell 6, 1077 -1085 '

Yadav, N. S., Vanderleyden, J., Bennett, D. R., Barnes' W. M., and Chilton, M' D. (1982)'

Short direct repeats flank the T-DNA on a nopaline Ti plasmid. Proceedings of the

National Academy of Sciences of the United States of America 79, 6322-6326.
yekta, S., Shih, I. H., and Bartel, D. P. (2004). MicroRNA-directed cleavage of HOXBS

mRNA. Science 304, 594-596-
young, J. C., Krysan, P. J., and Sussman, M. R. (2001). Efficient screening of arabidopsis

i-ONn insertion lines using degenerate primers. Plant Physiology 125,513-518.

Yu, D., Chen, C., and Chen, Z. (2001). Evidence for an Important Role of V/RKY DNA

Binding Proteins in the Regulation of NPR1 Gene Expression. The Plant Cell 13,

ts2l-1540.
Zambryski, p. C. (1992). Chronicles from the Agrobacterium-plant cell DNA transfer

.iory. Annual Review of Plant Physiology and Plant Molecular Biology 43,465-490.

Zamore, P. D. (2001a). RNA interference: listening to the sound of silence. Nature

Structural BiologY 8, 7 46-7 50.

Zamore,p. D. (2001b)- Thirty-three years later,aglimpse at the ribonuclease III active site.

Molecular Cell 8, 1158-1160.
Zamore, P. D. (2002). Ancient pathways programmed by small RNAs. Science 296, 1265-

1269.
Zamore, P. D., Tuschl, T., Sharp, P. A., and Bartel, D. P. (2000). RNAi: Double-stranded

RNA directs the ATP-dependent cleavage of mRNA at2l to 23 nucleotide intervals.

Cell 101,25-33.
Zhang,L., andli, 'W. (2004). Mammalian Housekeeping Genes Evolve More Slowly than

Tissue-Specific Genes. molecular biology and evoluti on 2 I ,236 - 239.

Zhang, S., anã Klessig, D. F. (1997). Salicylic acid activates a 48-kD MAP kinase in

tobacco. Plant Cell 9,809-824.
Zhg¡, L., and Thornburg, R. (1999). Wound-inducible genes in plants. In Inducible Gene

Expression in Plants, PP. 127 -167 .

Zhotr,N., Tootle, T.L.,Tsui, F., Klessig, D.F., andGlazebrook, J. (1998). PAD4 functions

upstream from salicylic acid to control defense responses in Arabidopsis. Plant Cell

I 0, 102l-1030.
zhu,T.,Budworth, P., Han,8., Brown, D., Chang, H.S., ZoqG.Z.,and'Wang, x. (2001).

Toward elucidating the global gene expression pattems of developing Arabidopsis:
parallel analysis of 8 300 genes by a high-density oligonucleotide probe artay.Plant

Physiology and Biochemistry 3 9, 221 -242.

Ziemienôwicz, A,.,Merkle, T., Schoumacher, F.' Hohn, 8., and Rossi, L. (2001). Import of
Agrobacterium T-DNA into plant nuclei: two distinct functions of VirD2 and VirE2

proteins. Plant Cell 13,369-383.
Zimmerli, L., Metraux, J. P., and Mauch-Mani, B. (2001). beta-aminobutyric acid-induced

protection of Arabidopsis against the necrotrophic fungus Botrytis cinerea. Plant

Physiology I26, 517 -523.



174

Zimmermann S., Numberger, T., Frachisse, J. M., Wirtz, 
'W., Guern, J., Hedrich, R', and

Scheel, D. (lgg7). Receptor-mediated activation of a plant Ca2+-permeable ion

channel involved.in pathogen defense. Proceedings of the National Academy of
Sciences of the United States of America 94,2751-2755'

ztpan,J., Muth, T.R., Draper, o., and zambryski, P. (2000). Thetransferof DNA from' 
Ágrobacterium tumefaõiens into plants: a feast of fundamental insights. Plant Journal

23,11-28.




