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SUMMARY

Bacterial canker of stone fruit, caused by Pseudomonas syringae pv. syringae, is one of

the most destructive crop diseases in South Africa. Chemical control has failed completely

and effective long-term management strategies will have to rely on the breeding of

resistant host trees. To assist in such breeding programmes, investigations into the

molecular basis of the interaction between P. s. pv. syringae and stone fruit trees have

been undertaken in collaboration with the ARC-Fruit, Wine and Vine Research Institute in

Stellenbosch.

The aim of this dissertation was to clone and identify genes that are involved in interaction

between the bacterial canker pathogen and stone fruit trees. In the first part of the study,

the harpin encoding gene of a local strain of the pathogen, P. s. pv. syringae NV, was

amplified in a polymerase chain reaction (PCR) strategy with primers based on the

hrpAZB sequences of the bean pathogen, P. s. pv. syringae 61. Sequencing of this

hrpZpssNvgene revealed a high degree of homology (96%) between the harpin encoding

genes and harpin proteins of the two strains. The hrpZpssNvgene was subsequently cloned

into the pMAL-c2 expression vector and expressed in Escherichia co/i. This system was

used for the production of purified, biologically active, recombinant HrpZpSSNVprotein.

In the second part of the study, differential display (DO) technology was used to identify

genes that are induced in stone fruit trees in response to P. s. pv. syringae and/or its

harpin elicitor. For this purpose, actively growing shoots of two Prunus sa/icina cultivars,

the moderately resistant cv. 'Laetitia' and the highly susceptible cv. 'Songold' were treated

with recombinant harpinpssNvprotein or live P. s. pv. syringae NV bacteria. An untreated

control and wounding control was included in the experiment. Total RNA was isolated for

comparative mRNA analysis 24 hours after treatment. DO profiles were generated with

fifteen primer combinations. Eight candidate bands were re-amplified, cloned and

sequenced. Reverse transcription PCR was employed to verify the expression patterns of

the cloned bands in the original RNA sample set. Two bands, DOc and 004 were shown

to be differentially expressed between treatments and/or cultivars, while no differences in

the expression levels of the remaining six bands (DDa, DOe, 003, 005, 006 and 007)

were observed. BLAST similarity searches yielded significant matches for DOe, DD4 and

007 with plant defense-related genes.
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OPSOMMING

Bakteriese kanker van steenvrugte, wat deur Pseudomonas syringae pv. syringae veroorsaak

word, is een van die mees verwoestende siektes van landbougewasse in Suid-Afrika.

Chemiese beheermaatreëls het geheel en al misluk en effektiewe langtermyn

beheerstrategieë salop die teling van weerstandbiedende gasheerbome moet staatmaak.

Ondersoeke na die molekulêre basis van die interaksie tussen P. s. pv. syringae en

steenvrugbome is in samewerking met die LNR-Vrugte-, Wyn- en Wingerdnavorsingsinstituut

in Stellenbosch van stapel gestuur om tot sulke telingsprogramme by te dra.

Die doelwit van hierdie proefskrif was om gene wat betrokke is in die interaksie tussen die

bakteriese kanker patogeen en steenvrugbome te kloneer en te identifiseer. In die eerste

gedeelte van die studie is die harpien-koderende geen van In plaaslike ras van die patogeen,

P. s. pv. syringae NV, geamplifiseer in In polimerase kettingreaksie (PKR)-strategie met

peilers wat op die hrpAZB-geenopeenvolgings van die boontjiepatogeen, P. s. pv. syringae 61,

gebaseer is. Volgordebepaling van hierdie hrpZpssNv-geen het In hoë vlak van homologie (96%)

tussen die harpien-koderende gene en harpien proteïene van die twee rasse getoon. Die

hrpZpssNv-geen is vervolgens in die uitdrukkingsvektor pMAL-c2 gekloneer en uitgedruk in

Escherichia co/i. Hierdie sisteem is vir die produksie van suiwer, biologies-aktiewe,

rekombinante HrpZpssNv-proteingebruik.

In die tweede gedeelte van die studie is die differensiaalvertoon (DO) tegniek gebruik om gene

te identifiseer wat deur P. s. pv. syringae en/of sy harpien elisitar in steenvrugbome

geïnduseer word. Vir hierdie doel is aktief-groeiende lote van twee Prunus sa/icina kultivars,

die matig weerstandbiedende kv. 'Laetitia' en die hoogs vatbare kv. 'Sonqold', met

rekombinante harpienpssNvproteïen of lewende P. s. pv. syringae NV bakterieë behandel. In

Onbehandelde- en verwondingskontrole is in die eksperiment ingesluit. Totale RNA is 24 uur

na behandeling vir vergelykende mRNA-analise geïsoleer. DO-profiele is met vyftien

peilerkombinasies gegenereer. Agt kandidaatbande is geheramplifiseer en gekloneer, waarna

hul DNA-opeenvolgings bepaal is. Trutranskriptase-PKR is gebruik om die ekspressiepatrone

van die gekloneerde bande in die oorspronklike RNA monsters na te gaan. Daar is vasgestel

dat twee van die bande, DOc en 004, differensieel tussen kultivars en/of behandelings

uitgedruk is, terwyl geen verskille in die ekspressievlakke van die oorblywende ses bande

(DDa, DOe, 003, DOS, 006 en DO?) waargeneem is nie. BLAST-soektogte het betekenisvolle

ooreenkomste vir DOe, 004 en DO? met plant weerstandsgeassosieerde gene opgelewer.
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ABBREVIATIONS

2-D PAGE two-dimensional polyacrylamide hin harpin-induced (gene)
gel electrophoresis Hop Hrp-dependent outer protein
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CAD cinnamyl-alcohol dehydrogenase hrpZpSSNV harpin encoding gene of Pseudo-
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CDPK calcium-dependent protein kinase
Il-1R interleukin-1 receptor

CEL conserved effector locus
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cv. cultivar
/acZa a-peptide of [3-galactosidase

OAF DNA amplification fingerprinting
LAR localized acquired resistance

DO differential display
lis lethal leaf spot (mutation)

ECF extracytoplasmic function
lsd lesions simulating _Qisease

EEL exchangeable effector locus (mutation)
EPS extracellular polysaccharides MAPK mitogen-activated protein kinase
EREBP ethylene-responsive element- MBP maltose-binding protein

binding protein
MCR multiple cloning region

ERF ethylene-responsive transcription
factor MeSA methyl salicylic acid

ES-MS electrospray mass spectrometry nim non-immunity (mutation)

FLS flagellin-~ensitive (locus) NO nitric oxide

GAPDH glyceraldehyde phosphate dehydro- npr non-expresser of PR genes

genase (mutation)

GST glutathione-S-transferase ORF open reading frame

harpinEa harpin produced by Erwinia PAGE polyacrylamide gel electrophoresis

amy/ovora Ea321 PAL phenylalanine ammonia lyase
harpins., harpin produced by Pseudomonas PARP poly(ADP-ribose) polymerase
(HrpZpss) syringae pv. syringae

PCD programmed cell death
harpinpss61harpin produced by Pseudomonas

PCR polymerase chain reaction(HrpZpSS61)syringae pv. syringae 61

harpinpssNvharpin produced by Pseudomonas PGIP polygalacturonase-inhibiting protein

(HrpZpSSNV)syringae pv. syringae NV PIN proteinase inhibitor
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PR pathogenesis-related SAR systemic acquired resistance

PT permeability transition (pore) SOD superoxide dismutase

pv. pathovar S-RNase self-incompatibility associated

R resistance (gene) ribonuclease

RAP-peR RNA fingerprinting by arbitrarily- TAL tyrosine ammonia lyase

primed peR TIR ToIIl1 nterleukin-1 receptor like

RFLP restriction fragment length (domain)

polymorphism Tm melting temperature

RIP ribosome-inactivating protein TMV tobacco mosaic virus

ROl reactive oxygen intermediate VDAe voltage-dependent anion channel

RT reverse transcription win ~ound-induced (protein)

RTase reverse transcriptase X-gal ê-brorno-a-chtoro-Sdndolyl-Bfr-

RTPeR reverse transcription polymerase galactoside

chain reaction Yop y'ersinia outer protein

SA salicylic acid
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CHAPTER 1

INTRODUCTION

1.1 HISTORICAL OVERVIEW

Bacterial canker of stone fruit is an economically important crop disease in all temperate

and Mediterranean fruit-producing regions of the world (Hattingh et al. 1989). The disease

has been reported in South Africa since the early 1900's, when apricot trees in the South

Western Cape region were found to be the most severely affected (Heyns 1960). The

disease has subsequently spread to other stone fruit crops (plum, peach, nectarine and

almond) produced in this region, as well as to the sweet cherry orchards of the Eastern

Free State. During the 1980's, bacterial canker was reported to be one of the most

destructive crop diseases in South Africa (Roos and Hattingh 1983a, Hattingh et al. 1989).

Two pathovars of the bacterium Pseudomonas syringae, namely pv. syringae and pv.

morspronorum, as well as intermediate forms, have been identified as the causative

agents of the disease in South Africa. P. s. pv. morspronorum was found to be mainly

restricted to the destruction of cherry orchards in the summer rainfall region of the Eastern

Free State, whereas pv. syringae caused widespread devastation in the winter rainfall

region of the Western Cape (Roos and Hattingh 1983a, 1983b).

During the 1980's, the Department of Plant Pathology at the University of Stellenbosch

(Stellenbosch, South Africa) and the Agricultural Research Council (ARC) Fruit and Fruit

Technology Research Institute in Stellenbosch* conducted extensive research on the

epidemiology of the disease, the life cycle of the causative pathogen and possible control

measures. These investigations revealed that bacterial canker appeared to be more

destructive in South Africa than elsewhere in the world. Reasons for this were obscure,

but a number of predisposing factors, including climatic and soil conditions and

stress-inducing horticultural practices, were implicated (Hattingh et al. 1989).

In 1989, the South African stone fruit industry was estimated to forfeit US$ 10 million

annually due to the destruction of trees in nurseries and orchards, and subsequent

production losses. By that time, chemical control of bacterial canker had failed completely

* Formerly known as Infruitec, now the ARC-Fruit, Wine and Vine Research Institute.

Stellenbosch University http://scholar.sun.ac.za



2

in this country and it was suggested that long-term disease management strategies could

only be effective if a strong emphasis was placed on the breeding of resistant host trees.

A thorough knowledge of the genetics of the pathogen was concomitantly identified as a

future research priority (Hattingh et al. 1989).

The Department of Biochemistry at the University of Stellenbosch was approached by

Infruitec in 1994 to collaborate on investigations of the bacterial canker pathogen and its

interactions with stone fruit trees, in order to provide a molecular basis for future

resistance breeding programmes. Such investigations have subsequently been performed

by the author of this dissertation, under the supervision of Prof. Dirk U. Bellstedt of the

Department of Biochemistry, and in collaboration with Prof. E. Lucienne Mansvelt of

Infruitec. Research to date has been conducted in two phases. A preliminary study was

completed at the end of 1995 and comprised the M. Sc. thesis of the author (Appel 1996).

The second phase, which was completed during the period 1996-2000, will be presented

in this Ph. D. dissertation.

1.2 MOLECULAR CONSIDERATIONS IN THE STUDY OF BACTERIAL HOST-

PATHOGEN INTERACTIONS

1.2.1 In general

Plants evolved in an environment already colonized by bacteria, yet very few bacterial

species have evolved the ability to cause disease in plants (Banas 1994). Those that

have, belong to only six major taxonomic groups, namely the Gram-negative genera

Pseudomonas, Xanthomonas, Erwinia, Ralstonia (previously part of the genus

Pseudomonas; Yabuuchi et al. 1992, 1995) and Agrobacterium, and the Gram-positive

"coryneform bacteria" (Arfhrobacter, Clavibacter, Curfobacterium, Nocardia and

Rhodococcus) (Sigee 1993). Each group has evolved specialized gene systems that

determine pathogenicity, host-range and virulence and consequently, the nature of the

disease caused (Sigee 1993, Collmer 1998). The products of these genes interact directly

or indirectly with the products of a vast array of constitutive and inducible plant genes that

determine whether contact between a phytopathogenic bacterium and a plant leads to

compatibility (disease) or incompatibility (resistance) (Heath 2000). To provide the

necessary background for the experimental strategies described and results presented in

this dissertation, the salient features of the gene systems involved in bacterial host-
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pathogen interactions, as well as the interplay of their products, are reviewed in

Chapter 2.

1.2.2 In the interaction between P. syringae and its hosts

P. syringae is generally regarded as a weak, but opportunistic plant pathogen with a

complex life cycle that is characterized by an epiphytic phase on non-hosts or

symptomless host plants (Hattingh et al. 1989, Roos et al. 1993). Studies involving this

pathogen are complicated by (i) a poor understanding of the factors controlling transitions

between the epiphytic and pathogenic phases, and (ii) the huge genotypic and phenotypic

heterogeneity with regard to host-range (Schroth et al. 1992), biochemical characteristics

(Hirano and Upper 1990), and the production of virulence factors (Hirano and Upper 1990)

that exists within the fifty odd recognized pathovars of P. syringae.

The application of molecular techniques in the study of plant-pathogen interactions has

led to the discovery that the fundamental ability of P. syringae and other Gram-negative

phytopathogenic bacteria (Pseudomonas, Xanthomonas, Erwinia and Ralstonia species)

to cause disease in host plants and the so-called hypersensitive response (HR; Klement

1963, Klement et al. 1964) in non-hosts or resistant hosts, is determined by homologous

gene clusters called hrp genes (Lindgren et al. 1986, Lindgren 1997). Hrp gene clusters

are structurally and functionally conserved and encode three groups of proteins:

components of a type III protein secretion system, regulatory proteins, and secreted

proteins (He 1996, Collmer 1998)*.

Harpin, the first secreted Hrp protein to be identified, was chosen as the focus of our

molecular investigations into the genetics of P. s. pv. syringae and its interactions with

stone fruit trees, for the following reasons:

a. At the time when this project was initiated, hrp genes and avirulence (avr) genes* were

the foci of molecular research into the interactions between Gram-negative

phytopathogenic bacteria and plants. Hrp genes were shown to be a fundamental

determinant of pathogenicity in all of the Gram-negative bacteria studied, and harpins

were proposed to be the only hrp-encoded factors required by these bacteria to

interact with plants (Wei et al. 1992, He et al. 1993). Avr genes on the other hand,

* Discussed in detail in Chapter 2.
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were not considered to be essential for pathogenicity (Sigee 1993). Instead, they were

regarded as determinants of host-range and, in some cases, as virulence factors

(Dangl 1994).

b. When infiltrated in its purified form, the harpin isolated from the model organism P. s.

pv. syringae strain 61 (harpinpss) was demonstrated to be an elicitor of the HR (a

localized defense response; He et al. 1993), as well as a general inducer of systemic

acquired resistance (SAR) in plants (Strobel et al. 1996). As such, it promised to be a

valuable tool in the assessment of plant responses to P. s. pv. syringae in the second

phase of this study.

1.3 OBJECTIVES AND OUTPUTS OF RESEARCH PRESENTED IN THIS

DISSERTATION

The long-term objective of our collaborative research with Infruitec was to clone the harpin

encoding gene of a local Pseudomonas syringae pv. syringae strain* for the production of

recombinant harpin that may be used in molecular investigations into the interaction

between the bacterial canker pathogen and stone fruit hosts. During the preliminary study,

P. s. pv. syringae strain NV was shown to produce a protein similar in size, biochemical

properties and antigenic characteristics to harpin-.; The P. s. pv. syringae NV harpin

could, however, not be purified successfully from its native bacterium using classical

protein purification techniques (Appel 1996).

The study presented in this dissertation therefore had the following objectives:

a. To amplify, clone and sequence the harpin encoding gene (hrpZpSSNV) of the nectarine

fruit pathogen.

b. To determine the extent of homology between this gene and its protein product

(HrpZpssNvor harpinpssNv)with known nucleotide and amino acid sequences of other P.
syringae harpin encoding genes and their proteins.

c. To establish the hrpZpSsNV gene in a protein expression system that would enable the

production of biologically active, recombinant harpin.

* The experimental strain used in this study, P. s. PY. syringae strain NV, was isolated by Prof. E. Lucienne
Mansvelt of Infruitec in 1983 from the fruit of a nectarine tree. It is one of the most virulent strains of the
pathogen isolated in South Africa, and also the first local strain to be isolated from the fruit of a diseased
tree.
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d. To identify genes that are induced in commercial stone fruit cultivars* in response to

challenge with recombinant harpinpssNvprotein and/or the bacterium from which it was

derived, and may be involved in resistance against the pathogen.

The first three of these objectives were met by the end of 1997. A paper entitled

"Amplification, sequence and expression of the harpin encoding gene of the bacterial

canker pathogen, Pseudomonas syringae pv. syringae strain NV", was subsequently

published in the Journal of Plant Physiology (Appel, M., Hampf, M., Mansvelt, L.,

Hapgood, J. and Bellstedt, D. (1999). J. Plant Physiol. 154: 489-497). The paper

describes (i) the amplification and sequencing of the hrpZpSSNVgene, (ii) comparison of the

hrpZpSSNVnucleotide and deduced amino acid sequences with that of other P. syringae

hrpZ genes and HrpZ proteins, (iii) cloning and expression of the hrpZpSSNVgene in the

pMAL-c2 expression system and (iv) the purification of biologically active, recombinant

harpinpssNv.Chapter 3 is dedicated to these aspects of the study and contains the paper in

its published form. The chapter is introduced with a brief overview of the experimental

approach. It also includes discussions of certain aspects of the experimental design, as

well as a description of the contributions of the co-authors of the paper.

To meet the final objective of this study, a technique for the analysis of differential gene

expression patterns in plants had to be employed. The differential display (DO) technique

(Liang and Pardee 1992) was identified as the most suitable for these assessments.

Although this powerful technique was first described in 1992, it was still poorly established

in South Africa by 1997. A generous award to the author from the former South African

Foundation for Research Development (currently the National Research Foundation) in

the form of the Sir Aaron Klug Scholarship for Molecular Biology, secured an opportunity

for her to visit the Plant Molecular Biology laboratory of Prof. Peter M. Gresshofft at the

University of Tennessee (Knoxville, Tennessee, USA) from November 1997 to May 1998

to gain expertise in DO technology.

During this period, the author researched the principles of DO, criticisms against the

technique, as well as modifications of the original protocols extensively, and subsequently

wrote a review paper entitled "Differential Display of eukaryotic mRNA: meeting the

* Two cultivars of Prunus salicina (the Japanese plum), the moderately resistant cv. 'Laetitia' the highly
susceptible cv. 'Songold' were chosen for this purpose.

t Currently Head of the School of Life Sciences and Director of the Center for Molecular Plant Sciences,
University of Queensland, Brisbane, Australia.
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demands of the new millennium?", which was published in the Journal of Plant Physiology

(Appel, M., Bellstedt, D.U. and Gresshoff, P.M. (1999). J. Plant Physiol. 154: 561-570).

This paper is included in its published form in Chapter 4, as a background for the

experimental work presented in the following chapter. The paper is prefaced by a brief

outline of the reasons why DO was considered to be the most suitable technique for the

purpose of this study. A description of the contribution of each of the co-authors is also

included.

DO technology was established by the author in the laboratory of Prof. Dirk Bellstedt

(Department of Biochemistry, University of Stellenbosch) during the latter part of 1998 and

the first part of 1999. Efforts were also made to transfer this technology to other research

institutions in South Africa. This included the presentation of a lecture (Appel et al. 1998a)

and a poster (Appel et al. 1998b) on DO at the joint 15th congress of the South African

Society for Biochemistry and Molecular Biology and 2nd congress of the Federation of

African Societies for Biochemistry and Molecular Biology (held in Potchefstroom, South

Africa, from 29 September to 3 October 1998), as well as a hands-on Differential Display

Workshop (presented in the above laboratory from 21 to 25 June 1999; attended by ten

delegates from seven research institutions across South Africa).

During 1999 and 2000, DO and the recombinant harpinpssNvprotein were used to identify

plant genes that are involved in the interaction between P. s. pv. syringae NV and plum

trees. In accordance with the format followed in preceding chapters, this work is presented

in Chapter 5 in the form of an independent manuscript, complete with an introduction,

discussion and reference list. Background information on certain aspects of the

experimental design, and a description of the contribution of each of the co-authors

precede the manuscript. This final part of the author's Ph. D. work has not yet been

published. Certain aspects thereof (the experimental strategy and preliminary results)

were, however, presented as a poster (Appel et al. 2000) at the BioY2K Combined

Millennium Meeting (held in Grahamstown, South Africa, from 23 to 28 January 2000).

The work presented in this dissertation comprises the first molecular investigation into the

interaction between the bacterial canker pathogen, P. s. pv. syringae, and a stone fruit

host. It has laid a sound foundation for continued collaborative studies of this nature

between the Department of Biochemistry, University of Stellenbosch and the ARC-Fruit,

Wine and Vine Research Institute. To conclude the dissertation, the achievements and

Stellenbosch University http://scholar.sun.ac.za



7

pitfalls of the project are evaluated, and suggestions for future remedies and research

prospects are discussed briefly in Chapter 6.
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CHAPTER 2

THE MOLECULAR BASIS OF INTERACTIONS

BETWEEN PLANTS AND BACTERIAL PHYTOPATHOGENS

The aim of this chapter is to provide a concise theoretical background for the experimental

work described in this dissertation, namely the eloning of the harpin encoding gene of

Pseudomonas syringae pv. syringae NV (Chapter 3) and the identification of plant genes

that are involved in the interaction between this bacterium and plum tree hosts (Chapter

5). For this purpose, the molecular basis of pathogenicity in bacterial phytopathogens and

the molecular basis of resistance in plants are reviewed in sections 2.2 and 2.3,

respectively. To introduce these themes, the types of interactions between plants and

bacterial phytopathogens, as well as the pressures that directed the evolution of these

interactions, are briefly discussed in section 2.1.

2.1 INTRODUCTION: INTERACTIONS BETWEEN PLANTS AND BACTERIAL PHYTO-

PATHOGENS

The interaction between a plant and a bacterial phytopathogen is characterized as either

compatible or incompatible, and depends primarily on the type of bacterium and plant,

rather than on other factors such as the environment, developmental or physiological

features (Sigee 1993).

A compatible interaction is the result of association between a bacterial plant pathogen

and a plant which is a susceptible host to that specific bacterium. It is characterized by a

delayed host response, prolonged bacterial multiplication and spread to surrounding

tissues, and eventually leads to the production of macroscopic disease symptoms.

Incompatible interactions result from the association of bacterial phytopathogens with

plants that are either non-hosts or resistant hosts to these bacteria. In such interactions,

bacterial multiplication is limited and spread of the pathogen is prevented by a rapid

induction of host resistance mechanisms. This is typically (but not always) manifested in

the localized death of plant cells at the site of infection (the hypersensitive response or
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HR*; reviewed in Klement 1982). The specific ability of a bacterium to cause disease or

induce a resistance response in plants has a common molecular basis (see next section),

and the outcome depends on whether the plant involved in a particular interaction can

recognize the pathogen as "non-self' and express its genetic information for resistance

quickly enough and to a sufficient magnitude to counteract the pathogen's advances (Kuc

1982, Dean and Kuc 1985).

Plants have evolved in an environment already colonized by bacteria. The ability to grow

in plant tissue (and cause disease) has, however, been acquired by a relatively small

number of bacterial species (discussed in section 1.2.1), and has evolved under an

intense pressure for compatibility. This has been achieved with regard to particular plants

or groups of related plants (the host-ranqe)' through the development and adaptation of

specialized gene systems which relate specifically to (the genes of) these plants (Sigee

1993). These gene systems are discussed in more detail in section 2.2.

Plant survival, on the other hand, has evolved under the pressure for incompatibility, and

has involved the development of diverse and broad mechanisms to isolate and restrict

pathogen growth, and afford protection against future attack (Paul et al. 2000). These

mechanisms include several constitutive defenses and an array of inducible responses

that are triggered by non-specific or pathogen-specific elicitors produced by the pathogen

(Heath 2000). Section 2.3 is dedicated to the components of these resistance

mechanisms and the signalling pathways that connect them.

2.2 THE MOLECULAR BASIS OF PATHOGENICITY IN BACTERIAL PHYTO-

PATHOGENS

2.2.1 "Pathogenicity genes"

Pathogenicity refers to the genetic predisposition of a bacterium to cause disease (Shaner

et al. 1992). For most of the extracellular plant pathogens, comprised mainly of the Gram-

* The HR is not elicited by non-phytopathogens, and provides a useful test for pathogenicity (Klement et al.
1964).

t Host-ranges vary considerably between different phytopathogenic bacteria. Some pathogens are restricted
to a specific plant species, whereas others have the ability to cause disease in a number of species from\\.\I~IIJIS...
related or different genera (Sigee 1993). ~ 'é
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negative necrogens* belonging to the genera Pseudomonas, Xanthomonas, Erwinia and

Ralstonia, pathogenicity is based on the fundamental ability to perturb the plasma

membrane of host cells (without killing the cells) to cause the leakage of water, ions and

organic nutrients into the intracellular space where bacterial growth is sustained (Sigee

1993). This ability, as well as the capacity to elicit a hypersensitive response in non-hosts

or resistant hosts, is determined by a specialized "hypersensitive response and

pathoqenicity" (hrp; Lindgren et al. 1986) gene system, which is physically and functionally

conserved among these bacteria. Hrp genes encode a type III secretion system that is

capable of delivering the primary effectors of pathogenesis - the protein products of a

variable array of avirulence (avr) genes - into plant cells (Collmer 1998).

Bacterial pathogens have further evolved through the acquisition and development of

virulence factors which promote colonization of plant tissue and lead to more pronounced

disease symptoms (see Table 2-1). Virulence factors are expressed and secreted

independently of hrp systems, and the genes that encode them are regarded as a subset

of the genes required for bacterial pathogenicity (Panopoulos and Peet 1985, Daniels et

al. 1988, Lindgren 1997)t.

The remainder of this section is dedicated to a current model for the molecular basis of

bacterial pathogenicity, based on the Hrp-dependent delivery of avr gene products. To

provide background for the work presented in Chapter 3, emphasis is placed on the hrp

genes and proteins of Pseudomonas syringae pv. syringae strain 61, which served as a

model for experiments with the local strain, P. s. pv. syringae NV, in this study.

* Bacterial phytopathogens which cause necrotic diseases and wilts are collectively referred to as necrogens
and are mostly biotrophic (i.e. obtain their nutrients from living host cells). A second class of extracellular,
Gram-negative phytopathogens (including Erwinia carotovora and E. chysanthem/) are the macergens (see
Table 2-1). They cause soft-rot diseases and, although they are necrotrophic (feed off dead host cells), also
possess hrp genes as a basic determinant of pathogenicity (Coli mer and Bauer 1994, Alfano and Coli mer
1996).

In the oncogenic (tumour disease-inducing) Agrobacterium species, pathogenicity is based on the ability to
alter the nutrient level of the internal plant environment through the transformation of plant cells with
bacterial DNA, and the subsequent synthesis and secretion of specific microbial nutrients (opines)
(Hooykans and Beijersbergen 1994). The molecular basis of pathogenicity of the oncogens falls outside the
scope of the current study and will not be discussed in this chapter.

t The complete hrp clusters of Pseudomonas syringae pv. syringae, P. s. pv. phaseo/ico/a, Erwinia
amylovora and E. chysanthemi have been cloned. When transferred to non-pathogenic bacteria (such as
Pseudomonas fluorescens or Escherichia COil), these genes confer the ability to elicit the HR in non-host
plants, but not the capacity to induce disease in host plants. This underlines the requirement of non-hrp
"pathogenicity genes" for the pathogenic phenotype (Huang et al. 1988, Beer et al. 1991, Puri et al. 1997,
Ham et al. 1998).
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Table 2-1. Major virulence factors associated with bacterial plant diseases (adapted from Sigee
1993).

Virulence factors are characteristics of the pathogen which are important in the determination of disease
severity (Sigee 1993), and are included under the broad term "determinants of pathogenicity" (Daniels et al.
1988). The major type of virulence factor associated with the symptoms of each of the four distinct classes
of bacterial plant diseases are listed below. Although phytopathogenic bacteria that induce similar diseases
produce the same type of major virulence factor, the genetics and biochemistry of specific factor production
vary significantly between species, strains and pathovars (reviewed in Daniels et al. 1988, Sigee 1993).
Phytopathogenic bacteria produce numerous other virulence factors which are not listed here. Some have
been linked to pathogen fitness (e.g. attachment to plant surfaces, infection-associated differentiation,
nutrient assimilation, stress tolerance, competition for resources and ice nucleation) whilst many others are
as yet uncharacterized (Panopoulos and Peet 1985, Lamb et al. 1989, Beattie and Lindow 1994) .

Disease Major
General function of

description Symptoms Causative bacteria virulence
virulence factor

factor

Necrotic leaf Pseudomonas, Non-enzymatic, non host-spots, stemNECROTIC
cankers and

Xanthomonas and Toxins" specific chemical injury to

blossom blight
some Erwinia species host cells

Coryneform bacteria, Induction and maintenance

Vascular wilts some Erwinia, of watersaaking,
VASCULAR

and yellows Pseudomonas and
EPSb prevention of bacterium/

Xanthomonas species plant recognition,
occlusion of plant vessels

Xanthomonas,
Pseudomonas and Extra- Enzymatic degradation of

SOFT ROT Soft rots Clavibacter species cellular plant cell walls and other
Erwinia carotovora enzymes- cellular components
and E. chrysanthemi

Galls and
Agrobacterium spp.,

Plant Induces uncontrolled plantTUMOUR P. syringae pv. savastanoi,
hyperplasias E. herbicola pv. gypsophilae hormones" cell division

a Best characterized in pathovars of Pseudomonas syringae. Specific examples of toxins produced by these bacteria are coronatine,
tagetitoxin, phaseolotoxin, syringotoxin, syringomycin, tolaasin and tabtoxin (reviewed in Gross 1991).

e EPS = extracellular polysaccharides; forms a "capsule" around bacteria that secrete it.

C Mainly pectinases, cellulases, proteases, amylases and phospholipases.

d Auxins (mainly indoleacetic acid) and cytokinins (zeatin, zeatin riboside and other derivatives).

2.2.2 Current model for the molecular basis of pathogenicity in phytopathogenic

Pseudomonas, Xanthomonas, Erwinia and Ralstonia species

A current model for bacterial plant-pathogen interaction and co-evolution based on the Hrp

delivery of Avr proteins into plant cells is outlined in Fig. 2-1. This model proposes that:

a. The possession of a conserved Hrp type III protein secretion pathway and a variable

collection of genes encoding Avr (effector) proteins is a fundamental characteristic of

phytopathogenic Pseudomonas, Xanthomonas, Erwinia and Ralstonia species.
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Phytopathogenic bacterium

Many avr genes carried on
plasm ids and a hypervariabie

chromosomal region (exchangeable
effector locus) containing mobile
genetic elements

Conserved
hrpgene ___
cluster ---.. .---------,

\
Conserved effector ~
region with hrpW /
and additional avr

....-
.:'

I/
Virulence
factors

Hrc proteins in
Type)"

Hrp s~~retion
apparátus

Several Avr proteins
interact with putative
plant "susceptibility
targets"

Leakage of nutrients into apoplast,
bacterial multiplication and spread,

DISEASE

Horizontal transfer
with other bacteria ?

~'tt
proteins

Harpins
(HrpW, HrpZ)

Plasma membrane.•.......
•••••••••••••• _ When injected in their

purified form

, t _ ,
! A

~

T

One "maladapted" Avr
protein interacts with a
corresponding R gene
product to "betray" the
pathogen to the plant

Localized cell death (HR),
INDUCTION OF

SYSTEMIC DEFENSE
L _ 1

Fig. 2-1. Current model for the molecular basis of pathogenicity in bacterial phytopathogens,
depicted in a typical Pseudomonas syringae pathovar (adapted from Alfano and Collmer 1996,
Collmer 1998, Alfano et al. 2000).

Abbreviations: 1M = inner membrane, OM = outer membrane. Caption continues on next page.

Stellenbosch University http://scholar.sun.ac.za



13

b. Conserved Hrp type III secretion systems are capable of delivering many, diverse Avr

proteins into plant cells in a manner that is dependent upon contact between the

pathogen and plant cell.

c. The protein products of avr genes are the primary effectors of pathogenesis. As such

they should have two general functions: (i) to defeat host defenses, and (ii) to locally

modify the apoplast for bacterial colonization through nutrient release, water-soaking

and pH increase.

d. Genetic changes in host plant populations that reduce the pathogenic benefit of an

effector protein, or allow its recognition by the plant resistance (R) gene surveillance

system, will lead to a proliferation of complex arsenals of avr genes in co-evolving

bacteria. Such pools of diverse and interchangeable genes, whose products may

either promote or betray pathogens, may account for the enormous diversity in

Fig. 2-1. Continued.

According to this model, the ability of the pathogen to cause disease in host plants is based on the injection
of avirulence (Avr) proteins into plant cells via the Hrp type III secretion system. Broadly conserved Hrc
proteins that form the core of this type III secretion apparatus are indicated by their last letters. Other
Hrc/Hrp proteins proposed to be involved in secretion are not indicated. Two classes of Hrp proteins are
secreted via the type III system: pilins and harpins. The hrpA encoded pilin is a subunit of the Hrp pilus
which is required for pathogenicity. The role of the HrpW and HrpZ harp ins in the transfer of Avr proteins
across the plant cell membrane and the mediation of the compatible interaction is not yet understood.

Several Avr proteins are proposed to interact with putative plant "susceptibility targets" to effect
pathogenesis. The mechanisms by which these interactions defeat host defenses and change plant
metabolism to alter the nutrient status and favour bacterial growth in the apoplast, are still unknown. Avr
genes are carried on plasmids, or on hypervariabie chromosomal regions with mobile genetic elements
flanking the conserved hrp gene cluster (as part of a "pathogenicity island"). It is suggested that Hrp'
pathogens have the ability to acquire avr genes from co-evolving bacteria to retain their pathogenic
advantage within adapting plant populations.

Secreted virulence factors (such as toxins and extracellular enzymes, see Table 2-1) are encoded by genes
located on the bacterial chromosome or on plasmids, and add to the severity of disease symptoms.

In certain plant-pathogen interactions, incompatibility is "accidentally" mediated by a "maladapted" avr
gene acquired horizontally from another bacterium. Such a gene encodes an Avr protein for which a
corresponding resistance (R) gene product is expressed in the infected plant. Interaction between the Rand
avr gene products "betrays" the bacterium to the plant and leads to the induction of localized defense
responses (including the HR) and systemic acquired resistance (SAR) (see section 2.3). In this context, avr
genes perform the secondary, negative function of determining host-range, and the avr gene product is
referred to as a "(pathogen) specific elicitor" (Ji et al. 1998). Interactions between avr and R gene products
(in both the compatible and incompatible situation) are depicted as being direct (according to the
"elicitor-receptor model"), but may also be indirect (Lamb et al. 1989, Parker and Coleman 1997).

Harpins induce the HR and SAR when injected into plants in their purified form. It is not known whether or
how this capability relates to the "natural" role of harpins in the mediation of disease development or in the
elicitation of an avr-R dependent HR by Hrp" bacteria.
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host-range and other pathogenic attributes among closely related pathovars or strains

(Alfano and Callmer 1996, 1997; Collmer 1998).

Hrp and avr gene systems are discussed in more detail in the context of this model in the

subsections that follow.

2.2.2.1 Hrp genes encode a conserved type III protein secretion system, secreted and

regulatory proteins

Hrp genes have been identified as a major determinant of pathogenicity in many phyto-

pathogenic Pseudomonas, Xanthomonas, Erwinia and Ralstonia species and pathovars.

They appear to be universally conserved among plant pathogens of these genera and

control a variety of interactions between these bacteria and plants, including the elicitation

of the HR (reviewed in Willis et al. 1991, Bonas 1994, Lindgren 1997).

Hrp genes have been characterized extensively in four representative pathogens:

Pseudomonas syringae pv. syringae 61, Erwinia amylovora Ea321, Ralstonia (previously

Pseudomonas) solanacearum GMI1000 and Xanthomonas campestris pv. vesicatoria

85-10 (Alfano et al. 2000). Most of the hrp genes of these strains are contained in large,

polycistronic, chromosomal clusters (pathogenicity islands*) of about 25 kb, with the

exception of the R. solanacearum cluster, which is carried on a megaplasmid (Alfano and

Collmer 1997, Collmer 1998, Alfano et al. 2000). The transcriptional organization of the P.

s. pv. syringae 61 hrp cluster, which has served as a model for numerous investigations, is

illustrated in Fig. 2-2.

Key features of hrp gene clusters that have been revealed by cloning, sequencing,

mutation, complementation and functional analysis, are the following:

a. Based on gene similarity, operon structure and regulatory systems, the four model hrp

clusters can be divided into two groups. Group I contains the clusters of P. s. pv.

syringae and E. amylovora, and group " the clusters of R. solanacearum and X.

campestris (reviewed in Alfano and Collmer 1997).

* "Pathogenicity islands" are gene clusters that (i) include many virulence genes, (ii) are selectively present in
pathogenic strains, (iii) occupy large chromosomal regions, (iv) are often flanked by direct repeats, (v) are
bordered by tRNA genes and/or cryptic mobile genetic elements, and (vi) are unstable. Differences in codon
usage and G+C content between genes in such islands and those in the rest of the genome provide
evidence that these islands may be horizontally transferred between bacteria. See Lawrence and Roth
1993, Groisman and Ochman 1996 and Hacker et al. 1997 for reviews of this topic.
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Genes encoding secreted proteinsRegulatory genes

Fig. 2-2. Transcriptional organization and function of genes in the Hrp cluster of Pseudomonas syringae pv. syringae 61 (compiled from He 1996,
Alfano and Collmer 1997, Alfano et al. 2000).

The conserved hrp/hrc cluster of P. syringae is delineated by hrpK and hrpR, and consists of seven operons. The designation of each operon is indicated at the
top, and direction of transcription with arrowheads. The last letter designation of each hrp or hrc open reading frame is given below. hrmA (recently redesignated
as hopPsyA) was originally characterized as a "hypersensitive reaction modulating" gene (Huang et al. 1991, Heu and Hutcheson 1993), but was later
demonstrated to have avr gene function, and is currently placed in the "exchangeable effector locus" (EEL) found to the left of the hrp/hrc cluster in the P.
syringae pathogenicity island. Harpin elicitors are encoded by hrpZ and HrpW HrpW is not situated inside the conserved hrp cluster, but falls within the
"conserved effector locus" (CEL) found to the right of hrpR in the P. syringae pathogenicity island (not shown).
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b. A number of hrp genes show homology with components of the virulence protein

secretion system of animal pathogens such as Yersinia, Salmonella and Shigella, as

well as with the fIilflh genes of Escerichia coli and other bacteria, which encode

components of a system involved in the secretion of flagellar proteins. This provided

evidence of the existence of a conserved "type III" virulence protein secretion pathway

in Gram- negative pathogens of animals and plants (reviewed in Van Gijsegem et al.

1993, Collmer and Bauer 1994, Salmond 1994, Alfano and Collmer 1997, Baker et al.

1997).

Nine hrp genes have thus far been identified as universal type III secretion system

components. They have been redesignated hrc (HR and conserved)' and all but hrcV

have been given the last-letter designations of their Yersinia ysc homologs

(Bogdanove et al. 1996). These genes encode one outer- and five inner-membrane

proteins, an outer-membrane associated lipoprotein and two cytoplasmic proteins

(including a putative ATPase) which form the core of the Hrp type III secretion

apparatus. Additional evidence exists that at least four more Hrc/Hrp proteins are

involved in this assembly (Alfano and Colimer 1997, Lindgren 1997). Other Hrp

proteins are proposed to be peripheral components of this secretion system and to

perform extracellular functions which are specific to protein transfer across the plant

cell wall (Collmer 1998).

c. Apart from the components of a type III secretion system, hrp genes also encode

proteins with regulatory functions and at least two classes of secreted proteins.

The two groups of hrp clusters have different regulatory systems. In the group

clusters, transcription of hrp operons is activated by an extracytoplasmic function

(ECF) sigma factor (HrpL), whereas an AraC homolog (HrpX in Xanthomonas and

HrpB in Ralstonia) activates transcription in group II clusters. Different upstream

activators of these factors have also been characterized (HrpR and HrpS in P. s. pv.

syringae, HrpG in X. campestris pv. vesicatoria and PrhA in R. solanacearum). A

putative negative regulator of hrp gene expression, which is encoded by hrpV and acts

upstream of HrpR and HrpS, has also been identified in P. syringae (Preston et al.

1998). The current understanding of hrp gene regulation is reviewed in Bonas 1994,

Lindgren 1997 and Collmer 1998, but is still fundamentally incomplete, especially with

regard to regulation in planta.

* References to "hrp genes" normally encompass the hrc subset.
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Two classes of extracellular (secreted) Hrp proteins have been identified: harpins and

pilins. Pilins are represented by the P. syringae HrpA protein. HrpA is an integral

component of a Hrp pilus that is 6-8 nm in diameter, formed on bacteria in a

Hrp-dependent manner and required for pathogenicity and HR elicitation (Raine et al.

1997). HrpA has recently been demonstrated to also have a regulatory function in the

expression of hrp and avr genes, which may be independent of its role in the secretion

of the proteins encoded by these genes. In this context, HrpA is proposed to be

involved in the sensing of host plant cells (Wei et al. 2000).

Harpins ("hrp-encoded HR elicitors") were the first secreted Hrp proteins to be

identified and are of particular importance to this study. They are discussed in more

detail below.

2.2.2.2 Harpins: secreted Hrp proteins of unknown biological function that induce

systemic acquired resistance in plants

The first harpin (harpinEa) was discovered in culture fluids of E. coli carrying a highly

expressed hrp gene cluster of the apple and pear pathogen, E. amylovora Ea321.

Mutations in the E. amylavora harpin encoding gene (hrpN) strongly diminished HR

elicitation in tobacco and pathogenicity in susceptible, immature pear fruits. It was

therefore concluded that harpin was the primary virulence factor travelling the Hrp

pathway (Wei et al. 1992). The harpin encoding gene (hrpZ) of the bean pathogen P. s.

pv. syringae 61 was identified and cloned soon thereafter, and similar importance was

assigned to its product (harpinpss)(He et al. 1993). Evidence from subsequent studies has,

however, pointed to Avr proteins as the primary effectors of virulence and

genotype-specific HR elicitation (Alfano et al. 1996, Alfano and Collmer 1997, Collmer

1998; see section 2.2.2.3), and has left the biological functions of harpins in HR elicitation

and pathogenesis largely unexplained.

The principal findings of studies on harpin encoding genes, harpin structure and function

are summarized below:

a. Homologues of the harpin encoding hrpN gene of E. amylavora have been isolated

from a number of other Erwinia species, and homologues of the P. s. pv. syringae hrpZ

gene from several other P. syringae pathovars. A harpin elicitor encoding gene (papA)

has also been isolated from R. salanacearum. Although hrp genes have been
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characterized in X. campestris and X. oryzae, harpin encoding genes have not been

identified in these bacteria (Lindgren 1997, Charkowski et al. 1998). More recently, E.

amy/ovora and P. syringae were shown to possess and express a second harpin

encoding gene, designated hrpW in both bacteria (Gaudriault et al. 1998, Kim and

Beer 1998, Charkowski et al. 1998).

b. The harpin encoding genes of E. amy/ovora (hrpN and hrpW), the P. syringae hrpW

gene and the papA gene of R. so/anacearum are located adjacent or near to their

respective hrp clusters, whereas the P. syringae hrpZ gene resides within the hrpZ

operon (see Fig. 2-2) (Alfano and Collmer 1997, Gaudriault et al. 1998, Kim and Beer

1998, Charkowski et al. 1998).

c. The HrpN, HrpZ and PapA 1 proteins share a number of biochemical characteristics.

They are heat-stable, glycine-rich proteins that lack cysteine and appear to be highly

susceptible to proteolysis. They also lack an N-terminal signal peptide, which is

consistent with their secretion in culture and in p/anta in a Hrp-dependent manner

(Preston et al. 1995, Lindgren 1997). These characteristics are shared by the

N-terminal halves of the HrpW proteins (Charkowski et al. 1998, Kim and Beer 1998).

d. The primary structures of HrpZ, HrpN, PapA 1 and the N-terminal harpin-like domain of

HrpW show no significant homology to each other or to any other proteins of known

function, and do not contain any motifs of known biological function (Lindgren 1997,

Charkowski et al. 1998). However, the C-terminal half of HrpW shows a high degree of

similarity with a newly defined class of pectate Iyases found in bacterial and fungal

pathogens (Gaudriault et al. 1998, Kim and Beer 1998, Charkowski et al. 1998).

e. Harpins were originally identified on the basis of their ability to elicit the HR when

infiltrated at high concentrations (> 0.1 ).lM) into the leaves of tobacco and several

other plants (Alfano and Collmer 1996, Gaudriault et al. 1998). Subsequent studies, in

which harpins were delivered by hrp mutants or heterologous bacteria, have shown the

contribution of harpins to pathogenicity and avr-R dependent HR elicitation to be

variable among the different bacteria that express them naturally.

According to these studies, HrpN appears to play an important role in HR elicitation in

E. amy/a vore , E. chrysanthemi, E. carotovora and E. (Pantoea) stewartii. It seems to

be required for pathogenicity and virulence in the former two species, but not in the

latter. Results obtained with R. so/anacearum papA mutants suggested that PapA 1 is

neither essential for HR elicitation nor for pathogenesis, but may play a role in the
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determination of host-range. Similar results have been reported for the P. syringae

HrpZ* protein, which has additionally been implicated in virulence (reviewed in Alfano

and Collmer 1997, Lindgren 1997).

The ability of the HrpW harpins to elicit an HR (in a similar fashion as the HrpN and

HrpZ harpins) has been shown to reside in their harpin-like N-terminal domains. P.

syringae and E. amy/ovora hrpW mutants were able to induce disease to the same

extent as wild type strains, indicating that HrpW is not required for pathogenicity.

However, the ability to elicit the HR was variably affected by HrpW mutations in the two

bacteria (no effect in E. amy/ovora Ea321, an enhanced HR eliciting ability in E.

amy/ovora CFBP1430, and a reduced ability in P. syringae pv. tomato DC3000;

Gaudriault et al. 1998, Kim and Beer 1998, Charkowski et al. 1998).

f. The biological function of harpins (i.e. the way in which they contribute to Hrp

phenotypes when secreted by bacteria in compatible and incompatible interactions), as

well as the molecular basis of their ability to elicit the HR when infiltrated into the

apoplast of cells in a purified form, remain unknown (Collmer 1998).

Harpin activity is not likely to be enzymatic, as different fragments retain activity (Arlat

et al. 1994, Barny 1995, Alfano et al. 1996). The heterologous delivery of avr gene

signals by the P. s. pv. syringae 61 hrp gene cluster (carried on cosmid pHIR11)

depends on the endogenous co-expression of HrpZ with the AvrB protein. This has led

to the suggestion that HrpZ may act as an extracellular chaperone for the secretion of

some Avr proteins by Hrp' bacteria (in a similar fashion as the Syc chaperones

required for the delivery of some Yersinia cuter proteins (Yaps); Camelis 1994,

Wattiau et al. 1994, Alfano et al. 1996, Gapalan et al. 1996a).

Several earlier observations have led to the hypothesis that harpins are involved in

establishing pathogenesis by raising the pH of apoplastic fluids, which leads to the

release of nutrients into the apoplast and bacterial multiplication (reviewed in Collmer

and Bauer 1994). Two lines of evidence currently suggest that harpin activity may

involve interactions with the plant cell wall. Firstly, purified HrpZ protein binds to the

walls of intact cells but not to protoplasts, and fails to trigger HR-associated responses

• Earlier reports assigned a central role for HrpZ in HR elicitation (He et al. 1993, Yuan and He 1996). The
results from these investigations were reinterpreted when the Avr-like protein HrmA was shown to be the
actual elicitor of the HR by bacteria carrying the P. s. pv. syringae 61 cluster (on cosmid pHIR11), and P.
syringae was shown to express another harpin elicitor, HrpW (Alfano et al. 1996, 1997; Alfano and Collrner
1997, Charkowski et al. 1998, Collrner 1998).
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in protoplasts (Hoyos et al. 1996). Secondly, the HrpW harpins have been shown to

bind specifically to pectate through their C-terminal peetate lyase-like domains (which

lack enzymatic activity, and are not required for HR elicitation). It has thus been

suggested that harpins may loosen the plant cell wall to facilitate penetration of Hrp

secretion apparatus for the delivery of Avr and other proteins (Charkowski et al. 1998,

Kim and Beer 1998).

The induction of several defense-related plant responses (see Fig. 2-3 in section 2.3)

has been described in conjunction with the HR eliciting ability of harpins (when applied

in their purified form, or delivered by Hrp' bacteria into intact plants or to plant cell

cultures). These include: (i) membrane depolarization, accompanied by Ca2+ and H+

influx/K+ efflux (Wei et al. 1992, Baker et al. 1993, Popham et al. 1995, Hoyos et al.

1996), (ii) the production of active oxygen species (Baker et al. 1993, Desikan et al.

1996, Chandra et al. 1997, Xie and Chen 2000), (iii) the activation of mitogen-activated

protein (MAP) and MAP-like kinases (Ádám et al. 1997, Desikan et al. 1999), (iv) an

increase in the levels of salicylic acid (Wang and Liu 1999), (v) lignin accumulation

(Wang and Liu 1999), (vi) the inhibition of mitochondrial cytochrome pathway electron

transport, with a concomitant inhibition of ATP synthesis (Xie and Chen 2000), and (vii)

the activation of defense-related genes. The latter includes hin1 (a harpin-induced

tomato gene that is also activated by the avrPto-Pto mediated signal; Gapalan et al.

1996b), genes encoding the phenylpropanoid pathway enzyme phenylalanine

ammonia lyase (PAL), the phytoalexin biosynthetic enzyme anthranilate synthase, and

the anti-oxidant protective enzyme glutathione-S-transferase (GST) in Arabidapsis

(Desikan et al. 1998), and genes encoding several tobacco peroxidase isozymes

(Wang and Liu 1999). Although these studies have elucidated some aspects of signal

transduction that may be involved in the activation of harpin-induced defense

responses, they have not revealed much about the exact role of harpin in these

processes.

g. A characteristic linked to the ability of purified harpins to elicit the HR in non-hosts or

resistant host plants, is their ability to induce systemic acquired resistance (SAR, see

section 2.3.4) in plants (Strobel et al. 1996, Wei and Beer 1996, Qui et al. 1997).

Purified HrpZpsswas demonstrated to induce SAR in cucumber plants in an identical

fashion to wild-type P. s. pv. syringae 61 bacteria. The results from that study

suggested that (i) the induction of SAR by P. s. pv. syringae is dependent on the

production of HR elicitors that traverse the cell membrane via the Hrp type III secretion
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system, and (ii) that HrpZpsswas either the major inducer of SAR in P. s. pv. syringae

or representative of the SAR inducers produced by this bacterium (Strobel et al.

1996)*. Purified E. amy/ovora harpin has been shown to induce SAR in Arabidapsis. In

that study, the induction of SAR was correlated with the expression of PR-1 and PR-2

genes and was shown to be dependent on the accumulation of salicylic acid, as well

as on a functional N/M1/NPR1t gene product, but not to require jasmonic acid or

ethylene (Dong et al. 1999).

2.2.2.3 Avr genes encode the primary effectors of pathogenesis and may be horizontally

transferred between co-eva/ving bacteria

"Avirulence genes" in plant pathogens were initially defined by Flor in his studies of fungal

host-pathogen interactions. His "gene-far-gene" hypothesis proposed that the nature of

the interaction between a pathogen and plant is related to interactions between individual

pathogen and host genes. According to this theory, incompatibility was the result of active

interaction between a dominant pathogen "avirulence" (avr) gene and a complementary or

reciprocal dominant plant "resistance" (R) gene. Likewise, compatibility resulted when

dominance was eliminated experimentally, or when either gene was recessive (Flor 1955,

1971). On the molecular level, avr gene products ("race-specific elicitors") are

hypothesized to be specifically recognized by R gene products (which are receptors),

hereby provoking a resistance response (incompatibility) in the host plant (Keen 1982,

Gabriel and Rolfe 1990, De Wit 1995, Bent 1996, Parker and Coleman 1997)t.

Avr genes have subsequently also been identified in plant pathogenic viruses, bacteria,

fungi, nematodes and insects as determinants of host range in relation to their

corresponding plant R genes. The question as to why pathogens retain these genes

despite the negative selection pressure of complementary R genes in host plant

populations has led to the notion that avr genes must have a positive function in virulence

* In this study and others, some plant defense responses, as well as defense-related ultrastructural changes
to plants, were induced by Hrp mutants in the absence of HR elicitation. These results emphasize that not
all defense responses are induced by signals derived from harpin and/or Avr proteins, but that some
pathogen-derived signals are produced independently of their hrp systems (reviewed in Call mer and Bauer
1994, Lindgren 1997). The induction of plant defense responses by such "non-specific" elicitors are
discussed in section 2.3.2.

t Non-immunity/Non-expresser of PR genes; see section 2.3.3.4 for more details.

; Physical contact between matching avr and R gene products has only been demonstrated for one such a
pair (AvrPta and Pta) (Scofield et al. 1996, Tang et al. 1996), which suggests that indirect interactions
between avr and R gene products may also occur (Lamb 1989, OangI1994).
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that outweighs their negative function of restricting host range (Dang I 1994, White et al.

2000).

A growing body of direct and indirect evidence*, has led to the current model which

suggests that Avr proteins are the primary effectors of pathogenesis, and are acquired by

Hrp' bacteria from diverse sources during their co-evolution with changing plant

populations (as illustrated in Fig. 2-1). The "betrayal" of pathogens by some of their avr

genes to the R gene system of plants (i.e. the restriction of host range) is hence a

secondary consequence of the horizontal transfer of avr genes between

co-evolving bacterial populations (or put from another perspective: some pathogenicity

factors become avirulence factors once they are recognized by the surveillance system of

the plant; De Wit 1997, Collmer 1998).

The salient findings on which this model was based, were the following:

a. Diverse virulence or virulence-associated functions/properties have been described for

several of the more than 30 bacterial avr genes that have been cloned'. Some of these

functions/properties are associated with pathogen fitness, whilst others directly affect

the expression of plant (defense) qenes! (reviewed in Dangl 1994, Leach and White

1996, White et al. 2000). The exact mechanisms by which plant metabolism is altered

to increase the nutrient status of the apoplast for bacterial growth are, however, still

unknown (Collmer 1998).

b. Elicitation of the HR by a specific Avr protein in plants carrying a corresponding R gene

is dependent on functional hrp gene expression, which suggests that Avr proteins are

secreted via the Hrp type III secretion system (He 1996, Banas and Van den

Ackerveken 1997, De Wit 1997). The finding that the functional P. s. pv. syringae 61

hrp cluster (carried on the cosmid pHIR11) is sufficient to deliver heterologous avr

* The understanding of avr gene function has been advanced greatly by molecular studies of the type III Hrp
secretion pathway in plant pathogenic bacteria. The information that follows is limited to analyses of the role
of bacterial avr genes, although conclusions/hypotheses may be applicable to interactions between plants
and non-bacterial pathogens.

t Details of the properties and functions of all of the cloned avr genes fall beyond the scope of this study. See
Dangl 1994, Leach and White 1996 and White et al. 2000 for extensive reviews in this regard.

t One family of Avr proteins (the AvrB3 family encoded by Xanthomonas spp.) contains functional nuclear
localization signals which target them to the plant nucleus, where their structural features suggest they
function as plant transcription factors (Yang and Gabriel 1996, White et al. 2000). Other Avr proteins appear
to interfere with the signalling and structural pathways of general plant defense responses, in an analogous
fashion to factors secreted via a type III pathway by bacterial animal pathogens such as Yersinia (White et
al. 2000).
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signals strongly supported this idea (Gopolan et al. 1996a, Pirhonen et al. 1996). More

indirect evidence of the Hrp-dependency of Avr phenotypes lies in the fact that all

characterized Avr proteins lack N-terminal signal peptides or other recognizable

secretion signals; properties which are consistent with secretion via a type III pathway

(Salmond and Reeves 1993, Alfano and Collmer 1997). Hrp-dependent secretion has

been demonstrated unambiguously for at least one Avr protein (DspE; Bogdanave et

al. 1998a)*.

c. Bacterial transfer of Avr proteins into plant cells (via the Hrp type III system) has not

been observed directly. However, all of the cloned avr genes are predicted to encode

soluble, hydrophilic proteins, which suggest a cytoplasmic location. By expressing avr

genes in planta, four Avr proteins (AvrB, AvrBs3, AvrPto and AvrRpt2) have been

demonstrated unambiguously to be recognized and to function inside the plant cell

(reviewed in Banas and Van den Ackerveken 1997, White et al. 2000).

d. Unlike hrp genes, avr genes are not clustered, but scattered throughout the genomes

of bacteria (Lamb 1989). Some avr genes are, however, linked to hrp gene clusters in

"pathogenicity islands" (Heu and Hutcheson 1993, Mansfield et al. 1994, Lorang and

Keen 1995, Alfano et al. 2000). Certain hrplavr ensembles are functional in that they

enable non-pathogens to elicit the HR in appropriate test plants (i.e. plants carrying an

R gene which corresponds to the particular avr gene) (reviewed in Collmer 1998).

e. The regulation of avr gene expression is linked to the regulation of hrp gene

expression. Hrp genes and several avr genes are transcriptionally induced in planta

and in environments representative of plant intracellular spaces (e.g. minimal culture

media containing sucrose, fructose or mannitol). Furthermore, a HrpL-dependent

conserved consensus sequence (the "harp or avr box") has been identified in the

promoters of P. syringae avr and hrp genes, and the hrp regulatory system seems to

be a universal requirement for the transcription of all P. syringae avr genes (reviewed

in Banas 1994, Dangl 1994, Lindgren 1997).

f. Avr genes are potentially mobile due to their presence on plasmids (Leach and White

1996, Vivian and Gibbon 1997), or their linkage on chromosomes with transposable

elements or phage sequences (Hanekamp et al. 1997). Additionally, the conserved hrp

* One example of a Hrp-independent avr gene exists. AvrD of P. syringae pv. glycinea encodes an enzyme
involved in the synthesis of syringolide elicitors. These elicitors induce the HR in a hrp-independent manner
when injected into appropriate soybean cultivars (Keen et al. 1990, Keith et al. 1997).
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clusters of different P. syringae strains are bordered by a hypervariabie region which is

enriched in avr genes and mobile DNA elements (Collmer 1998, Alfano et al. 2000).

g. P. syringae avr genes have been demonstrated to function heterologously in E.

amy/avara and E. chrysanthemi to support pathogenesis and avr-R dependent HR

elicitation (Bogdanove 1998b).

In the light of the amassing evidence that the proteins encoded by avr genes primarily

have a function in pathogen virulence rather than avirulence, a more appropriate

designation for these proteins has been proposed. In analogy with the Yops secreted by

the prototypical Yersinia type III secretion system (Cornel is 1994), it has been suggested

that members of this class be redesignated "Hop" proteins (Hrp-dependent outer proteins)

in future (Alfano and Collmer 1997).

2.3 THE MOLECULAR BASIS OF RESISTANCE IN PLANTS

2.3.1 Perspectives and concepts

Plants are continually under threat from a variety of biotic and abiotic stresses. These

include parasitism by fungal, bacterial and viral pathogens, wounding (caused by animal

or insect herbivory, or by other means), and other stress conditions such as drought and

exposure to UV, heavy metals and ozone (Baron and Zambryski 1995, Schneider et al.

1996). Current knowledge of plant responses to these threats has accumulated from a

variety of ecological and molecular studies, and has greatly been advanced through the

analysis of Arabidopsis mutants (e.g. Bell 1981, Baker et al. 1997, Glazebrook et al. 1997)

and, more recently, transgene expression in p/anta (see Glazebrook et al. 1997, Melchers

and Stuiver 2000 for references). The literature dealing with plant resistance is indeed

voluminous, but has left us with a less than thorough understanding of many aspects of

this complex phenomenon.

Ecologists attempt to analyze the induction of plant resistance in response to pathogen

attack in the broad context of the plant's overall strategy to cope with multiple enemies. To

this end, "civilian responses" are distinguished from "defense responses" (Paul et al.

2000). "Civilian responses" encompass physiological and metabolic adjustments made to

buffer the effects of wounding or disease (i.e. to "tolerate" damage), whereas "defense

responses" refer to the pathways that have been dissected by molecular biologists and

Stellenbosch University http://scholar.sun.ac.za



25

geneticists for years in attempts to identify the components of localized and systemic

resistance, and the signals that elicit and connect them (Paul et al. 2000).

Although there is a growing demand for the integration of ecological and molecular

perspectives to advance the understanding of plant responses to multiple enemies, this

review does not constitute such an attempt. Instead, it is aimed at providing a concise

background for the experimental work presented in Chapter 5*, which deals with the

identification of plant genes that may be induced as a result of infiltration with purified

harpinpssNvelicitor protein and/or Pseudomonas syringae pv. syringae bacteria in a

resistant and a susceptible plum cultivar. As such, it will concentrate on the mechanisms

of plant resistance induced by the biotrophic, necrogenic, Gram-negative, Hrp' bacterial

phytopathogens discussed in the previous sectiont.

To integrate the information in this section with that of sections 2.1 and 2.2, the following

concepts must be considered:

a. Localized and systemic resistance

(Disease) resistance refers to the ability of a plant to prevent, restrict or retard pathogen

growth and multiplication, i.e. disease development (Bell 1981, Benhamou 1996), and is

characterized by the activation of defense mechanisms in response to pathogen attack

(Schneider et al. 1996).

All pathogens induce plant defense responses. When the plant is a susceptible host to the

attacking bacterium (compatible interaction), plant defense genes are induced more slowly

and transcripts accumulate at much lower levels than when the plant is a non-host or

resistant host (Dixon et al. 1994, Baron and Zambryski 1995, Glazebrook et al. 1997).

This delayed response allows the pathogen to multiply, spread and cause widespread

necrotic lesions throughout the plant (disease). In the incompatible situation, plant defense

mechanisms are rapidly induced to accomplish localized induced or acquired

resistance (LAR; Ross 1961a). LAR is typically (but not always) characterized by hyper-

* The experiment presented in Chapter 5 included a control for responses induced as a result of the
mechanical wounding which accompanies the infiltration of experimental plants. Much of the published
information about wounding responses in plants were derived from the effects of insect feeding, but are
also applicable to abiotic wounding (Baron and Zambryski 1995). Where applicable, references to wounding
responses are therefore included in this section.

t Unless stated otherwise, all subsequent references to "pathogen(s)" apply to this group of bacterial
phytopathogens only.
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sensitive cell death (the HR), and prevents multiplication and spread of the attacking

pathogen (Lamb et al. 1989, Dangl et al. 1996, Heath 2000).

Both forms of necrotic cell death lead to the production of systemic signals which induce

defence mechanisms in tissues untouched by the initial infection, resulting in systemic

acquired resistance (SAR; Ross 1961b)*. Unlike localized resistance, SAR confers

long-term protection against a broad range of bacterial, fungal and viral pathogens

(Schneider et al. 1996, Maleck and Dietrich 1999).

b. Non-specific and pathogen-specific resistance

Localized resistance is divided into non-host resistance and host resistance. Non-host

resistance (also termed "general resistance" or "race-general resistance") is regarded as

the most common form of disease resistance exhibited by plants. It is defined as

resistance shown by an entire plant species to a specific pathogen and is expressed by

every plant towards the majority of potentially pathogenic micro-organisms. This basic

incompatibility is the consequence of a pathogen's inability to recognize and infect a plant,

or the ability of the plant to activate its defense mechanisms rapidly and effectively

(Kombrink and Somssich 1995, Heath 2000). In contrast, host resistance (or "race-

specific resistance") is defined to be expressed by certain plant genotypes ~"resistant

hosts") within an otherwise susceptible host species against specific pathogen genotypes.

Variation in host resistance is ascribed to the segregation of resistance (R) genes, the

products of which interact directly or indirectly with the products of pathogen avirulence

(avr) genes (Bell 1981, Heath 2000).

The above distinction may be useful to accommodate genotype-specific incompatibility

attributed to "gene-far-gene" resistance, but it has become confusing in terms of the

current model for bacterial pathogenicity discussed in section 2.2. According to this model,

all Hrp' phytopathogens secrete Avr proteins as the primary effectors of pathogenesis.

These proteins are proposed. to interact with "susceptibility targets" in susceptible host

plants to mediate disease development, and with R gene products in resistant hosts to

* SAR is triggered by infection with necrogenic phytopathogens. It is distinguished from induced systemic
resistance (ISR), where protection against future pathogen attack is triggered by colonization of the
rhizosphere with non-necrotizing, mutualistic, "biocontrol" bacteria such as Pseudomonas fluorescens and
Serratia mareeseens, or by cell wall-derived elicitors from these bacteria (Pieterse et al. 1996, Van Wees et
al. 1997).
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elicit the HR and defense responses. What then is the molecular basis of HR elicitation

and subsequent defense induction in non-hosts?

One view that unifies the traditional role of avr genes as determinants of host-range with

the current model argues that non-host and host resistance have a similar genetic basis:

what traditionally has been termed "non-host resistance" may be the additive effect of

many, concomitant gene-for-gene interactions within a specific plant. This view is

supported by studies that demonstrated (i) the expression of multiple avr genes by a

single pathogen, (ii) the presence of a R gene or genes in different plants that all interact

with the same avr gene cloned from a specific pathogen, and (iii) the cloning of more than

one R gene from a particular plant species (Dixon and Lamb 1990, Dangl 1994, Bent

1996).

In the light of the above it seems more appropriate to use the terms non-specific and

pathogen-specific to distinguish between localized resistance mediated by Hrp-

dependent avr-R interaction and those that are not (see Lindgren 1997 for a review of the

latter). Localized resistance in any incompatible plant-pathogen interaction is the product

of both non-specific and pathogen-specific defense induction, and both triggers produce

signals for the induction of SAR.

c. Constitutive and inducible defenses

Plants possess a vast and diverse arsenal of constitutive and inducible defense

mechanisms to protect them against pathogen attack. Constitutive mechanisms exist

independently of pathogen presence and are regarded as non-specific, broad-spectrum

defenses that have evolved as a result of the collective pressure of pathogens, herbivores

and abiotic stresses. These include physical barriers such as thick cell walls, seed coats,

thorns and hairs, as well as preformed peptides, proteins, proteinase inhibitors and

non-proteinaceous secondary metabolites (Bell 1981, Bennet and Wallsgrove 1994,

Peumans and Van Damme 1995, Osbourn 1996, Heath 2000).

Inducible defense mechanisms (outlined in Fig. 2-3) have been studied far more

extensively as the principal effectors of plant resistance, and are the focus of this review. It

is important to note that:

a. Inducible defense mechanisms include the generation of active oxygen species (AOS),

the synthesis of low-molecular weight antimicrobial compounds (phytoalexins), cell wall
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Fig. 2-3. Inducible defense mechanisms deployed against Gram-negative, Hrp'
phytopathogenic bacteria (adapted from Kombrink and Somssich 1995, Dangl et al.
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Fig. 2-3. Continued.

Exogenous non-specific elicitors (flagellin, harpins, and others?), pathogen-specific elicitors (Avr proteins),
and oligogalacturonides (OGA; produced as a result of plant cell wall degradation by pathogen enzymes and
toxins) are perceived through a variety of specific plant receptors (RN), some of which are R gene products
(R3 and Ra). R gene encoded receptors may also occur and recognize corresponding Avr proteins inside the
nucleus (not shown). The perception of these signals is followed by a complex series of events which leads
to the establishment of localized defense (LAR) through the induction of multiple defense mechanisms
(indicated in yellow blocks, discussed in more detail in section 2.3.3). Characterized components of these
early signal transduction pathways include (i) Ca2+ (the free intracellular concentration of Ca2+ is elevated
through membrane depolarization, concomitantly leading to the influx of Wand efflux of K+ and Cl'), (ii)
G-proteins (G), and (iii) phosphorylation cascades consisting of various phosphatases (P) and kinases (K),
including mitogen-activated protein kinases (MAPKs; Ligterink et al. 1997) and calcium-dependent protein
kinases (CDPKs; Sheen 1996, Romeis et al. 2000). The involvement of Ca2+-calmodulin complexes, cAMP,
phospholipase C and inositol phosphates has also been postulated.

The oxidative burst is one of the first defense mechanisms to be activated, and leads to the production of
active oxygen species, including H202 that plays an important role in subsequent induction events. The
phenylpropanoid pathway (represented in purple by Phe = phenylalanine, PAL = phenylalanine ammonia
lyase and CA = einnarnic acid, see Fig. 2-6 for more detail) also plays a central role in defense, as it leads to
the production of the antimicrobial phytoalexins, the synthesis of phenolics (incorporated in lignin and
suberin to reinforce cell walls) and the production of the mobile endogenous elicitor, salicylic acid (SA).
Other mobile secondary elicitors that are produced as a result of elicitor recognition or wounding are
systemin, the jasmonates (JA) and ethylene. Ca2+, H202, SA, JA and ethylene all contribute to the
transcriptional activation of defense-related genes. Many aspects of the pathways by which these signalling
compounds are transduced intracellularly have not yet been elucidated, but are certain to involve
phosphorylation cascades. "Cross-talk" exists between pathways, with one signal influencing the production
and actions of the other(s).

The establishment of LAR is typically associated with hypersensitive cell death (HR). The relationship
between the activation of defense-related genes and localized cell death is, however, not entirely clear. The
HR is accepted to be a form of programmed cell death (PCD), and is mediated by the release of cytochrome
c (cyt c) from the mitochondria.

The establishment of localized resistance leads to the activation of systemic acquired resistance (SAR)
through the translocation of mobile signals to tissues unaffected by the initial infection. Systemin and SA
have been shown to be translocated, but the induction of SAR is believed to require at least one other, as yet
unknown, mobile signal. Defence mechanisms induced to achieve LAR are also employed in the expression
of SAR. Intracellular signalling pathways in remote tissues are proposed to resemble those in the originally
infected tissue, and definitely rely on phosphorylation cascades.

This overview is a generalized and simplified one. It was compiled from investigations of a wide variety of
plant-pathogen interactions, using bacterial, viral and fungal pathogens and/or chemical defense elicitors,
intact plants and/or cell cultures, as well as mutant and transgenic plants. Not all of the interactions and
relationships between the components of inducible plant defense depicted here are applicable to every
plant-pathogen combination.

Other abbreviations: ABA = abscisic acid, Hrp = Hrp type III secretion system, LOX = lipoxygenase,
GST = glutathione-S-transferase, PARP = poly(ADP-ribose) polymerase, PGIPs = polygalacturonidase
inhibiting proteins, PL = phospohlipase, PT = permeability transition pore, SAG = salicylic acid glucosides,
SOD = superoxide dismutase, X = inhibitory action.
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re-inforcement, the expression of a diverse range of pathogenesis-related (PR)

proteins, and hypersensitive cell death (the HR) (Lamb et al. 1989, Schneider et al.

1996). Each of these responses involves changes in the expression of numerous

genes, the products of which effect the biochemical changes associated with each

response.

b. Diverse plants deploy the same inducible defense mechanisms in response to

pathogen-specific and/or non-specific signals and/or wounding (Kombrink et al. 1993,

Heath 2000). This "non-specificity of effect" is the result of evolutionary pressures on

plants to achieve incompatibility (see section 2.1; Paul et al. 2000).

c. Not all inducible defenses are mobilized in every response, and different plant-

pathogen interactions induce different expression patterns of the genes associated

with a particular response (Heath 2000). This "specificity of response" suggests that

plants have the capacity to distinguish between different threats (i.e. attack by different

pathogens or wounding) and may "fine-tune" different mechanisms through "cross-

talking" signalling pathways to deal with each challenge (Reymond and Farmer 1998,

McDowell and Dangl 2000, Paul et al. 2000).

d. Defense mechanisms induced to achieve localized resistance are also employed in the

expression of SAR. Again, the expression patterns of the genes associated with each

mechanism differ from one plant-pathogen interaction to another. As a result, the time

required to establish SAR, the level and extent of protection, and the range of

pathogens to which protection is afforded vary considerably between different

combinations of plants and pathogens involved in the initial infection (Schneider et al.

1996).

e. Differences in the spatial and temporal patterns of gene expression during compatible

and incompatible interactions, localized and systemic responses, and/or responses

induced by pathogens or wounding are determined by signalling molecules and

pathways. The magnitude, nature and extent of a response depends on the perception

of the primary signal and the subsequent ability to induce secondary signalling within

the infected tissue and throughout the rest of the plant (Lamb et al. 1989, Ebel and

Cosio 1994, McDowell and Dangl 2000). Differential regulation of varying subsets of

defense-related genes by signalling molecules might be explained by differences in

regulatory elements within their promoters (Maleck and Dietrich 1999).
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f. The expression of a number of inducible defense-related genes (e.g. those encoding

enzymes of the phenylpropanoid pathway, peroxidases, chitinases and glucanases

and hydroxyproline-rich glycoproteins; HRGPs) are also developmentally regulated in

healthy plants. This may be correlated with a build-up of general, non-specific

resistance as the plant matures (Bowles 1990, Dixon and Lamb 1990).

Three stages in the establishment of plant resistance during an incompatible interaction

may be identified: (i) the perception of primary signals (elicitors), (ii) the establishment of

localized resistance (through the expression of defense molecules and/or hypersensitive

cell death), and (iii) the induction of systemic acquired resistance (Kombrink and

Somssich 1995; see Fig. 2-3). Each of these stages is briefly discussed in the subsections

that follow.

The generation and transduction of inter- and intracellular signals that connect elicitor

perception, LAR and SAR are infinitely complex and the aspect of plant defense that is

probably least understood. Extensive efforts, many of which involved mutant and/or

transgenic plants, have been made in recent years to integrate knowledge on plant

defense-associated signal transduction. An overview of this topic falls outside the scope of

this study, and the reader is referred to reviews by Lamb et al. 1989, Dixon and Lamb

1990, Scheel and Parker 1990, Dixon et al. 1994, Ebel and Cosio 1994, Boller 1995,

Benhamou 1996, Baker et al. 1997, Blumwald et al. 1998, Reymond and Farmer 1998,

Maleck and Dietrich 1999, Pieterse and Van Loon 1999, McDowell and Dangl 2000). Key

aspects of signal generation and transduction during the establishment of plant resistance

are, however, highlighted in Fig. 2-3 and in some of the subsections that follow.

Current knowledge of plant defense phenomena has been accumulated through the

analysis of plant responses to a whole range of threats. The discussions that follow are,

however, limited to information relevant to the interaction between plants and the

Gram-negative, Hrp' bacterial phytopathogens as far as possible.

2.3.2 Plant perception of primary signals (elicitors)

"Elicitors" are broadly defined as signals capable of inducing structural and/or biochemical

responses associated with the expression of plant disease resistance. Plant resistance

may therefore be seen as the result of localized and systemic effects of the parallel and/or
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sequential induction of a whole array of defense responses by elicitors* (Ebel and Cosio

1994, 8enhamou 1996).

Elicitors of plant defense responses are classified as exogenous or endogenous.

Exogenous elicitors originate in the pathogen, appear to have a limited mobility within

plant tissues, and evoke a response in the immediate vicinity of the infected cells. As

such, they are considered the primary signals in plant defense induction. Endogenous

elicitors, on the other hand, originate in plant cells as a result of pathogen attack and

determine the extent and nature of the response in the surrounding tissue (Ebel and Cosio

1994).

2.3.2.1 Exogenous elicitors

Exogenous elicitors vary widely in their chemical nature. All of them are, however, either

structural components of pathogen surfaces or secreted pathogen metabolites which are

released during normal pathogen growth or during interactions with plants (Dixon et al.

1994, Ebel and Cosio 1994). According to the discussion in section 2.1, exogenous

elicitors are further subdivided into non-specific and pathogen-specific elicitors.

Non-specific exogenous elicitors

Per definition, non-specific elicitors elicit non-specific or non avr-R mediated plant defense

responses. A number of non-specific exogenous fungal elicitors, most of which are

proteins, glycoproteins, glucans, and chitosan- and chitin-derived oligosaccharides, have

been characterized (reviewed in Yoshikawa et al. 1993, Ebel and Cosio 1994). To date,

the only non-specific elicitors isolated from bacteria are the harpins and flagellin (Heath

2000).

Harpins play an as yet unknown role in the pathogen-specific, avr-R mediated elicitation of

the HR in incompatible interactions when secreted by Hrp' bacteria. However, when

harpins are injected into plants in their purified form, they elicit the HR (i.e. localized

defense) in a non-specific (avr-R independent) manner. The mechanism by which this is

accomplished, is also still unknown'.

* Elicitors are regarded as "signals", rather than direct physiological effectors (Ebel and Cosio 1994). "Abiotic
elicitors" such as UV damage, toxic compounds and chemicals (see Bell 1981, Dixon 1986) are excluded
from this definition, and from subsequent discussions.

t See section 2.2.2.2 for detailed discussions and references.

Stellenbosch University http://scholar.sun.ac.za



33

Flagellin subunits make up the filament of eubacterial flagella. Synthetic peptides

comprising 15 to 22 amino acids of the most highly conserved domain within the

N-terminal of flagellin were recently shown to elicit defense responses in cell cultures of

several plant species. This constituted the first report of a universal, non-specific bacterial

elicitor (Felix et al. 1999).

The term "non-specific elicitor" does not imply a non-specificity in the plant's perception

of these signals (Ebel and Cosio 1994). Very specific receptor-like binding sites for

non-specific elicitors from fungi and yeast have been identified on plant plasma

membranes (reviewed in Scheel and Parker 1990, Boller 1995), and predict that

non-specific bacterial elicitors may also be recognized by specific receptors*. Although

plant receptors for harpins and flagellin have not yet been identified, some progress

towards elucidating the manner in which plants perceive these signals has been made:

a. Two lines of evidence suggest that harpin function is cell-wall associated (discussed in

section 2.2.2.1).

b. A dominant flagellin-~ensitive locus (FLS-1) in Arabidapsis has been mapped to a

region of chromosome 5 that contains a cluster of R genes. This has raised the

question whether non-specific elicitors may be perceived in a fashion similar to the

avr-R interaction that triggers pathogen-specific resistance (Gómez-Gómez et al.

1999).

Pathogen-specific exogenous elicitors

Pathogen-specific exogenous elicitors are, per definition, the products of bacterial avr

genes. The first bacterial avr gene (avrA or avrPgyA) was cloned in 1984 through a

shotgun approach. This was based on the conversion of a virulent race of P. s. pv.

glycinea to an avirulent onet through the transconjugation of cosmid clones containing the

DNA of the avirulent race. Clones that carried the avr locus were screened for by

• A recent study involving elicitors from yeast and commercial enzyme preparations used to make plant
protoplasts suggested that these elicitors interacted directly with lipid bilayers to form conductive pores.
Some non-specific elicitors may therefore not function via a receptor-based mechanism (Klusener and
Weiler 1999).

t The terms "virulent" and "avirulent" bacteria are used throughout the literature (in a somewhat confusing
manner) in the context of the gene-far-gene hypothesis. "Virulent" refers to the absence of an avr gene that
may confer incompatibility. The presence of such a gene in a pathogen interacting with a plant that
expresses a corresponding R gene, renders the pathogen "avirulent" on that particular plant. It was in this
context that "avirulence" genes were originally defined as negative virulence factors through their ability to
diminish or abolish the induction of disease symptoms by a pathogen (refer to section 2.1; Sigee 1993,
Dangl 1994).
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incompatibility with soybean leaves carrying a corresponding resistance gene (Staskawicz

et al. 1984). Since then, over 30 bacterial avr genes have been cloned. The reader is

referred to references in section 2.2.2.3 for reviews of origin and biochemical

characteristics of these genes and their protein products. For the discussion that follows, it

is important to note that two types of avr-related elicitors exist (Bent 1996, Hammond-

Kosack and Jones 1997):

a. "Indirect" avr gene products. This group is represented by the syringolide elicitors

produced by avrO-encoded enzymes. The syringolides, and not the AvrO protein,

induce plant defense responses in plants carrying the Rpg4 resistance gene (see

Dangl 1994 for references).

b. The avr gene product itself. Known examples of these are proteins encoded by the

avrPto, avrB and avrBs3 families. The latter family is of special interest as they encode

proteins with a variable number (13.5 to 17.5) of serial repeats of highly similar

34-amino acid motifs, which have been identified as nuclear localization signals (Leach

and White 1996, White et al. 2000).

Avr proteins have been proposed to be perceived by plants through their interaction with

the products of (disease) resistance (R) genes. The cloning of R genes was substantially

retarded by the fact that no functional assays for R gene function existed. Efforts in this

regard had to rely on restriction fragment length polymorphism (RFLP) and other marker

analysis, positional cloning and transposon tagging (Lamb et al. 1989, Lamb 1994, Bent

1996), and led to the cloning of the first avr gene-specific R gene (Pta) from tomato in

1993 (Martin et al. 1993).

Endeavours to clone plant R genes ~ere accompanied by much speculation about the

nature of their products and how they interact with pathogen-specific elicitors to elicit plant

defense responses. The most popular model proposed that R genes encode components

of signalling pathways, which were most likely receptors (Keen 1982, Gabriel and Rolfe

1990).

R genes have now been cloned from a variety of plants and have been shown to confer

resistance against a diverse range of phytopathogenic fungi, bacteria, viruses and

nematodes (reviewed in Dangl 1995, Bent 1996, Baker et al. 1997, De Wit 1995, 1997;

Gebhardt 1997, Hammond-Kosack and Jones 1997, Parker and Coleman 1997, Ellis et al.

2000, Young 2000). The salient findings from these studies are the following:
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a. Sequence analysis of predicted R gene products revealed a low degree of overall

sequence similarity, but the presence of a common structural framework that is

represented by a limited number of motifs in R proteins from diverse origins and

pathogen specificity*. These motifs are: leucine rich repeats, a nucleotide binding site

(P loop), a serine/threonine protein kinase domain, a transmembrane domain, a

leucine zipper", and a sequence similar to the cytoplasmic domains of the Drosophila

Toll and mammalian interleukin-1 receptor (IL-1 R) proteins. The organization of these

motifs has provided some clues to the possible location of different R proteins (Fig.

2-4) and suggest that they may function as receptors and/or components of signal

transduction pathways.

b. Several R genes have been shown to function heterologously in plant species. This

suggests that Avr-R triggered signalling cascades through which plant defense

responses are induced, are conserved between plant species.

c. Low abundance transcripts of some R genes have been observed in unchallenged

plants. A rapid response to pathogen attack predicts the expression of R genes in

healthy plants in the absence of a corresponding avr gene-expressing pathogen. It is

uncertain whether the levels of R gene expression increase at the site of infection.

d. R genes are often clustered on chromosomes in regions that may be highly

recombogenic. This predicts a capacity to evolve rapidly and correlates with the role of

R proteins as receptors for avr gene products, which may be horizontally transferred

between co-evolving populations of plant pathogens (see section 2.2.2.3).

e. Direct interaction between a bacterial avr gene product and a plant R gene product has

only been demonstrated for the avrPto-Pto pair (Tang et al. 1996, Scofield et al. 1996).

A number of other proteins involved in this interaction have subsequently been

* The predicted proteins of two cloned R genes do not share this common structural framework:

(i) The product of the maize hm1 gene, which confers resistance to the necrotrophic fungus, Cach/iobo/us
carbonum. Hm1 encodes a NADPH reductase, which is involved in detoxification of the toxin produced
by this fungus (Johal and Briggs 1992). As such, hm1 is functionally distinct from the classical avr
gene-dependent R genes, and its unique character may be related to the fact that plants employ
different defense strategies against necrotrophic and biotrophic pathogens (Hammond-Kosack and
Jones 1997).

(ii) The product of the barley M/o gene. This gene confers broad spectrum resistance against the powdery
mildew fungus, Erysiphe graminis. The Mia protein is predicted to be membrane-anchored by at least
six membrane-spanning helices (Buschqes et al. 1997).

t More recently identified as members of a broader group of structural elements, the coiled-coiled (CC)
structures (Young 2000).
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Fig. 2-4. Structural organization of the predicted proteins encoded by cloned plant R genes (compiled from Gebhardt 1997, Parker and Coleman
1997, Harnmond-Kosack and Jones 1997).

The name, plant of origin and pathogen associated with each of the cloned R genes are given in the table on the left. Prj is not a R gene, but encodes a protein
shown to be required for Pto function. Predicted R proteins are shown in their N ~ C orientation (left to right) relative to the plasma membrane, and are not
drawn to scale (see Hammond-Kosack and Jones 1997 for precise lengths of proteins and stretches of homology). The location of each protein has been deduced
from common structural motifs. Each of these motifs is indicated in a different colour and the role/function that it probably confers to the R protein in the
recognition of elicitors and/or signal transduction is as indicated. M = a possible myristoylation site (membrane anchor) in Pto (not required for resistance to P.
syringae). X = a 720 amino acid N-terminal extension of Prf that shows no homology with any known protein. S = putative signal peptides, indicating
transmembrane transport. The L6 N-terminus contains a putative signal anchor sequence, which suggests that the protein may enter, but not pass, the secretory
pathway. (.V
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identified. This has led to the model that Avr-R recognition* leads to the transcriptional

activation of defense-related genes via the activation of transcription factors through a

short phosphorylation cascade (Zhou et al. 1997, De Wit 1997, Parker and Coleman

1997).

2.3.2.2 Endogenous elicitors

Endogenous elicitors have a secondary function in the elicitation of plant defense

responses. They are components of the intra- and intercellular (systemic) signal

transduction system of plants which are formed in response to primary elicitor recognition

(Ebel and Cosio 1994, Fritig et al. 1998).

Pectic oligosaccharides derived from the enzymatic degradation of plant cell walls by

invading bacteria and fungi were the first group of endogenous elicitors to be

characterized (Nothnagel et al. 1983, Davis and Hahlbrock 1987). Oliqoqalacturonidest

were initially recognized for their ability to elicit the synthesis of phytoalexins, but later

shown to also induce the production of lignin-like compounds and proteinase inhibitors

(reviewed in Ebel and Cosio 1994). Despite their apparent versatility in the elicitation of

plant defense responses, the limited mobility of these elicitors within plant tissues

(Baydoun and Fry 1985) suggested that they act as second messengers in the perception

of exogenous elicitor signals to mediate localized resistance, rather than to induce

systemic responses (Lamb et al. 1989, Yoshikawa et al. 1993, Boller 1995).

Research has subsequently focused on the identification of transmissible signal

compounds, that are synthesized by plants, increase systemically in response to pathogen

attack, move throughout the plant, and induce defense mechanisms in remote tissues at

low concentrations. Four such compounds have been identified to date: salicylic acid,

systemin, jasmonic acid (and its volatile derivative methyl-jasmonate) and ethylene

(Table 2-2).

* The results from other Avr-R studies have been interpreted to indicate that initial recognition of Avr elicitors
may utilize proteins other than the product of R genes, and that the latter serves another role in the
transduction of the recognition signal (Ji et al. 1998).

t Longer oligogalacturonides are better inducers of defense responses. Plant polygalacturonase-inhibiting
proteins (PGIPs) have been shown to retard the hydrolysis of polypectate by pathogen enzymes. This
results in the prolonged existence of longer oligomers, whereby the potential activity of endogenous elicitors
released during cell wall degradation is increased. PGIPs accumulate in response to wounding, abiotic
elicitors and pathogen infection, suggesting that they should be included among the known classes of
inducible defense-related cell wall proteins (reviewed in Dixon and Lamb 1990, Benhamou 1996).
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Table 2-2. The structure, origin and function of mobile endogenous elicitors (compiled mainly from
Taiz and Zeiger 1991, Ebel and Cosio 1994, Baron and Zambryski 1995, Benhamou 1996, Hunt and
Ryals 1996, Schneider et al. 1996, Reymond and Farmer 1998, Maleck and Dietrich 1999, Pieterse
and Van Loon 1999, Paul 2000).

Associated with"

Elicitor Structure Origin I Biosynthetic pathway Woun- Pathogen
ding attack LAR SAR

18 amino acid
polypeptide: Post-translationally processed

from the C-terminal of a 200
Systemin NH3-AVQSK residue prosystemin precursor yes no yes yes

PPSKRDPPK in response to wounding
MQTD-COOH

Wounding induces a lipid based
signalling pathway through which

Jasmonic 0 linolenic acid is released from
acid"

~
plasma membrane lipids. yes yes yes yes

(JA) JA is synthesized from linolenic
acid, through p-oxidation involving

a lipoxygenase

A gaseous plant hormone derived
from methionine via the action of

1-aminocyclopropane-1-carboxylate
Ethylene CH2=CH2 (ACC) synthase. yes yes yesC yesC

Synthesis is promoted by fruit
ripening, flowering, wounding,
infection and other stresses

Derived from the general shikimate-

C02H phenylpropanoid pathway. Phenyl-

Salicylic
alanine is converted to cinnamico acid, then to ortho-coumaric acid or

acid" I benzoic acid. Either of these may no yes yes' yes'
(SA) be converted to SA, but the latter

appears to be the most important
routee (see Fig 2-6)

a Boldface entries designate consensus in the literature, whereas non-boldface entries indicate weak, conflicting and/or new evidence
or notions. Increasing evidence suggest that there is considerable cross-talk between signalling pathways mediated by ethylene, JA
and SA. Antagonistic interactions include inhibition of the synthesis of one signal by another, and suppression of the responses
elicited by one signal by another. In contrast, evidence of synergism between signals and the co-regulation of signalling pathways
also exist.

b Methyl-jasmonate (a volatile derivative of JA), as well as oxo-phytodienoic acid (the octadecanoid precursor of JA) and
dinor-oxo-phytodienoic acid (a hexadecanoid regulator) are also implicated in signal transduction.

C Current evidence strongly suggests that ethylene modulates the expression of LAR and SAR, but that it is not a systemic signal for
SAR.

d The volatile SA derivative methyl salicylic acid (MeSA) may act as an airborne signal for SAR.
• The intracellular concentration of free SA is controlled by conversion to inactive p-O-D-glucosyl conjugates. This pool of conjugates
may be able to rapidly provide free SA.

I A large body of evidence (much of which has been derived from studies with mutant and transgenic plants overexpressing the
bacterial nahG gene, which converts SA to the non-signalling compound catechol; Gaffney et al. 1993, Delaney et al. 1994, Ryals et
al. 1995) indicates that SA is required for the establishment of both LAR and SAR. Despite the fact that a substantial fraction of SA
present in SAR-expressing leaves appears to be transported from inoculated leaves, whereas the rest is synthesized de novo, the
collective results from many studies suggest that SA is not the primary translocated signal between infected and remote tissues. The
as yet unknown systemic signal seems to be released without the accumulation of SA, but SA accumulation appears to be required
for its transduction in remote tissues.
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2.3.2.3 Elicitation of plant defenses by wounding

Wounding of plants by herbivores or abiotic stresses induces responses that strongly

resemble those induced by pathogen attack. Observed responses include the synthesis of

proteinase inhibitors (PINs), the production of phytoalexins and phenolic compounds

through the induction of the phenylpropanoid biosynthetic enzymes, the expression of

chitinases, HRGPs, peroxidases and lipoxygenases. These apparent similarities between

plant responses to wounding and pathogen attack suggest that one or more common

signal transduction pathways may be active in both phenomena (Baron and Zambryski

1995).

Jasmonic acid and ethylene are proposed to act synergistically to induce wounding

response genes, and to stimulate the biosynthesis of each other. Systemin appears to

play an important role upstream of JA and ethylene in wounding response signalling, as it

seems to control the endogenous levels of both compounds (Schneider et al. 1996,

Maleck and Dietrich 1999). Abscisic acid (ABA), electrical and hydraulic signals have also

been implicated in the wounding response (Perïa-Cortés et al. 1995, Sticher et al. 1997).

One important difference between the elicitation of plant defense responses by wounding

and pathogen attack is that the former does not induce hypersensitive cell death (Baron

and Zambryski 1995).

2.3.3 Inducible defense mechanisms involved in localized acquired resistance

Plant recognition of exogenous elicitors (and wounding) triggers a series of metabolic

events which lead to the induction of defense mechanisms, first locally and then

systemically. This involves the rapid transcriptional activation of defense-related genes as

part of a massive switch in the pattern of host gene expression (Lamb et al. 1989)*. Five

prominent inducible mechanisms have been identified through investigations of plant

responses to elicitors, pathogens and wounding, using intact wild-type, mutant and

transgenic plants, as well as plant cell cultures. The salient features of each of these

mechanisms are outlined in the following subsections.

* Two examples of inducible plant defenses that are not associated with altered gene expression are known.
Both are associated with cell wall reinforcement (see section 2.3.3.3): (i) the production of callose, which
involves the stimulation of pre-existing callose synthase, and (ii) the deposition of a proline-rich cell wall
protein, which appears to involve elicitor-stimulated insolubilization of pre-existing soluble precursors (Dixon
et al. 1994).
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2.3.3.1 Generation of active oxygen species (AOS)*: the "oxidative burst"

The generation of superoxide (02') and hydrogen peroxide (H202) was reported in 1983 by

Doke as a novel plant defense response, distinct from other classical transcription-

dependent responses (Doke 1983). The rapid generation of active oxygen species (AOS)

has since been described as a characteristic feature of the HR in many plant-pathogen

interactions. This "oxidative burst" involves a massive activation of oxidative metabolism,

reminiscent of that following neutrophil activation in the mammalian immune system, and

is currently regarded as one of the earliest responses to pathogen attack (Dixon et al.

1994, Lamb and Dixon 1997). Research on the oxidative burst has been reviewed

extensively in Sutherland 1991, Dixon et al. 1994, Baker and Orlandi 1995, Tenhaken et

al. 1995, and Lamb and Dixon 1997. The key features and functions of this mechanism in

plant defense are the following:

a. The accumulation of AOS in plants inoculated with bacterial pathogens exhibits

two-phase kinetics (Fig. 2-5). Phase I comprises a weak, transient oxidative burst that

is observed in both compatible and incompatible interactions, and is regarded as a

non-specific response. Phase II is a massive and prolonged burst which is only

observed in incompatible interactions. It is a pathogen-specific response, which

induces hyper- sensitive cell death in a manner dependent on Hrp-mediated avr-R

interaction.

b. A plasma membrane NADPH-dependent oxidase appears to be the main producer of

AOS during the oxidative burstt. The oxidase! converts O2 to O2", which is released

extracellularly. This is followed by the dismutation to H202, spontaneously at

neutral/slightly acidic pH, or catalyzed rapidly by the enzyme superoxide dismutase

(SOD). Hydroxyl radicals (·OH) are believed to be generated by Fe2+-containing

enzymes (via the Haber-Weiss reaction). The reactivity and stability of these AaS

decrease in the order ·OH > O2" > H202. H202 is the most diffusable and major

accumulating AaS. The involvement of the hydroxyl radical in plant-pathogen

interactions is difficult to monitor, as it is highly reactive and has a half-life in the range

of milliseconds.

* Also referred to as reactive oxygen intermediates (ROls).

t Some evidence points to a contribution of other H202-producing enzymes, such as peroxidases and
lipoxygenases, particularly in the maintenance of high levels of AOS during phase II of the oxidative burst.

t Reaction: 202 + NADPH -+ 202. + NADP' + W. Osexists in the plant in equilibrium with its conjugated acid,
the hydroperoxyl radical (·02H).
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Fig. 2-5. Kinetics of the accumulation of H202 and induction of cell death in plant cells following
bacterial inoculation (from Lamb and Dixon 1997).

The events which follow elicitor recognition and lead to the activation of the NADPH-

dependent oxidase are not yet fully understood. Ca2+ influx and H+ influxlK+ efflux have

been shown to be important in the activation of the oxidative burst, and signalling is

proposed to be mediated by G-proteins and phosphorylation cascades involving a

number of protein kinases.

c. AOS generated during the oxidative burst is proposed to have three functions in plant

defense: (i) direct antimicrobial activity, (ii) cell wall reinforcement (directly through the

cross-linking of pre-existing tyrosine- and (hydroxy)proline-rich cell wall proteins and

indirectly through the role of AOS in lignin formation; see section 2.3.3.3), and (iii)

involvement in the transcriptional activation of some defense-related genes (only

H202).

The role of H202 as a second messenger in the transcriptional activation of

defense-related genes remains controversial*. It has been implicated in the indirect

activation of phytoalexin production, the production of JA from linolenic acid (by acting

as a substrate for lipoxygenase), the production of SA (through stimulation of the

* H202 is proposed to effect transcriptional activation through the modulation of redox-sensitive transcription
factors, akin to the activation of NF-KB in the human immune and inflammatory responses, but this remains
to be demonstrated.
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benzoic acid 2-hydrolase enzyme), and the Ca2+-dependent mediation of hyper-

sensitive (programmed) cell death*. Additionally, it has been implicated in the induction

of SAR through a network of oxidative microbursts (Alvarez et al. 1998). In bath the HR

and SAR, H202 is proposed to function upstream of SA.

H202 also been shown to activate cellular protectant enzymes such as glutathione-

S-transferase (GST), glutathione peroxidase and polyubiquitin. These enzymes

destroy AOS, block oxidant-mediated programmed cell death, and detoxify lipid

hydroxyperoxides generated by AOS (GST only). H202 generated during the oxidative

burst may thus act both as a local trigger for cell death in infected cells, and also as a

diffusable signal for the induction of cellular protectants to block oxidant-mediated

programmed cell death in surrounding cells. As such, it would promote the strict spatial

limitation of the HR, and help to maintain the capacity of surrounding cells to deploy

transcription-dependent responses.

d. H202 is detoxified by catalaset and various peroxidases, including ascorbate and

glutathione peroxidase. Peroxidative reactions that utilize phenolic compounds play an

important role in cell wall reinforcement through formation of lignin (see section

2.3.3.3). Recently, the suppression of detoxification enzymes during HR development

was demonstrated to play an important role in pathogen-induced programmed cell

death (Mittler et al. 1999).

2.3.3.2 Phytoalexin production

The accumulation of phytoalexins was the first defense-related response to be identified

and assayed in plants (Muller 1961 and references therein). Since then it has been

applied in numerous studies as a simple assay for defense gene activation, by measuring

the activity of the first enzyme in the phenylpropanoid phytoalexin biosynthetic pathway':

phenylalanine ammonia lyase (PAL) (Scheel and Parker 1990).

* Increasing evidence points to the HR as a form of programmed cell death, analogous to animal cell
apoptosis. This notion is discussed in more detail in subsection 2.3.3.5 . O2' has also been implicated in
hypersensitive cell death, through its peroxidation of membrane lipids.

t A salicylic acid binding catalase has been identified. SA inhibits the H202 scavenging actions of this catalase
in tissues immediately surrounding the site of pathogen infection. The subsequent increase in H202

accumulation (which again stimulates SA production) is proposed to provide a positive feedback loop for the
amplification of H202 action in LAR, but not in SAR (Neuenschwander et al. 1995, Hunt and Ryals 1996).

t The phenylpropanoid pathway also leads to the formation of lignin (see next section).
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More than 350 phytoalexins have been characterized from a variety of organs and tissues

of approximately 30 plant families. The structure, biosynthesis, distribution and function in

plant defense of these "low molecular weight, antimicrobial compounds produced by

plants in response to infection or stress" has been the focus of plant resistance studies for

many years, and the topic of regular reviews over the past 40 years (e.g. Cruickshank

1963, Kuc 1972, 1995; 8ell 1981, Dixon 1986, Dixon and Harrison 1990, Paxton et al.

1994). The most important aspects of phytoalexin production as an inducible plant

defense response are the following:

a. Although phytoalexin accumulation has been reported as a consequence of plant

infection by viral, fungal and bacterial pathogens and nematodes, it is not a unique

feature of pathogen infection. More than 200 compounds (of diverse biological origin,

organic and inorganic nature, including some fungicides), micro-organisms and physio-

logical stresses (such as low temperatures, UV radiation and wounding) have been

reported to elicit phytoalexin accumulation. This has led to the notion that any cause of

metabolic perturbation generally results in the accumulation of phytoalexins.

b. Phytoalexins are lipophilic compounds of very diverse structure. Some consist only of

carbon, hydrogen and oxygen, whereas others contain nitrogen and sulphur as well.

As a result of this structural diversity, no obvious relationship between structure and

antimicrobial activity exists. The distribution of different classes of phytoalexins

between plant families, and within plants of the same family is as diverse.

c. Phytoalexin precursors common to all plants are derived from one (or a combination)

of three major biosynthetic pathways responsible for the synthesis of vital

housekeeping compounds in all plants*: the shikimate-phenylpropanoid, acetate-

malonate and acetate-mevalonate pathways. An overview of these pathways are

shown in Fig. 2-6.

d. Phytoalexins rapidly accumulate in the immediate vicinity of pathogen infection sites.

Substantial evidence exist that this is associated with de novo synthesis of mRNA and

biosynthetic enzymes. Transcriptional activation of genes encoding some phenylpropa-

noid biosynthetic enzymes, including PAL, chalcone synthase (CHS), chalcone

isomerase (CHI) and cinnamyl-alcohol dehydrogenase (CAD) has been observed

* All of the phytoalexins characterized from the Brassicaceae family (which includes the model plant
Arabidopsis thaliana) are indole derivatives, which are derived from the shikimate-tryptophan biosynthetic
pathway (see Fig. 2-6). The best characterized example of this indole group of phytoalexins is camalexin,
the major phytoalexin produced by Arabidopsis (Tsuji et al. 1992, Zaak and Hammerschmidt 1997).
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Fig. 2-6. Overview of phytoalexin biosynthetic pathways (compiled from Hahlbrock 1981, Hahl-
brock and Scheel 1989, Lamb et al. 1989, Taiz and Zeiger 1991, Zhao and Last 1996).

The three major phytoalexin biosynthetic pathways: the shikimate-phenylpropanoid pathway (blue),
acetate-malonate pathway (red) and acetate-mevalonate pathway (green), are shown in relation to some
primary metabolic pathways (black). Biosynthesis of the Brassica indole group of phytoalexins is indicated
in yellow. Only key intermediates and enzymes of each phytoalexin biosynthetic pathway are shown. Thin
arrows indicate single reactions, whereas thick arrows represent multiple steps. The biosynthesis of other
key products of the phenylpropanoid pathway involved in plant defense (lignin and salicylic acid) are also
shown.

Abbreviations: CoA = coenzyme A, HMG = ~-hydroxy-~-methyl glutaryl, NahG
hydroxylase, PAL = phenylalanine ammonia lyase, TAL = tyrosine ammonia lyase.

salicylic acid
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within 2-3 min after elicitor treatment, and represents one of the most rapid gene

activation systems in plant cells in response to exogenous signals.

Some evidence, however, points to a different perspective on the rapid accumulation

of phytoalexins after pathogen infection. Conjugates of some phytoalexin precursors

have been shown to be constitutively expressed in large quantities in plants, and to be

localized in vacuoles in some cases. The rapid accumulation of phytoalexins after

pathogen infection is accordingly ascribed to the release of these precursors, obviating

the need to induce the early enzymes of the biosynthetic pathways. De novo synthesis

of phytoalexins is hence proposed to replace the loss of conjugates (Graham et al.

1990, Barz and Welle 1992)*.

e. The rapid accumulation of high levels of phytoalexins appears to be a prerequisite for a

contribution to plant resistance. No obvious differentiation with regard to the rate and

levels of phytoalexin accumulation can be made between resistance induced by

non-specific and pathogen-specific signals. In compatible interactions, pathogens

either avoid the elicitation of phytoalexin production, suppress phytoalexin

accumulation, tolerate the accumulated phytoalexins or detoxify them.

2.3.3.3 Cell wall reinforcement

The plant cell wall may be seen as the first line of defense against pathogens. The cuticle,

which is comprised of cutin and waxes, is a hydrophobic surface that prevents water from

accumulating as a film on exposed cell surfaces and also restricts the flow of nutrients to

the cell surface. Evidence that the cuticle constitutes an effective physical barrier against

pathogens comes from the isolation of cutinases from several phytopathogens (Bell 1981).

Cell .wall-associated defenses form an important aspect of non-specific resistance

expressed by non-host plants and resistant hosts in incompatible reactions (Heath 2000).

Collectively, these defenses result in reinforcement of the plant cell wall. Such

reinforcement may contribute to resistance in a variety of ways. The diffusion of pathogen-

produced toxins and lytic enzymes may be retarded and their efficiency reduced.

Additionally, sealing of the cell wall may slow pathogen ingress prior to the deployment of

* VanEtten et al. (1994) proposed that low-molecular weight, antimicrobial compounds that are present in
plants before challenge by micro-organisms, or are produced after infection solely from pre-existing
constituents (i.e. that are not synthesized de novo in response to microbial infection or elicitors) be referred
to as "phytoanticipins" rather than "phytoalexins".
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transcriptionally dependent defenses, and trap pathogens in host cells destined to die

(Tenhaken et al. 1995, Hammond-Kosack and Jones 1996, Lamb and Dixon 1997).

Cell-wall reinforcement is achieved in the following ways:

a. The cell wall is thickened by the rapid deposition of carbohydrates, particularly callose,

as well as other substances such as silica, to form papillae between the cell wall and

plasma membrane in and around infection sites (Bell 1981, Heath et al. 1992). Callose

(a P-1,3-glucan polymer) is synthesized by the constitutively-expressed plasma-

membrane-associated enzyme callose synthase, which is activated by an influx of

Ca2
+. Because it does not require transcriptional activation, callose deposition is

probably one of the earliest events following elicitor recognition (Kahle et al. 1985,

Benhamou 1996, Blumwald et al. 1998). Callose deposition is particularly important in

resistance to viruses and fungi (reviewed in Bell 1981).

b. Pre-existing tyrosine- and (hydroxy)proline-rich glycoproteins, as well as phenolics

attached to cell wall polysaccharides, are rapidly cross-linked by AOS via peroxidase

action. Hydroxyproline-rich glycoproteins (HRGPs; of which extensin is the best-known

example), proline-rich and glycine-rich proteins are important structural components of

plant cell walls (Cassab and Varner 1988). Increased expression of these proteins is

typically associated with plant defense (reviewed in Collinge and Slusarenko 1987,

Linthorst 1991, Cassab and Varner 1998, Raggi 1998). The accumulation of an mRNA

corresponding to a glycine-rich Petunia cell wall protein has been observed within

5 min after wounding (Condit and Meagher 1987). Transcriptional activation of cell

wall-associated HRGP encoding genes has been observed within 1-2 hours of elicitor

treatment of bean cells, but transcripts were shown to accumulate much more slowly

(Showalter et al. 1985, Lawton and Lamb 1987). Fungal elicitors and wounding have

been shown to inhibit the expression of genes encoding structural cell wall proteins

with low tyrosine contents and stimulate those encoding hydroxyproline-, proline- and

tyrosine-rich versions (Corbin et al. 1987, Sauer et al. 1990, Sheng et al. 1991,

Kawalleck et al. 1995). This is believed to increase the capacity of the wall for

subsequent oxidative reinforcement.

c. Lignin and suberin are deposited around infection sites. Lignin is a complex, phenolic

polymer formed mostly by the free radical condensation of hydroxycinnamyl alcohols,

derived from phenylalanine and tyrosine via phenylalanine ammonia lyase (PAL) and
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tyrosine ammonia lyase (TAL), respectively, through the phenylpropanoid pathway

(see Fig. 2-6). It forms covalent bonds with cellulose, pectates and structural proteins

when synthesized in the presence of these compounds. Lignin also forms ester

linkages with fatty acid polyesters to yield suberin (Bell 1981). Both lignin and suberin

are integral components of plant cell walls (Cassab and Varner 1988).

Lignin and suberin have been shown to accumulate in response to pathogen attack in

plant cell walls during incompatible interactions (reviewed in Vance et al. 1980,

Collinge and Slusarenko 1987). This accumulation has been observed within a day of

infection (Hahlbrock and Scheel 1989). It is associated with the transcriptional

activation of PAL, TAL, the phenylpropanoid biosynthetic enzymes (which produce

lignin precursors) as well as anionic peroxidases (which are responsible for the

H20rdependent polymerization of these precursors) (reviewed in Cassab and Varner

1988, Linthorst 1991, Kolattukudy et al. 1992).

2.3.3.4 Expression of pathogenesis-related (PR) proteins

The term "pathogenesis-related or PR protein" was first used to describe the numerous

extracellular proteins that accumulated in response to tobacco mosaic virus (TMV)

infection in susceptible tobacco genotypes (reviewed in Bol and Linthorst 1990).

Differential PR gene induction has subsequently been associated with incompatibility in a

variety of plant-pathogen interactions, and the definition of a PR protein has been

extended to include intra- and extracellular proteins that are expressed de novo during

pathological or related situations in intact plant tissue or cultured plant cells

(Hammond-Kosack and Jones 1996).

The salient features of characterized PR proteins are the following:

a. PR proteins share a number of characteristic physical and chemical properties which

aid in their detection and isolation. They are (i) monomers of relatively low molecular

mass (8-50 kDa), (ii) selectively extractable at low pH, where they remain soluble (in

contrast to the majority of plant proteins), and (iii) resistant to endogenous and

exogenous proteinases. Some PR proteins are targeted extracellularly to the plasma

membrane, cell wall or apoplast, whereas others are localized in compartments such

as the vacuole. Several characterized PR proteins are glycosylated (Van Loon 1985,

Bowles 1990, Stintzi et al. 1993).
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b. PR proteins characterized from different plant families have been classified into eleven

families, based mainly on molecular mass, sequence similarities and serological

properties (Linthorst 1991, Van Loon et al. 1994; Table 2-3*). Members of each family

have been characterized in diverse plant species.

c. Basic and acidic protein isoforms with relatively high sequence similarities have been

identified within many PR protein families. The exon-intron organization of the genes

encoding the different isoforms is conserved, suggesting a common ancestry. Acidic

PR proteins appear to be secreted into the apoplast, whereas basic isoforms

accumulate intracellularly in vacuoles. An extra C-terminal domain present in basic

isoforms may be consistent with targeting to the vacuole.

Genes encoding cytoplasmic PR proteins are rapidly-activated after elicitor treatment,

. and it has been suggested that these PR proteins may present a first line of defense

against pathogen attack. In contrast, vacuolar and extracelluar PR proteins appear to

play an important role after cellular decompartmentalization has occurred, and

particularly against biotrophic pathogens. Basic PR proteins show similar tissue-

specific expression in roots and respond similarly to ethylene and wounding, whereas

acidic PR proteins respond weakly to ethylene, are not induced by wounding and are

not constitutively expressed in the roots of healthy plants (Bowles 1990, Linthorst

1991, Hammond-Kosack and Jones 1996).

d. Although some PR proteins are known to be expressed during development and in the

storage organs and seeds of healthy plants, the accumulation of PR proteins is

generally associated with pathogen infection, wounding or abiotic stress. Both LAR and

SAR are characterized by the co-ordinated expression of several PR proteins. In the

former case, PR protein accumulation is associated with hypersensitive cell death and

represents the major quantitative change in protein composition that occurs during the

HR. The highest concentrations of PR proteins are found at the margins of necrotizing

lesions during the HR, while some PR proteins appear between lesions in inoculated

leaves (Van Loon 1985, Bowles 1990, Fritig et al. 1998).

e. PR protein families and isoforms are differentially expressed during LAR and SAR. Not

all families or the same members of each family are induced in each plant-pathogen

* A number of proteins that have been observed to accumulate in response to wounding, pathogen attack or
stress, and are presumed to playa role in plant defense, have not yet been included in the formal PR
protein classification. Several of these proteins are listed in Table 2-3 under "unclassified".
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Table 2-3. Plant pathogenesis-related protein families (compiled from Bowles 1990, Linthorst
1991, Van Loon et al. 1994, Schneider et al. 1996, Fritig et al. 1998, Maleck and Lawton 1998).

Family Designation Biochemical properties/functions in plant defense

PR-1 None Unknown (exhibits anti-fungal activity)

PR-2 0-1,3-glucanases
Endohydrolytic- enzymes which degrade the 0-1 ,3-glucan

component of fungal cell walls

PR-3 Chitinases
Endohydrolytic enzymes which degrade the chitin component of

microbial cell walls and insect cytoskeletons''

PR-4 Heveln-ltke- proteins Unknown (similar to potato '!Yound-jnduced (win) proteins)

PRoS Thaurnatinv-like
Creates transmembrane pores ??proteins (permatins)

PR-G Proteinase inhibitors" Inhibits microbial serine proteinases

PR-7 Proteinases Degrades pathogen proteins

PR-8 Chitinases
Endohydrolytic enzymes which degrade the chitin component of

microbial cell walls and insect cytoskeletons

Involved in generation of AOS with direct antimicrobial activity, as
PR-9 Peroxidases well as in protecting the host through the oxidative cross-linking of

cell wall proteins and the formation of lignin and suberin

PR-1O RNAses ? ??

PR-11 Chitinases
Endohydrolytic enzymes which degrade the chitin component of

microbial cell walls and insect cytoskeletons

Unclassified

Thionins Small cysteine-rich proteins with cytotoxic activity
against micro-organisms

Lectins
High-affinity carbohydrate-binding proteins with toxic activity

against viruses, bacteria, fungi and insects

Polygalacturonase-inhibiting Retards degradation of plant cell wall oligosaccharides
by fungal enzymes, to yield larger oligogalacturonides thatproteins (PGIPs)

may act more efficiently as endogenous elicitors.

Ribosome-inactivating proteins
Cleaves the N-glycosidic bond of adenine in a specific ribosomal

RNA sequence, thereby rendering them incapable of protein(RIPs) synthesis. Presumed to inhibit viral replication in this way.

a-Amylases
Hydrolytic enzymes which degrade a-amylose component

of microbial cell walls

Antimicrobial peptides, e.g. Targeted to pathogen plasma membranes
defensins

a The hydrolysis of pathogen cell walls is implicated in the release of non-specific elicitors, especially in fungi.

b Some chitinases have lysozyme activity, which allows them to degrade bacterial cell wall peptidoglycans.

C Hevein is a small wheat germ-agglutinin-like protein from Hevea brasiliensis.

o PR-5 proteins show similarity to thaumatins, sweet-tasting proteins from the African shrub Thaumatococcus danielIii, and to an
a-amylase/trypsin inhibitor of maize. An osmotic stress-induced plant protein, osmotin, also exhibits similarity to PR-5 proteins.

o Best characterized in the context of local and systemic responses to wounding caused by insect feeding.
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interaction. These differential temporal and spatial expression patterns are determined

by intra- and intercellular signals generated in the host plant, such as ethylene, salicylic

acid and the jasmonates. PR proteins involved in SAR are not transported from

infected cells, but are synthesized de novo in remote tissues in response to systemic

signals (Van Loon 1985, Bowles 1990, Linthorst 1991).

f. A number of regulatory elements involved in the transcriptional activation of PR protein

encoding genes have been identified. These include a salicylic acid responsive

element in the promoters of acidic PR-1 genes (Linthorst 1991) and the MYB

sequence found in the promoter of the tobacco defense gene PR1 (which is

recognized by a MYB transcription factor associated with the regulation of survival and

death in many cell types; Yang and Klessig 1996).

An ethylene responsive element (GCCGeC, the Gee-box or PR-box) has been found

in the promoters of many basic PR genes. This conserved cis-acting element is

recognized by two functionally homologous groups of transcription factors: the tobacco

ethylene-responslve §Iement-Q_inding proteins (EREBPs, recently renamed as

§thylene-_responsive transcription factors or ERFs; Suzuki et al. 1998), and the tomato

transcription factors Pti4, Pti5 and Pti6, which have been shown to interact with the Pto

encoded serine/threonine protein kinase (Zhou et al. 1997). Protein phosphatases and

protein kinases have been shown to be involved in the elicitor-responsive,

ethylene-independent signal transduction pathway that leads to the expression of

some ERFs, and the subsequent GCe-box mediated activation of PR genes

(Yamamoto et al. 1999).

More recently, the novel bZIP transcription factor G/HBF-1 was shown to be involved in

the transcriptional activation of phenylpropanoid biosynthetic genes with cis-acting

promoter elements called G- and H-boxes. G/HBF-1 is rapidly and specifically phos-

phorylated by a cytosolic serine protein kinase in response to elicitor treatment. This

provided more evidence for the involvement of protein phosphorylation cascades in the

transcriptional activation of plant defense genes (Drëqe-Laser et al. 1997). Another

elicitor-responsive element has been identified in the promoters of genes encoding

PR-10 proteins, which are activated by a non-specific fungal elicitor in parsley. This

element, which is comprised of a novel arrangement of palindromically positioned

W-boxes [(T)TGAC(C)], is also present in the promoter of the nuclear zinc-finger

WRKY transcription factors. WRKY1 is proposed to be activated by phosphorylation,
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after which it binds to the W-boxes in its own promoter, as well as in the promoters of

PR genes (Eulgem et al. 1999).

Some plant mutants that fail to develop SAR also fail to express PR genes associated

with SAR (see section 2.3.4). Analysis of mutants carrying the nim1/npr1 (non-

immunity/non-expresser of PR genes) mutation has shown that the NIM1/NPR1 protein

acts in the SAR signal transduction pathway downstream of SA. Cloning and

sequencing of NPR1/NIM1 have revealed that it probably encodes a cytoplasmic

protein containing ankyrin repeat motifs, which are commonly involved in

protein-protein interactions. Limited sequence similarity of NPR1/NIM1 with the human

transcription factor inhibitor !KB has led to the suggestion that NPR1/NIM1 may act in

the transcriptional activation of PR genes by inhibiting the action of a transcriptional

repressor of these genes (Cao et al. 1997, Glazebrook et al. 1997, Ryals et al. 1997).

2.3.3.5 Hypersensitive cell death

The hypersensitive response (HR), or the rapid death of cells limited to the site of

pathogen infection, is characteristic of the induction of plant defenses by viral, fungal and

bacterial pathogens and nematodes (Hammond-Kosack and Jones 1997, Heath 1998),

and is associated with the induction of both non-specific and pathogen-specific localized

resistance (Dangl et al. 1996, Baker et al. 1997, Heath 2000).

HR phenotypes induced by fungi and viruses are more conspicuous in nature, and were

described much earlier than the bacterially-induced HR (Stakman 1915, Holmes 1929).

Visible or confluent necrosis is only observed with levels of incompatible bacteria that are

much higher than that present in natural inocula, and the bacterially-induced HR only

became a focus of study when Klement et al. demonstrated a technique for the artificial

infiltration of such high inocula (>106 to 109 cells/ml) into plant tissues (Klement 1963,

Klement et al. 1964). The HR typically appears as a desiccated lesion within 6-24 hours of

inoculation, with symptom development being influenced by environmental factors (e.g.

temperature, light and humidity), the age of the infiltrated tissue and inoculum levels

(reviewed in Klement 1982, Sigee 1993).

Biochemically, the HR is associated with a number of processes associated with plant

defense, such as a rapid oxidative burst, ion fluxes (influx of H+ and Ca2+ and efflux of K+

and Cr), phosphorylation and dephosphorylation events, plant cell wall reinforcement,
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phytoalexin production, PR gene expression, and cellular decompartmentalization (Bell

1981, Klement 1982, Dixon and Lamb 1990, Baron and Zambryski 1995, Kombrink and

Somssich 1995, Mittler et al. 1999). The relationship between defense gene activation and

the HR in the establishment of resistance is, however, not clear. Several studies have

suggested that, although cross-talk between signal transduction pathways exists, the

pathways that lead to defense gene activation become separated from those leading to

cell death*. Accordingly, cell death itself may be the primary defense against biotrophic

pathogens (by depriving them from further access to nutrients), and the activation of

defense genes may be a "back-up" mechanism to protect the plant against subsequent

invaders. In contrast, resistance against necrotrophic pathogens (which grow in dead

tissue) may primarily be effected by the induction of defense genes, and hypersensitive

cell death may contribute to defense through the release of antimicrobial substances (like

hydrolytic enzymes) stored in the vacuole. In both cases, the HR as a whole may act as

an endogenous signal that re-inforces the induction of localized defenses and releases

signals that trigger SAR (Greenberg et al. 1994, Dangl et al. 1996, Hammond-Kosack and

Jones 1996, Heath 1998).

Investigations of the signals and mechanisms that induce the HR have culminated in the

notion that the HR is not caused by pathogen toxicity, but that it constitutes a form of

genetically programmed cell death (peD) (Greenberg et al. 1994, Dangl et al. 1996,

Greenberg 1997, Heath 1998). The best studied form of peD is apoptosis in mammalian

cells, which is typically (but not always) associated with a characteristic set of

morphological features, including membrane blebbing, chromatin condensation,.
marginalization of DNA to the nuclear envelope, DNA fragmentation, and shrinkage of the

cytosol with retention of the integrity of internal organelles. This leads to the development

of electron opaque apoptotic bodies in a shrunken corpse, which is removed by

* Evidence to this extent include the following:

(i) Many defense responses are activated by pathogens in the absence of cell death (see Heath 1998,
2000 for references).

(ii) Cell death induced by physical damage and abiotic stress also triggers localized and systemic defense
responses (see Heath 1998 for references).

(iii) After interaction with its corresponding avr gene product (avrPto), the R gene-encoded Pto kinase
interacts with a family of transcription factors that bind to a cis-element in certain PR protein encoding
genes. Pto also interacts with a different kinase that is involved in the triggering of the HR (Zhou et al.
1995, 1997).

(iv) Some transgenic "lesions ~imulating Qisease" (lsd) Arabidopsis mutants unable to accumulate salicylic
acid (through incorporation of the nahG transgene) exhibited cell death, but reduced PR gene
expression and resistance (Hunt et al. 1997).
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macrophages. Biochemical markers for apoptosis include the cleavage of DNA into

oligonucleosomal fragments, degradation of the DNA repair enzyme poly(ADP-ribose)

polymerase (PARP), and the activation of a specific family of cysteine proteases called

caspases (Steller 1995, Chinnaiyan and Dixit 1996, Jones 2000). The primary function of

mammalian apoptosis is to kill unwanted, damaged or pathogen-invaded cells in such a

manner that they are phagocytosed and do not cause an inflammatory response (Hale et

al. 1996). It has been suggested that apoptosis is the "default" state in mammalian cells,

and that even healthy cells will die if they do not receive signals to survive (Raff 1992, Roy

and Nicholson 2000).

Various examples of peD that occur during the life cycle of vascular plants and are

triggered by internal signals are known. These include the differentiation of xylem

tracheary elements, the death of various tissues during different stages of sexual

reproduction and the controlled senescence of specific plant parts such as petals and

leaves (see Heath 1998 for references). Although exceptions exist, there is no strong

evidence of a consistent "apoptotic" morphology in plants, and attempts to identify plant

homologues for genes known to be involved in animal peD have generally failed

(reviewed in Heath 1998). The activation of cysteine (and other) proteases does, however,

provide a fundamental link between some of the abovementioned forms of plant peD and

animal apoptosis (Buchanan-Wollaston 1997, Fukuda 1997).

Several lines of evidence have indicated that the defense-related HR exhibited by plants

may also constitute a form of peD:

a. The HR is dependent on active plant metabolism (Sigee 1993).

b. Plants have multiple signal transduction pathways, which may include a distinct and

programmed pathway leading to cell death. This is strongly supported by the

identification of "Iesion mimic" plant mutants (such as the lesions stimutatinq gisease

(lsd) and accelerated geil geath (acd) mutants), which exhibit spontaneous lesion

formation (i.e. constitutive initiation of HR-like cell death) in the absence of pathogens,

and express LAR- and SAR-associated defense mechanisms (reviewed in Dangl et al.

1996, Hunt et al. 1997, Glazebrook et al. 1997, Heath 1998).

c. At least two characterized alleles associated with lesion mimic mutants have been

proposed to encode negative regulators of hypersensitive cell death. The wild-type

allele IIs1 of the "lethal leaf §_pot"maize mutant is predicted to encode an aromatic
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ring-hydroxylating dioxygenase, which is proposed to suppress the HR in uninfected

cells by degrading a phenolic mediator of cell death (Gray et al. 1997). The wild-type

Arabidapsis LSD1 gene has been shown to encode a novel zinc finger protein, which is

proposed to limit the initiation of HR-associated defense responses and the

subsequent extent of the HR in response to a superoxide-dependent signal (Dietrich et

al. 1997). These findings imply that the HR is conceptually different to other known

forms of plant peD in that it represents the default plant cell state with respect to

pathogen penetration (akin to apoptosis in animal cells, Raff 1992) (Baker et al. 1997,

Heath 1998). If this is the case, pathogens capable of establishing compatible

interactions with plants must be adapted not to trigger (or to suppress) the HR in

susceptible host species, and R genes must form part of a signalling system leading to

peD in incompatible interactions (Greenberg et al. 1994, Heath 1998).

d. The activation of cysteine proteases (caspases) during the HR has been demonstrated

in same cases (D'Silva et al. 1998, Del Pozo and Lam 1999).

e. The ToII/lnterleukin-1 receptor-like (TIR) domain common to some plant R gene

products (see Fig. 2.4) is shared by animal cell death regulators (Van der Biezen and

Jones 1998).

In contrast, the HR exhibits a number of characteristics fundamentally different to that of

mammalian apoptosis:

a. Necrotic, HR-associated cell death does not display the morphological changes

characteristic of apoptosis, or any morphological features that distinguish it from death

caused by any other means. It involves swelling of the cytoplasm and organelles, DNA

degradation in the absence of discrete processing intermediates, rapid disintegration of

internal cell structures and leakage of cellular contents (including the hydrolytic

enzymes sequestered in the vacuole) into the surroundings without subsequent corpse

removal (Lamb and Dixon 1997, Heath 1998, Jones 2000)*.

b. Unlike the role of apoptosis in limiting inflammatory responses in surrounding tissues,

the HR is associated with the activation of LAR and SAR (Heath 1998).

• Morphological features characteristic of apoptosis have, however, been reported in several host-pathogen
systems (reviewed in Dangl et al. 1996).
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The morphological features of HR-associated cell death have recently led to the notion

that the plant HR constitutes a form of "programmed oncosis"*, in which cell death is

regulated by the mitochondrion. According to this model, oxidative stress and nitric oxide

(NO)t trigger PCD by the release of cytochrome c from the mitochondrion into the

cytoplasm. This is achieved through the formation of a pore into the mitochondrial matrix.

This so-called "permeability transition (PT) pore" is a transient complex of the outer

membrane voltage-dependent anion channel (VDAC), the inner membrane adenine

nucleotide transporter (ANT), and cyclophilin D in the matrix. Formation of the PT pore

results in the rapid movement of water into the mitochondrion, resulting in its swelling and

rupture, with the subsequent release of cytochrome c. Alternatively, cytochrome c may be

released directly through the VDAC. In both cases, the release is activated by Ca2
+ at low

ATP levels. Cytochrome c is proposed to activate cell death in plants either through its

interaction with proteases (in a similar fashion to its activation of apoptosis in animal cells

through the recruitment of caspases), or by generating lethal levels of AOS by blocking

electron transport (reviewed in Jones 2000, Roy and Nicholson 2000).

More evidence for the universal conservation of this fundamental mitochondrion-mediated

PCD pathway comes from the functional expression of apoptosis-related animal genes in

plants. Expression of the anti-apoptotic gene Bei-x; (which encodes a member of the BcI-2

family! of cytochrome c release suppressors) suppressed cell death induced by UV,

paraquat or TMV (all known inducers of the oxidative burst; Mitsuhara et al. 1999).

Likewise, mitochondrion-targeted expression of the apoptotic protein Baxt (which

counteracts the action of BcI-2) via TMV in TMV-resistant plants led to the development of

lesions in a HR-characteristic fashion (Lacomme and Santa Cruz 1999).

2.3.4 Systemic acquired resistance

The phenomenon that the inoculation of plants with necrotizing pathogens affords varying

degrees of non-specific, long-term, systemic protection (in the form of reduced disease

severity) against future attack by a broad range of pathogenic microbes, was reported as

* Oncosis is a type of cell death which is generally considered to be unprogrammed. It has been associated
with animal cell death that occurs in the absence of caspase function, and has been proposed to be an
"primordial" cell death mechanism which underlies apoptosis and is universal in eukaryotes (Jones 2000).

t The role of NO in plant defense responses is reviewed in Hausladen and Stamler 1998, SoiweIl 1999 and
McDowell and Dangl 2000.

t The most recent models for Scl-2 and Sax action are discussed in Roy and Nicholson 2000.
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early as the beginning of the twentieth century (Chester 1933). It was initially referred to as

the "immunization" of plants, and was compared to the immunization of animals against

disease (Kuc 1982). Although the molecular basis of this phenomenon, later termed

"systemic acquired resistance" (SAR; Ross 1961b), was not investigated until the 1990's,

earlier studies correctly predicted that induced immunity was based on the local

production and systemic transduction of a mobile, endogenous chemical signal in

response to the metabolic stress and host cell death caused by the initial infection.

Processing of such a signal, which mayor may not be mediated by signal receptor

molecules, was proposed to result in biochemical changes in the host (some of which

were also associated with localized defense in incompatible interactions) through which

protection was effected (Kuc 1982, Dean and Kuc 1985). SAR therefore constituted an

active host defense response, distinct from induced systemic resistance (ISR) or

"biocontrol" (see footnote on p. 26; Schneider et al. 1996).

Although LAR expressed against necrotizing pathogens generally (but not always) leads to

the induction of SAR (Hunt and Ryals 1996), SAR must also be regarded in a broader

context as a distinct plant defense mechanism as: (i) it affords long-term, "non-specific"

future protection against a wide range of pathogens, which may be widely different from

the initial infecting organism, (ii) it may also be caused by normosensitive (as opposed to

hypersensitive) necrotic cell death resulting from compatible interactions, and (iii) its

activation during compatible interactions potentiates plants to express future resistance

against pathogens to which they would normally be susceptible. SAR therefore contributes

to the overall resistance displayed by plants and may provide a selective advantage for

survival (Ryals et al. 1996, Schneider et al. 1996, Sticher et al. 1997, Maleck and Dietrich

1999)

Molecular investigations into the induction and maintenance of SAR, in which transgenic

plants have been employed extensively, have confirmed the basic aspects of the earlier

SAR models and have provided clues to the molecular basis of SAR. Salient findings from

these studies are reviewed comprehensively in Ryals et al. 1994, 1996; Hunt and Ryals

1996, Hunt et al. 1996, Schneider et al. 1996, Sticher et al. 1997 and Heil 1999, and are

the following:

a. SAR is induced by necrotizing fungal, bacterial and viral pathogens and insects (i.e.

wounding), as well as by a range of natural and synthetic inorganic and organic
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chemicals. Many of these compounds contain fatty acid moieties or derivatives of

nicotinamide (see Kessman et al. 1994 for a review of SAR inducers).

b. The time required for the establishment of SAR may vary from a few hours after the

initial infection to several weeks. This time, the range of pathogens against which

protection is effective, as well as the level and duration of protection, depend on the

plant and the nature of the pathogen causing the initial infection.

c. Depending on the particular plant-pathogen interaction, a set of "SAR genes" is

co-ordinately expressed during SAR. A gene is classified as an SAR gene if its

expression is correlated with the onset of SAR or the maintenance of resistance*. The

expression of several of these genes may target a particular pathogen and different,

overlapping sets of SAR genes may (synergistically) affect different pathogens (see

also Uknes et al. 1993).

d. Apart from the induction of SAR genes, a number of biochemical and cytological

changes have been observed in cells undergoing SAR. These include (i) an elevation

of soluble carbohydrate levels, (ii) enhanced superoxide dismutase and peroxidase

activities, (iii) the systemic accumulation of cell wall HRGPs, (iv) an increase in

lipoxygenase activity, (v) cell wall fortification by the deposition of callose- and

silicon-containing papillae and lignification, (vi) the alteration of cuticle structure to

make it a poorer substrate for fungal cutinases, (vii) an accumulation of cyclophilins

(proteins that catalyze rotation of X-Pro peptide bonds (where X is any amino acid) and

facilitate the folding of proteins), and (viii) a huge increase in the concentrations of

p-ionone and its 3-hydroxy esters (compounds that inhibit fungal spore germination).

e. The endogenous signalling molecules, ethylene, jasmonic acid, systemin and

particularly salicylic acid, have been implicated in the establishment of SAR. Key

aspects of their involvement in SAR are highlighted in Table 2-2 and Fig. 2-3.

* Although this definition of SAR genes should theoretically include any subset of the genes involved in the
defense mechanisms described in section 2.3.3, it is generally used in the literature as a synonym for the
PR protein encoding gene families listed in Table 2-3 (Sticher et al. 1997).
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CHAPTER 3

AMPLIFICATION, SEQUENCE AND EXPRESSION OF

THE HARPIN ENCODING GENE OF

PSEUDOMONAS SYRINGAE PV. SYRINGAE STRAIN NV

3.1 INTRODUCTION: PREVIOUS STUDIES OF PSEUDOMONAS SYRINGAE HARPIN

ENCODING (hrpZ) GENES AND THE HARPIN ELICITOR OF P. S. PV. SYRINGAE

NV

Hrp genes were identified in 1986 (Lindgren et al. 1986, Lindgren 1997). In the following

years, molecular genetic techniques such as transposon mutagenesis, complementation

analysis and DNA hybridization were employed extensively to elucidate the organization of

hrp clusters and their apparent structural and functional conservation amongst

phytopathogenic Xanthomonas, Erwinia and Pseudomonas species (including Pseudo-

monas so/anacearum, which has been reclassified as Ra/stonia so/anacearum; Yabuuchi

et al. 1992, 1995). Over-expression of subelones generated from the hrp clusters of

Erwinia amy/ovora strain Ea321 and Pseudomonas syringae pv. syringae strain 61 has led

to the identification and cloning of hrp elicitor encoding genes in these bacteria during

1992 (Wei et al. 1992) and 1993 (He et al. 1993), respectively. Purified preparations of the

"harpin" elicitor proteins encoded by these genes shared the ability to elicit the

hypersensitive response (HR; Klement 1963, Klement et al. 1964) in non-host plants.

One of the long-term objectives of our collaborative research with the ARC-Fruit, Wine

and Vine Research Institute into the molecular basis of the interaction between the

bacterial canker pathogen and stone fruit trees was to clone the harpin encoding gene of a

local strain of P. s. pv. syringae isolated from a stone fruit host (strain NV)*. When a

preliminary project was initiated in our laboratory in 1994, three factors predisposed us not

to follow the strategy employed by the abovementioned groups, but to adopt the approach

outlined in Fig. 3-1. These factors were:

* See Chapter 1 for more detail.
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Transform plasmid pSYH 10 into E. coli,
Express and purifiy recombinant harpin-,«,
Use purified harpin-;« for production of

anti-harpin», antibodies,
Use anti-harpin antibodies to identify harpin--,», in

P. s. pv. syringae NV culture fractions,
Use anti-harpin antibodies to purify harpin-,», from

suitable P. s. pv. syringae NV culture fraction,
Obtain N- and e-terminal amino acid sequences of harpinpssNv,

Design peR primers for P. s. pv. syringae NV hrpZ
gene using this information,

Amplify P. s. pv. syringae NV hrpZ
gene by peR for cloning, sequence and expression

59

Fig. 3-1. Envisaged strategy for cloning the P. s. pv. syringae NV harpin encoding gene (hrpZpssNV)
in the preliminary study (Appel 1996).

a. A separate project had been initiated by Infruitec with the aim of constructing a

genomic library of P. s. pv. syringae NV for gene identification and cloning purposes.

This library was, however, not available at the time.

b. Plasmid pSYH10, containing the hrpZ open reading frame (ORF) of P. s. pv. syringae

61 (hrpZpSS61), had been obtained from Alan Collmer (Corne" University, Ithaca, New

York, USA). This presented a means of purifying P. s. pv. syringae 61 harpin

(harplns.,«) protein for the production of anti-harpins., antibodies.

c. At the time when these studies were initiated, our research team was well-versed in

protein isolation and purification, as we" as applied immunological techniques, but

lacked advanced expertise in molecular biology and gene cloning technologies.
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The approached outlined in Fig. 3-1 worked well up to the stage where a polyclonal

anti-harpins., antiserum was raised in rabbits against harpinpss61purified from Escerichia

coli DH5a (pSYH10). This antiserum was used successfully in Western blot analyses to

identify a protein band similar in size to harpinpss61in cellular fractions and culture

supernatants of P. s. pv. syringae NV that were shown to contain an extracellular,

heat-stable and protease sensitive elicitor of the HR in tobacco. The sensitivity and

specificity of this antiserum for harpin-., protein was, however, too low for it to be used in

an affinity chromatography system for the purification of harpinpssNvfrom any of these

fractions (Appel 1996).

Despite the technical failure of our initial approach, the information obtained in the process

confirmed that P. s. pv. syringae NV produced ei protein similar in size, biochemical

characteristics and antigenic properties to harpinpss61(Appel 1996). Towards the end of the

preliminary project, more comprehensive nucleotide sequences of the hrpZ operon* of P.

s. pv. syringae 61 and two other P. syringae pathovars (P. s. pv. glycinea, which causes

bacterial blight of soybean, and P. s. pv. tomato, the causative agent of bacterial speck of

tomato) were published (Preston et al. 1995). The sequence data demonstrated that

significant similarity existed between the hrpZ ORFs of the three pathovars. Together with

our preliminary results, this indicated that a more direct approach was merited in

continued efforts to clone the stone fruit pathogen's harpin encoding gene.

The preliminary project was concluded in 1995 with a first attempt to amplify the hrpZpSSNV

ORF from genomic DNA using primers based on the published hrpZ sequences of other

P. syringae pathovars. Primers MAPf1 and MAPr1, based on nucleotides 1-27 and

1007-1026 of the hrpZpSS61ORF, respectively (see Fig. 3-4 in section 3.2.2), were used in a

polymerase chain reaction (peR) with P. s. pv. syringae NV genomic DNA as template. A

1.0 kb DNA fragment was amplified in this way. Partial sequencing and hybridization to the

BstX1 fragment of hrpZpSS61were used to show that this fragment probably constituted the

harpin encoding gene of the stone fruit pathogen (Appel 1996).

3.2 CURRENT STUDY: BACKGROUND INFORMATION

Results obtained in the preliminary study served as a basis for the current study. The

paper included in section 3.3.3 comprises the first three objectives of this study (as

* The ORFs of hrpA, hrpZ, hrpB, hrpC, hrpD and hrpE are included in the hrpZ operon. See Fig. 2-2 in
Chapter 2 for more details.
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outlined in Chapter 1). It fully describes how the putative hrpZ gene amplified from P. s.

pv. syringae NV genomic DNA was cloned, sequenced, characterized in terms of its

similarity with other P. syringae hrpZ sequences, and expressed in E. coli TB 1 (pMNV1)

and (pMNV2) from which biologically active, recombinant harpinpssNvwas purified. To

assist the reader, background on the following aspects of the experimental design is

included in this section:

3.2.1 The strategy for cloning the putative P. s. pv. syringae NV hrpZ gene amplified with

primers MAPf1 and MAPr1, in order to sequence it fully and confirm its identity as

the harpin encoding gene of the stone fruit pathogen.

3.2.2 The design of primers MAPf2 and MAPr2 with which areas flanking hrpZpSSNVcould

be amplified and sequenced to ascertain whether the 5'- and 3'-ends of hrpZpSSNV

were different to that of hrpZpSS61 (on which primers MAPf1 and MAPr1 were

based).

3.2.3 The expression system used for the production and purification of biologically

active, recombinant harpinpssNv.

3.2.1 Cloning of the putative P. s. Py. syringae NV hrpZ gene

3.2. 1. 1 Initial approach

Primers MAPf1 and MAPr1 were originally designed to permit cloning of PCR products

obtained with these primers by means of the EcoRI and Xbal restriction sites included in

MAPf1 and MAPr1 respectively (Appel 1996). The choice of restriction sites was based on

the polylinker configuration of the pMAL ™-c2 expression vector (New England Biolabs;

see section 3.2.3). Numerous attempts to clone the 1.0 kb P. s. pv. syringae NV PCR

product into pMAL ™-c2 in this way were unsuccessful*. Direct cloning of the PCR product

into the fairly large (6.6 kb) pMAL ™-c2 expression vector with its very limited polylinker

was also a weak strategy, as this vector did not afford the flexibility needed for subsequent

DNA manipulations such as cycle sequencing.

• Reasons for the consistent failure of this procedure were not investigated extensively. Some results
suggested that it was attributable to inefficient digestion of the Xbal site in the MAPr1 region of the peR
product, despite the 5'-terminal random trinucleotide (TM) included in the primer sequence.
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3.2.1.2 Cloning of the 1.0 kb P. s. pv. syringae NV PCR product into the pGEfvf>-T vector

A new generation of DNA vectors, the so-called "T vectors" or "T-A cloning vectors" were

introduced in 1991 for the convenient cloning of PCR products. These vectors contain

3'-deoxythymidine overhangs at both ends of the insertion site, which provide compatible

overhangs for the single deoxyadenosines added by the majority of DNA polymerases in a

template-independent fashion to the 3'-ends of amplification products generated by PCR

(Clark 1988, Mezei and Storts 1994). Such a cloning vector, pGEM®-T (Promega

Corporation; see Fig. 3-2), was made available to us during the course of the current

study.

The pGEM®-T vector offered several advantages for the cloning of the putative P. s. pv.

syringae NV hrpZ gene and subsequent manipulations thereof:

a. The PCR product obtained with MAPf1 and MAPr1 could be ligated without any prior

restriction digestion, as the vector is supplied in its linearized form (Promega

Corporation 1996a).

b. Recombinant plasm ids could be transformed into E. coli and transformants selected by

means of ampicillin resistance and blue-white screening (Promega Corporation

1996a).

c. The isolation, analysis and manipulation of recombinant plasmid DNA would be

facilitated by the small vector size (3000 bp, exclusive of the 3'-T overhangs at the

insertion site) and high copy number (300-700 copies per E. coli cell) (Promega

Corporation 1996a, 1996b).

d. The entire cloned 1.0 kb P. s. pv. syringae NV PCR product could be sequenced with

available, universal primers Uf and Ur (see p. 491 of the paper included in section

3.3.3 for sequences). The annealing sites of these primers in pGEM®-T (positions

2934-2957 for Uf and 173-196 for Ur) are respectively 94 and 121 nucleotides away

from the insertion site (position 51).

e. Configuration of the multiple cloning site (which flanks the insertion site on both sides)

would still permit directional subcloning of the P. s. pv. syringae NV hrpZ ORF into the

pMAL ™-c2 expression vector (see section 3.2.3 for more details).
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Multiple cloning region
2934-2957 1 14 20 26 31 37 46 55 62 62 73 75 82 94 103 112 126 173-196... _..)::. )::.
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[3-lactamase
start 2182

380 lac operon start

pGEM-T
(3000 bp)

[3-lactamase end

Fig. 3-2. Salient features of the pGEM®-T cloning vector (compiled from Promega Corporation
1996a).

pGEM®-T is derived from Prornega's pGEM®-5Zf(+) vector, and is prepared by cutting this vector with
EcoRV and adding a 3'-terminal deoxythymidine to both ends. The vector contains promotor sequences for
two different bacteriophage RNA polymerases (T7 and SP6). These sequences flank the multiple cloning
region (MeR) within the a-peptide coding region of the enzyme [3-galactosidase (lacZa). Successful
ligation of a peR product into the T-insertion site within the MeR leads to the inactivation of lacZc;
Recombinant E. coli clones transformed with such ligation products will appear as white or light blue
colonies on indicator plates containing isopropyl-[3-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-
3-indolyl-[3-D-galactoside (X-ga!). The [3-lactamase gene (Amp') confers ampicillin resistance to clones
harbouring the plasmid.

The vector is numbered from the T7 transcription start site (no. I), with the numbers running in the 5' - 3 '
direction of the RNA synthesized by this polymerase, The RNA synthesized by SP6 polymerase starts at
position 126 and has the opposite 5'-3'direction. The 5'-3'direction of the lac operon and [3-lactamase
gene corresponds to that of the SP6 RNA. The number indicated above each of the restriction enzymes that
have recognition sequences in the MeR denotes the nucleotide on the 5' -side of the cut site in each
recognition sequence. The T-overhangs added after linearization of pGEM®-5Zf(+) with EcoRV at position
51 are excluded from the numbering of pGEM®-T. The binding sites within the lac operon of primers Uf
and Ur, used for sequencing of the 1.0 kb P. s. pv. syringae NV peR product cloned into pGEM®-T, are as
indicated.
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The 1.0 kb P. s. pv. syringae NV PCR product obtained with primers MAPf1 and MAPr1,

was cloned into pGEM®-T as described in section 3.3.3, to create the recombinant plasmid

series pGNV 1-15. The two possible orientations of the PCR product in these recombinant

plasm ids are illustrated in Fig. 3-3. Those recombinant plasmids shown by restriction

digestion analysis to contain an insert of the correct size were sequenced to obtain a

consensus sequence for the P. s. pv. syringae NV hrpZ gene, as described in section

3.3.3.

A. Plasm ids pGNV 1,3,4,5,7, 11, 15

10bp

B. Plasm ids pGNV 8,12, 13, 14
-=
~

=0::
.._

o 0 ~ctiQ)~ :;:::::::Q)
co 0 8:~ c%&l 8:~~(/)IJ.J
l I I I... ... lacZa10bp 1 kb

Fig. 3-3. Partial restriction map of the recombinant plasmid pGNV series, showing the two possible
orientations of the cloned 1.0 kb P. s. pv. syringae NV peR product in pGEM®-T.

The green bar corresponds to the peR product obtained with primers MAPfl and MAPrl and the blue line
to nucleotides 45 to 85 of the multiple cloning (MeR) region of pGEM®-T. The 5'-3' directions of the
peR product and the lacZa gene in which the MeR is situated, are indicated by arrows.

The enzymes that are indicated have no other recognition sites in the recombinant plasmids than those
shown here. Only the restriction sites of interest in the peR product are shown. The EcoRI and Xbal sites
form part of sequences of primers MAPfl and MAPrl (see section 3.2.1.1).

All of the recombinant plasmids, except pGNV 2, 6, 9 and 10 yielded a single, linear 4.0 kb product after
digestion with EcoRI, which indicated that they contained the peR product. Pstï digestion yielded two
bands of 1.0 and 3.0 kb, respectively, for the plasmids in A, and one linear band of 4.0 kb for the plasm ids in
B (the smaller product of 40 bp was not visible on an ethidium bromide stained agarose gel). The plasmids
in group B contained the peR product in the correct orientation for directional subeloning of hrpZpssNV into
the pMAL ™-c2 expression vector, using EcoRI and Sail.
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3.2.2 Alignment of P. syringae hrpAZB nucleotide sequences and the design of

primers MAPf2and MAPr2

The rationale behind the design of primers MAPf1 and MAPr1, that were initially used to

amplify the putative P. s. pv. syringae NV hrpZ gene, was discussed previously and will

not be repeated here (Appel 1996).

A similar strategy was followed in the design of primers MAPf2 and MAPr2. This second

pair of primers was designed for the amplification of a fragment of the P. s. pv. syringae

NV hrpAZB region that would include the entire hrpZpSSNV ORF, as well as flanking regions

that would allow sequencing of the 5'- and 3'-ends of the ORF by direct cycle sequencing

with the same primer pair. For this purpose the flanking regions had to be long enough for

each primer to bind outside the borders of the hrpZ ORF, but short enough to permit

sequencing of the entire PCR product without any additional (internal) primers.

The nucleotide sequences of the hrpAZB region of the hrpZ operons of P. s. pv. syringae

61, P. s. pv. glycinea race 4 and P. s. pv. tomato DC3000 were published previously (He

et al. 1993, Preston et al. 1995) and were obtained from the GenBank database (see p.

491 of the paper in section 3.3.3 for individual accession numbers). The sequences were

aligned with the DNA and protein sequence analysis programme, DAPSA (version 4.61;

E.H. Harley, University of Cape Town, South Africa, 1999) and are presented in Fig. 3-4.

The alignment was similar to the one published previously by Preston et al. (1995) and

displayed the following features that were considered in the final design of the primer pair:

a. A high degree of similarity over the entire hrpAZB region existed between the P. s. pv.

syringae and P. s. pv. glycinea sequences, but this was not shared with the P. s. pv.

tomato sequence. The latter sequence was subsequently excluded from further

decisions regarding the primer design.

b. The 3'-terminal region of hrpA was less variable than the hrpAZ spacer region and was

chosen as the preferred site for the forward primer (MAPf2). A primer based on the

sequence of a coding gene was deemed to have a better chance of annealing to the

sequence of a related strain than that based on the sequence of a spacer region.
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Pss 61 -----ACTAT CA'rGAGTTCT CTGGCGGGTG CGGGTCGCGG TGTAGTCAAC 48
Psg -----. GC' . ..·A······ ..'A'TAAC' ...·G····· 48
Pst 60
Pss NV

Pss 61 >ACGATCGGTG GTGCCGCTCA GGGCATCAAC AGCGTAAAGA GCAGCGCCGA CCGTAATGCT 108
Psg 'C''T''G''. ..·T······ ....·C···· .......... 108
Pst ..'TG' .'... 'CG''TGCTT 120
Pss NV

Pss 61 GCACTGGTGA GCAACACCGG CAGCACTGAC AGCATCGACG CTACTCGCTC CAGCATGAGC 168
Psg ;..... 'ACC' AA···· 'G'" T' ........ .'T" ',''T; '," ·C····· G······ ','T 168
Pst AACA' TC'TT TGGG····· . 'GA' 'GC 'ACAAGC' 180
Pss NV

Pss 61 AAAGGCGATG CAAAAAGTGC CGAGCTTGAC GGCACCGCGA ACGÁAGAGAA CGGCCTGC;:TC 228
Psg ~.'..,.T' ..'. 'CCC" 'C" ......... . ...:'T'.'.. ......... 'lO •• .....'."'G 228
Pst TGAA'AAG 240
PSS NV

Pss 61 CGCGAGTCGA GCATGCTGGC GGGCTTTGAG GÁCAAGAAAG AGGCGCTTTC CAAC---CAG 285
Psg ..•.. 'C"A 285
Pst ~C'A'CC' . 300
Pss NV

MAPf2
Pss 61 ATCGTCGCAA GCAAGATCCG GAACTCGGTC ACGCCCCTTC 327
Psg • 'lO • • .~'. ~ __ • lO-lO ·T···· 'CAT 327
Pst 342
PSS NV

Pss 61 ATACCTGAGG GGGCTGCTAC TTTTAGGAGG 23
Psg CACA'A'" . lO ••••••••• .. ·G······ 23
Pst TC'T'A'" . ...·C····· C· 'G''AT" 20
Pss NV ." 'G"',,':'~';_>'", 23,-,\ ..-~; . _. .

Pss 61 83
Psg 83
Pst 80
Pss NV 83

Pss 61 140
Psg 143
Pst 140
PSS NV 143

Fig 3-4. Consensus nucleotide sequence of the 1158 bp DNA fragment amplified from P_ s. PY.
syringae NV (PssNV), aligned to the hrpAZB sequences of P. s. Py. syringae 61 (Pss61), P. s. pv.
glycinea race 4 (Psg) and P. s. Py. tomato DC3000 (Pst).

The alignment corresponds to the amino acid sequence alignment of hrpA, hrpB (not shown) and hrpZ (Fig.
1 of the paper included in section 3.3.3). Each group of three dashes denotes a gap of one amino acid in
sequences with fewer amino acids. Nucleotides identical to the Pss61 sequence are indicated with dots in all
subsequent sequences. To facilitate interpretation, the ORFs of hrpA, hrpZ and hrpB are indicated in
different colours, with the respective initiation and termination codons highlighted. Areas where the PssNV
sequence is incomplete are indicated in black. The putative ribosome binding site for each gene is
underlined. The three ORFs are also numbered separately. Numbers run from the first nucleotide of the
initiation codon to the last nucleotide of the termination codon for each ORF and do not include nucleotides
in the hrpAZ and hrpZB spacer regions. The Pss61 regions on which primers MAPfl and MAPrl (green),
and MAPf2 and MAPr2 (red) were based, are indicated with arrows.
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Pss 61 200
Psg 203
Pst 200
PSS NV 203

Pss 61 260
Psg 263
Pst 260
Pss NV 263

Pss 61 303
Psg 306
Pst 320
Pss NV 306

Pss 61 ---------- 308
Psg ---------- 311
Pst 380
Pss NV 311

Pss 61 368
Psg 371
Pst 440
PSS NV 371

Pss 61 425
Psg 428
Pst 500
PSS NV 428

Pss 61 485
Psg 488
Pst 560
Pss NV 488

Pss 61 545
Psg 548
Pst 620
Pss NV 548

Pss 61 605
Psg 608
Pst 680
PSS NV 608

Pss 61 659
Psg 668
Pst 731
PSS NV 662

Pss 61 716
Psg 728
Pst 776
PSS NV 722

Pss 61 776
Psg 788
Pst 836
PSS NV 782

Fig 3-4 continued.

Stellenbosch University http://scholar.sun.ac.za



68

Pss 61 830
Psg 842
Pst 896
PSS NV 836

Pss 61 878
Psg 890
Pst 956
Pss NV 884

Pss 61 938
Psg 950
Pst 1016
Pss NV 944

Pss 61 998
Psg
Pst 1076
PSS NV 1004

Pss 61 ACAACCGCCT GACGGAGAAC 1026
Psg -T-C- ----- .......... 1038
Pst ---G- ----- .......... 1113
Pss NV -_;---C'- -,c' -_; ,___ .:.' ....... , ..:.' ...:,:. - 1032

Pss 61 TCAOGTG,ACC ATTTGCGACC TTGG'l'AATGT TAAAAGCATC TCGCCGGAAC TCGGGCAGGA! 56
Psg .. .. ....... G- -------- . ......... -----A- --- . ......... -T- ------- 56
Pst CAGT ... _, ... --------A- -CA-C- --T- G- ----TG-A --------G- -T- -----A- 56
PSS NV ... . ...... .......... .......... .......... ·......... .. .......... 56

MAPr2
Pss 61 116
Psg 116
Pst 116
PSS NV 82

Pss 61 CACGCAGCCG GACGGCGTTT CAAGTGGAGC GCCGCTTTC:C GAGCATATCG CCAGCGCAA'Ii 176
Psg lA----GC --- --TAAT- --- ----C- -T-- A- -------- · ......... -------G-- 176
Pst G-T- -GC--T ---A- _TGGC --GCA-CGT- --AC· ·G··· •·C·GG· ·A- ... ·T· ·GC· 176
PSS NV

Pss 61 CTGGGCGAAA CCGAAAAAAT GCGATGCGG'I' 236
Psg 236
Pst 236
Pss NV

Pss 61 296
Psg 296
Pst 296
PSS NV

Pss 61 CTCGTTGCAG ACTGCGCTCA CCACCAAGG'TI GGTGAGCAAG ACTGCGCAGG CGCTCGACM 356
Psg ._.·C····- .·A-· -_._. ·G···· ·A·- C- -C··· _.. .......... -AA······ . 356
Pst -G······· . C········ . ·GC· -T···· .......... 356
PSS NV

Pss 61
Psg
Pst
Pss NV

375
375
375

Fig 3-4 continued.
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c. The hrpZB spacer region showed a very high degree of similarity in all three pathovars.

It was, however, short enough to permit the placement of the reverse primer (MAPr2)

in the 5'-terminal region of hrpB for the reason outlined in b.

Once the general areas on which the primers were to be based were selected, the

relevant P. s. pv. syringae 61 sequences were used as templates in the programme

Primer Designer (version 1.01; Scientific & Educational Software, 1990) to design a pair of

primers, each of which conformed to the following criteria (Dieffenbach et al. 1995b):

a. Length = 20 nucleotides.

b. G+C content between 50 and 60%, with a difference of no more than 5% between the

two primers.

c. Melting temperature (Tm)* between 55 and 80°C, with a difference of no more than 3°C

between the two primers.

d. G or C as the most 3'-terminal nucleotide, but no more than 3 G's or C's at the 3'-end

of either primer.

e. No stable secondary structure possible within either primer sequence.

f. Fewest possible interactions between the primers (in any combination), especially

where 3'-nucleotides are involved, in order to minimize the formation of primer-dimers

during the PCR.

The sequences that best met these criteria within the target regions corresponded to

nucleotides 293-312t of the hrpA ORF (MAPf2) and nucleotides 97-116 of the hrpB ORF

(MAPr2) of P. s. pv. syringae 61, respectively, and are indicated in Fig. 3-4. A number of

possible GC-interactions involving 3'-ends between MAPf2 and itself, MAPr2 and itself,

and MAPf2 and MAPr2 were identified by the Primer Designer software. Nevertheless, a

1.2 kb fragment was amplified successfully from P. s. pv. syringae NV genomic DNA (Fig.

3-5) and sequenced as described in section 3.3.3. The consensus sequence of

1158 nucleotides of this fragment is included in the alignment in Fig. 3-4.

* Best estimated by the formula: Tm= 2°C(A + T) + 4°C(G + C) (Suggs et al. 1991).

t The position of MAPf2 was incorrectly published as nucleotides 193-212 of the hrpA ORF on pp. 490-491 of
the paper included in section 3.3.3.
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2 3 4 5 6

Fig.3-5. Agarose gel electrophoresis of P. s. Py. syringae NV amplification products.

PCRs were performed as described in section 3.3.3. P. s. pv. syringae NV genomic DNA was replaced with
an equal volume of double distilled water in negative controls, or pSYHI0 plasmid DNA in positive
controls. 15 J..l.Lof each PCR product were electrophoresed in 1 x TAE (40 mM Tris-Hf.l, 20 mM acetic
acid, 1 mM EDT A, pH 8.0) in a 1% agarose gel containing 0.5 ug/ml. ethidium bromide. The sizes of
molecular marker fragments are given on the left.

Lanes 1: 1 kb DNA ladder (Promega); 2: Negative control for peR with primers MAPfl and MAPri; 3:
Positive control for peR with MAPfl and MAPrl (1026 bp hrpZpss61 ORF); 4: peR with MAPfl and
MAPrl; 5: Negative control PCR with MAPf2 and MAPr2; 6: PCR with MAPf2 and MAPr2.

3.2.3 Directional subcloning of hrpZpSSNV into the pMAL ™-c2 expression vector for

the production and purification of recombinant harpinpssNv

A number of heterologous protein expression systems, designed for the convenient

purification of recombinant proteins over-expressed in E. coli by affinity chromatography of

translational fusions (reviewed by Uhlén and Moks 1990), were available at the time when

these experiments were performed. Most popular were those that made use of

translational fusions with ~-galactosidase (Shuman et al. 1980; Germino et al. 1983;

Ullmann 1984, Das 1990), glutathione-S-transferase (Smith and Johnson 1988) or the

maltose-binding protein (MBP; Guan et al. 1988; Maina et al. 1988). The use of N- or

C-terminal poly(histidine) tags (Smith et al. 1988; Uhlén and Moks 1990) was also

becoming increasingly popular.
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Successful expression and purification of a biologically active recombinant protein cannot

be guaranteed for all foreign genes in any of the above systems. A variety of factors may

cause unstable, inactive or insoluble protein products. These include aggregation,

proteolysis, improper folding and disulphide bond formation, insufficient post-translational

modification and the absence of associated prosthetic groups (Marston 1986, Das 1990,

Gold 1990, Rusnak et al. 1991). Due to the nature of harpins (see Chapter 2), the latter

three factors would, however, not be relevant in the expression of recombinant harpinpssNv

in E. coli.

The pMAL ™-c2 expression system (New England Biolabs), in which foreign genes are

expressed in E. coli as translational fusions with the MBP, was chosen for the expression

and purification of recombinant harpinpssNv,for the following reasons:

a. This technology was well-established in our Department.

b. The system had been used successfully for the production and purification of

Pseudomonas syringae proteins in vivo (Perïaloza-Vázquez et al. 1996).

c. Cleavage of the MBP-harpinpssNvfusion and subsequent purification of the recombinant

harpin theoretically posed no complications. The predicted amino acid sequence of

harpinpssNv,which was derived from the hrpZpSSNV sequence, did not contain any factor

Xa cleavage sites. Furthermore, all of the previously characterized P. syringae harpins

were demonstrated to be soluble, cytoplasmic proteins (He et al. 1993, Preston et al.

1995).

The salient features of the pMAL ™-c2 expression vector are illustrated in Fig. 3-6.

Directional subcloning of the hrpZpSSNV ORF into this vector to create recombinant plasmids

pMNV1 and pMNV2, and the subsequent expression and purification of biologically-active,

recombinant harpinpssNvfrom E. coli TB 1 clones harbouring these plasmids, are described

fully in the next section.
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Fig. 3-6. Salient features of the pMAL TM-c2 expression vector (compiled from New England Biolabs
1993),

The 5' ---+ 3' direction of all genes encoded in the vector are indicated with arrowheads. Genes of interest
which are to be expressed in pMAL TM-c2 are inserted into the polylinker using the restriction sites
indicated. The polylinker is situated downstream from the E. coli maltose binding protein (MBP) encoding
gene (malE), and upstream from the lacZa gene encoding the a-peptide of the enzyme f3-galactosidase.
Insertion of a gene into the polylinker in the same reading frame as malE results in the high-level expression
of a cytoplasmic fusion protein, under the control of the strong tac promotor and malE translation initiation
signal. This also inactivates the f3-galactosidase activity of the malE-lacZa fusion, which permits the
identification of recombinant clones containing successful ligation products as white colonies on indicator
plates containing isopropyl-f3-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-f3-D-
galactoside (X-gal). The presence of the Lac repressor encoding gene (lacfl) ensures low-level expression
from the tac promotor in the absence ofIPTG.

Fusion proteins expressed in this way may be purified conveniently the using MBP's affinity for maltose in
a column chromatography system. After purification, the protein of interest may be recovered from the
fusion protein by cleavage with the specific protease, factor Xa. The recognition site of this protease in the
MBP-portion of the fusion protein is indicated with an arrow.

The restriction sites in the polylinker which were used for the directional subeloning of hrpZpssNV into
pMAL TM-c2 are indicated in boldface.
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3.3 AMPLIFICATION, SEQUENCE AND EXPRESSION OF THE HARPIN ENCODING

GENE OF THE BACTERIAL CANKER PATHOGEN, PSEUDOMONAS SYRINGAE

PV. SYRINGAE STRAIN NV

3.3.1 Contributions of co-authors

The paper that follows contains the original and independent work of the author of this

dissertation. All experimental work, with the exception of automated sequencing and

electrospray mass spectrometry (ES-MS), was performed by the author. She also

compiled the manuscript, inclusive of tables and figures.

The contribution of each of the co-authors were as follows:

a. Mr Mathias Hampf is a doctoral student at the Max DelbrOck Centre in Berlin who

visited the Department of Biochemistry at Stellenbosch University for a brief period

during 1995. Mr Hampf has extensive experience in automated cycle sequencing

technology and assisted the author in the partial sequencing of the PCR product

amplified from P. s. pv. syringae NV with primers MAPf1 and MAPr1 during his visit

(Appel 1996). Since the University's Core sequencing facility was not operational at the

time when this putative P. s. pv. syringae NV hrpZ gene was cloned and had to be

sequenced, Mr Hampf offered to supply the universal primers Uf and Ur and to perform

automated sequencing of the cloned fragment in the recombinant pGNV plasmids

upon his return to Germany. He also supplied primer MASr1 and performed automated

sequencing of the inserts in plasm ids pMNV1 and pMNV2 to confirm successful

subcloning of the hrpZpssNvORF into pMAL ™-c2.

b. Prof E. Lucienne Mansvelt* is a senior researcher at the Plant Biotechnology and

Pathology Division of the ARC-Fruit, Wine and Vine Research Institute. She has

collaborated with the author and her supervisor on molecular investigations of the

bacterial canker pathogen since 1994 and is the co-promoter of this dissertation. As

such, she has provided logistical support and partial funding for this project. For this

study, she supplied the stock cultures of P. s. pv. syringae NV, as well as tobacco

plants and greenhouse facilities for HR tests. The bacterium was cultivated and HR

tests were performed under her supervision.

c. Prof Janet P. Hapgood, formerly from the Department of Biochemistry at the

* Recently appointed as special associate professor of Plant Pathology at Stellenbosch University.
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University of Cape Town, joined Stellenbosch University as an associate professor of

Biochemistry in 1996. She made the pGEM®-T system available for cloning of the

putative P. s. pv. syringae NV gene and supervised this cloning experiment.

d. Prof Dirk U. Bellstedt is an associate professor of Biochemistry at the University of

Stellenbosch, and the promoter of this dissertation. In this capacity, he was involved in

the conceptual development of and practical execution of all aspects of this study. He

promoted all collaborations, provided funding for the project and facilitated all logistical

aspects within the Department of Biochemistry.

Proff. Bellstedt, Mansvelt and Hapgood suggested minor revisions to the original text,

which were incorporated in the final manuscript.

3.3.2 Errata

The published paper contains two numerical printing errors:

a. "... primers were based on nucleotides 193-212 of ..." should read 293-312 (p. 490).

b. " ... pGEM-T vector (3005 bp) ..." should read 3000 bp (p. 491).
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Summary

DNA fragments containing a putative harpin elicitor encoding (hrpZ) gene were amplified from geno-
mic DNA of the South African stone fruit pathogen, Pseudomonas syringae pv. syringae strain NV, using
primers based on the hrpAZB sequences of the wheat pathogen, P. s. pv. syringae strain 61. Sequencing of
these amplification products revealed a hrpZ open reading frame, which showed 96.2 % identity with the
hrpZ gene of P. s. pv. syringae 61. A similar degree of identity (96.4 %) was obtained when the predicted
amino acid sequence of the P. s. pv. syringae NV harpin elicitor protein (HrpZJ was aligned with that of the
P. s. pv. syringae 61 harpin. The P. s. pv. syringae NV hrpZ gene was subsequently cloned into the pMAL-c2
vector and expressed in Escherichia coli. This system proved useful for the production of purified, biolog-
ically active recombinant HrpZ protein.

Key words: Prunus persica (L.J Baisch, Prunus salicina Lindl., bacterial canker, elicitor, harpin, hrpz'
pMAL-c2, Pseudomonas syringae pv. syringae.

Abbreviations: ES-MS = electrospray mass spectrometry; HR = hypersensitive response; IPTG = isopro-
pyl-I3-D-thiogalactoside; facm = a-peptide of l3-galactosidase enzyme; MBP = maltose binding protein;
NJ = neighbour-joining; ORF = open reading frame; PCR = polymerase chain reaction; PMSF = phenyl-
methyl-sulphonyl fluoride; PR = pathogenesis-related; pv. = parhovar: rHrpZp,'Nv = recombinant P. s. pv.
syringae NV harpin protein; SAR = systemic acquired resistance.

Introduction Although the disease is not unique to South Africa, a number
of predisposing factors, including unfavourable environ-
mental and agricultural conditions and poor horticultural
practices, have been implicated in the exceptional severity of
the disease in this country, and in the failure of chemical con-
trol measures. Effective, long-term solutions will have to rely
heavily on the selection and breeding of resistant host trees
(Hattingh et al., 1989). For this reason, we have launched

Bacterial canker of stone fruit trees (mainly Prunus persica
(L.) Barsch and Prunus salicina Lindl.), caused by Pseudomo-
nas syringae parhovar syringae, has become one of the most
destructive crop diseases in the Western Cape region of South
Africa. Losses due to diseased trees and reduced production
are estimated at more than US$ 10 million annually.

0176-1617/99/154/489 $ 12.00/0
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investigations into the molecular basis of the interaction
between PS. pV. syringae and stone fruit trees.

In the past decade, brp genes (hypersensitive response
(HR) and pathogenicity; Lindgren et aI., 1986) have been
identified as essential pathogenicity determining factors of
necrotizing phytopathogenic bacteria from the genera Pseudo-
monas, Xantbomonas and Erwinia. Hrp genes are found in
large clusters and are physically and functionally conserved
among these phytoparhogens (Bonas, 1994). We have
decided to focus our attention on the major secreted hrp gene
product, harpin, which was demonstrated to be a proteanace-
ous elicitor of the HR in non-host plants (Wei et al., 1992;
He et al., 1993).

The harpin encoding genes of Erwinia amylouora Ea321
(Wei et al., 1992), Ps. pv. syringae 61 (He et al., 1993), Pseu-
domonas (Burkhofderia) solanacearum GMI 1000 (Arlat et al.,
1994), E. steuiartii (Bauer et al., 1994), E. chrysanthemi EC 16
(Bauer et al., 1995), P s. pv. gfycinea race 4 (Preston et al.,
1995), Ps. pv. tomato DC3000 (Preston et aI., 1995), and E.
caratouora subsp. caratouora Ecc71 (Cui et al., 1996; Mukher-
jee et aI., 1997), have been identified, cloned and the corre-
sponding elicitor proteins have been expressed, purified and
characterized. The degree of nucleotide sequence homology
between these harpin encoding genes, their locations in the
respective hrp clusters, the degree of amino acid sequence ho-
mology between the corresponding elicitor proteins, as well
as the role of these harpins in HR elicitation have been found
to be highly variable. Nevertheless, all of the characterized
harp in elicitors share a number of general characteristics.
They are rich in glycine, lack cysteine, are heat-stable, and
appear highly sensitive to proteolysis. Furthermore, they all
lack an N-terminal signal peptide sequence, but are secreted
via the hrp type III secretion system (Bonas, 1994; He, 19%).

Strobel et al. (19%) demonstrated the HrpZ protein of P
s. pv. syringae 61 to be an effective proteanaceous inducer of
systemic acquired resistance (SAR) in cucumber and tobacco
plants. The similarity in induction patterns of pathogenesis-
related (PR) proteins, obtained in response to HrpZ and the
bacterium that produces it, suggested that HrpZ is either a
major inducer of SAR in Ps. pv. syringae 61, or is represent-
ative of the SAR inducers produced by this bacterium. The
potential use of the harpin elicitor protein in the manage-
ment of plant diseases was also highlighted (Strobel et al.,
19%). We wish to apply harpin in a similar fashion in the as-
sessment of the resistance mechanisms induced in commer-
cially important South African stone fruit cultivars in re-
sponse to infection with P. s. pv. syringae stain NV, one of the
most virulent strains of the bacterial canker pathogen isolated
from a diseased stone fruit tree in South Africa. A prerequi-
site for such experiments is the production of adequate quan-
tities of purified, biologically active elicitor protein.

In this study we have amplified the harpin encoding gene
of P s. pv. syringae NV from its genome and determined the
exact nature and extent of the homology between the harpin
elicitors produced by P. s. pv. syringae NV and other P syrin-
gae strains. We have also cloned the harpin encoding gene of
P s. pv. syringae NV into the pMAL-c2 expression system.
The recombinant elicitor protein purified from this system
was shown to be biologically active and share the common
characteristics of harpiu elicitor proteins.

Materials and Methods

Bacterial strains, plasmids and culture media

Pseudomonas syringae pathovar syringae strain NV (Roos and Hat-
tingh, 1987) was obtained from the lnfruirec culture collection. The
bacterium was routinely grown on King's B agar plates (King et aI.,
1954) at 28 oe.

Plasmid pSYH 10, containing the open reading frame (ORF) of
the l's. pv. syringae 61 hrpZ gene (He et al., 1993), was a gift from
Alan Collmer (Cornell University, Ithaca, NY, USA). Plasmids used
as vectors were pGEM-T (Promega Corporation, Madison WI,
USA) and pMAL-c2 (New England Biolabs, Beverly, MA, USA).
Escherichia coli strains DH5a, JM 109 and TB I were used as hosts
in transformations. Starter cultures of E. coli DH 5a and TB I were
obtained from Promega and New England Biolabs respectively. Freez-
er stocks of competent cells were prepared according to the pro-
tocol of Sambrook et al. (1989) and stored at -80 oe. High effi-
ciency competent E. coli JM 109 cells were obtained from Promega.
Transformed DH5a and JM 109 cells were routinely grown at 37"C
in Luria-Bertani medium, supplemented with 50 J.lg/mL ampicillin,
for DNA manipulations. Transformed TB I cells were grown at
37"C in Rich broth (1.0 % Bacro-trypronc, 0.5 % Bacro-yeast ex-
tract, 0.5 % NaCI, 0.2 % glucose), supplemented with 100 ug/rnl,
ampicillin, for DNA isolation and protein expression.

DNA isolations and amplification strategies

Genomic DNA was isolated from 24-hour old strain NV plate
cultures, using the method of Goodwin and Lee (1993). The pro-
tocol was modified by replacing the microwave incubation with a
30 min incubation in a waterbath at 80 oe. Plasmid DNA was iso-
lated from E. coli DH5a(pSYH 10) according to the manufacturer's
instructions, using the Wizard Plus Miniprep DNA Purification Kit
(Prornega).

The first set of polymerase chain reactions (PCRs) were per-
formed with primers MANI (5'-ATAGGAATTCATGCA-
GAGTCTCAGTCTTAACAGCAGC) and MAPrl (5'-TAATCTA-
GATCAGGCTGCAGCCTGATTGC), synthesized by MWG-Bio-
tech (Ebersburg, Germany). These primers were respectively based
on the first (5' terminal) 27 and lasr (3' terminal) 20 nucleorides of
the l's. pv. syringae 61 hrpZ ORF (He et aI., 1993). Random oligo-
nucleotides (ATAG for MAPf! and TAA for MAPri), as well as re-
striction sites (for EcoRI and Xbal respectively) were included in the
primer sequences to facilitate cloning of the PCR product. Strain
NV genomic DNA (200 ng/reaction) or control plasmid pSYH 10
DNA (100 ng/reaction) were used as templates in the amplificarion
reactions. Reactions were performed in a total volume of 50 J.lL,
with the following final concentrations of components:
0.5 pmol. J.lL-1 of each primer, 2.5 U Bio-X-Act DNA polrmerase
per reaction, I X Optiperform reaction buffer, 1.5 mmol· L- MgCI2
and 0.2 mmol . L-I of each dNTP (all from Bioline, London, UK).
Reaction mixtures were overlaid with mineral oil and amplifications
performed in a Minicycler (MJ Research, Watertown, MA, USA)
with an in-sample probe. Cycling parameters were: 94°C (3 min);
35 cycles of 94 °C (I min), 60 °C (2 min), 72 °C (2 min); and 72 °C
for 15 min. Reaction products were electrophoresed in a 1% agarose
gel in I x TAE buffer.

The second set of PCRs were performed using the same cycling
parameters as the first, with rwo exceptions. The Bio-X-Act DNA
polymerase and Optiperform reaction buffer were replaced with
Biotaq DNA polymerase and NH4 + reaction buffer (Bioline), and
primers MAPf2 (5'-CAAGCAAGATCCGGAACTCG) and MAPr2
(5'-GCAGCGGTGAAGATGTCGAC), synthesized by the Univer-
sity of Cape Town Synthetic DNA Laboratory (Cape Town, South
Africa), were used. These primers were based on nucleondes 193-
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212 of rhe hrpA and 97-116 of the hrpB ORYs of P. s. pv. syringae 61
(Preston et al., 1995) respectively. Plasmid pSYH 10 DNA was not
used as control rernplare, as the regions flanking the hrpZ ORF in
pSYH ID do nor exrend far enough to contain rhe sequences of
primers MAPf2 and MAPr2. PCR products were electrophoresed in
a 1% agarose gel as described above.

Cloning strateeies

The LIl-kb PCR producr obrained with primers MAPn and
MAPrl was purified from a 1% low-melting agarose gel according
rhe manufacturer's instructions, using the Wizard PCR Purification
kit (Prornega). The purified DNA fragment was cloned into the 3'
T-insertion site of the pGEM-T vector (3,005 bpi, transformed into
E. coli JM 109 cells, and successful rransformants were identified
(pGEM-T Vector Sysrem II, Prornega). Plasmid DNA was isolared
from successful rransformants as described above. The presence and
orientation of the cloned PCR producr in recombinant plasmids
were determined by digestion for I h ar 3TC with EcoRI and PstI in
SuRE/cur Buffer H (Boehringer, Mannheim, Germany), respec-
rively. Products were electrophoresed as described above.

Directional subcloning of the P. s. pv. syringae NV hrpZ gene into
the protein expression vector, pMAL-c2 (New England Biolabs) was
performed using EcoRI and Sail. Plasmid DNA from E. coli
JM 109(pGNV8) and E. coli JM 109(pGNVI2) was digested at
3TC for 1.5 h wirh Sall and Ih wirh EcoRI in SuRE/cur buffer H
(Boehringer). pMAL-c2 DNA (New England Biolabs) was treated
in the same way. Reaction products were electrophoresed in a I %
agarose gel. The linearized vector (6,618 bpi and the l.I-kb EcoRI-
Sall fragments of pGNV8 and pGNVI2 were purified from the gel
as described before. Each EcoRI-SalI fragment was ligated to the
vector (to yield plasmids pMNVI and pMNV2) according to the
manufacturer's instructions, using the Fasrlink Ligation and Screen-
ing Kit (Epicenrre Technologies, Madison, WI, USA). The ligation
reaction was allowed to proceed for 15min. Competent E. coli TB I
cells were transformed with the ligation mixture and successful
transformants identified, using rhe same protocol as described
above.

Sequencing of PCR products and recombinant plasmids and analysis
of sequence data

The LO-kb strain NV PCR product in recombinant pGNV plas-
mids was sequenced, using the ThermoSequenase cycle sequencing
kit (Amersham, Linie Chalfont, UK), a Model 4000L sequencer
(LI-COR Inc., Lincoln, NE) and universal IRD-41 infrared fluores-
cent dye labelled primers Uf (5'-CGCCAGGGTrITCCCAGT-
CACGAC) and Ur (5'-AGCGGATAACAATlTCACACAGGA),
synthesized by MWG-Biorech. Sequencing reactions were carried
out according to rhe manufacturer's instructions, using 50-100 fmol
plasmid DNA template per reaction. The cycling profile consisted of
an initial denaturarion of 2 min ar 95 "C, followed by 38 cycles of
95 ·c (45 sec), 65 ·c (60 sec), 72 ·C (75 sj. Subcloned EcoRI-SalI
fragments of pGNV8 and pGNV 12 in pMNVI and pMNV2 were
sequenced in the same way, with rhe exception that the reverse
primer Ur was replaced with reverse primer MASr I
(5'-GGTCGTCAGACTGTCGATGAAGCC) from MWG-Bio-
tech.

The 1.2-kb PCR product obtained with primers MAPf2 and
MAPr2 was purified from a 1% agarose gel as described before. Di-
rect sequencing of the purified PCR product was performed by the
University of Stellenbosch core DNA Sequencing Facility on an ABI
PRISM model 377 sequencer (Perkin-Elmer, Branchburg, NJ,
USA), using an ABI PRISM dye terminator cycle sequencing ready
reaction kit with AmpliTaq DNA polymerase FS (Perkin-Elmer)
and the same primers as for the PCR. Sequencing reactions were
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carried out with 40 ng of DNA per reacrion, according to the man-
ufacturer's instructions, with the exceprion that annealing was done
ar 60·e. Each sequencing reaction was repeated four times.

Sequence data was analyzed using the programme DAPSA ver-
sion 4.02 (E. H. Harley, Universiry of Cape Town, South Africa,
1996). The putative P. s. pv. syringae NV hrpZ nucleotide sequence
was aligned with the corresponding and flanking genes (hrpAZB) of
P. s. pv. syringae 61 (EMBLlGenBank Data Library accession num-
bers: hrpA - L41863, hrpZ - LI4775 and hrpB - L41864), P. s. pv.
glycinea race 4 (EMBLlGenBank Data Library accession number:
hrpAZB - L41862) and P. s. pv. tomato DC3000 (EMBLlGenBank
Data Library accession number: hrpAZBCDE - L41861). The pre-
dicted amino acid sequence of rhe HrpZ protein of P. s. pv. syringae
NV was determined and aligned with that of the HrpZ proteins of
the abovementioned bacteria. Homologies berween the aligned nu-
cleotide and amino acid sequences of the different bacteria were also
calculated, using the same programme.

For phylogenetic analysis, sites involving gaps were excluded from
the aligned hrpZ nucleotide sequences. Phylogenetic trees were in-
ferred using the neighbour-joining (NJ) method (Saitou and Nei,
1987). Bootstrap analyses were performed to estimate the signifi-
cance level of the NJ tree internal branches.

Expression, purification and partial characterization of recombinant
p. s. pv. syringae NV HrpZ proteins

Recombinant P. s. pv. syringae NV HrpZ proteins were expressed
in E. coli TB I (pMNV I) and E. coli TB I(pMNV2) as soluble, cyto-
plasmic fusion proteins with the E. coli maltose binding protein
(MBP), following the manufacturer's instrucrions (pMAL expression
system, New England Biolabs). To protect the recombinant proteins
against proteolysis, all prescribed buffers were supplemented wirh
I mmol . L-I phenyl-methyl-sulphonyl fluoride (PMSF). Affiniry
chromatography using an amylose resin (New England Biolabs) was
performed in a 2.5 X 10cm perspex column as prescribed. The pro-
tein content of the column eluate was monitored specrrophotomet-
rically at 280 nm. Fusion protein containing fractions were pooled,
and incubated with factor Xa (New England Biolabs) at room tem-
perature for 72 h.

To purify the recombinant harpin from rhe cleavage reaction, the
relatively cumbersome methods suggested by the manufacturer
(DEAE- or Q-Sepharose ion exchange chromatography, or removal
of maltose by hydroxyapatite chromatography and domain separa-
tion by re-binding MBP to amylose) were replaced with a simple
(NH4)zS04 precipitation and dialysis prorocol. Saturated
(NH4)zS04 was added to cleavage reaction mixes, to a final concen-
tration of 25 %. Mixtures were incubared ar 4·C for 30 min and
centrifuged at 4·C for 20 min ar 27,200 gn' Supernatants were re-
moved and pellets resuspended in original reaction volumes of col-
umn buffer (10 mmol· L-I Tris-HCI pH 7.4, 0.2 mmol· L-I NaCl,
I mmol· L-I EDTA, I mmol . L-I PMSF). The precipitations were
repeated. The final, recombinant harpin containing pellets were re-
suspended in half of the original reaction volumes of 10mmol . L-I
MES pH 5.5, supplemented with 0.1 mmol . L-I PMSF. Residual
(NH4)zS04 was removed by overnighr dialysis ar 4 ·C againsr 1,000
volumes of the same buffer. A similar protocol was employed by
Preston et al. (I995) in the purificarion of narive and recombinant P.
s. pv. syringae 61, P. s. pv. glycinea race 4 and P. s. pv. tomato DC3000
HrpZ proteins.

An aliquor of each fusion prorein and recombinant harpin was
boiled for IDmin ar 100·C in a waterbath. followed by eentrifuga-
rion at 13,000 gn for 5 min. The hear stability of the proteins were
subsequently assessed by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SOS-PAGE) and HR analysis. Aliquors of the
purified, recombinant harpins were dialyzed overnight ar 4 ·C
against 1,000 volumes of distilled water, supplemented with
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0.1 rnmol- L-I PMSF, and subjected ro analysis by electrospray-rnass
spectrometry (ES-MS) on a Quarrro triple quadropole mass specrro-
meter (Micromass, Manchester, UK) at the Universiry of Stellen-
bosch core ES-MS faciliry, for accurate molecular mass determina-
tion.

All the steps of the protein expression and purification prorocol
were monirored by SOS-PAGE in 8 % gels, according ro the
method of Laemmli (1970). Gels were stained with Coomassie bril-
liant blue R-250. The protein content of all fractions were deter-
mined using the method of Bradford (1976), as adapted for use in a
microtiter plate reader (Appel, 1996). A Img· mL -I bovine serum
albumin (Bayer Miles Laboratories, Cape Town, South Africa) solu-
tion was used ro prepare a reference dilution series (0-1 mg. mL-I
protein) for these determinations.

Plant material and HR tests

Tobacco plants (Nicotiana tabacum L. cv. ,White Burley') were
grown in the laboratory at 23-25 oe. with a photoperiod of 24 h.
Tobacco leaves were infiltrated on their abaxial surfaces with needle-
less syringes. Proteins were prepared for infiltration at different con-
centrations in 10-60 mmol· L -I MES pH 5.5. supplemented with
0.1-0.6 mmol L -I PMSF. The relevant buffers were consistently in-
filtrated as controls. HR phenotypes were evaluated daily over a pe-
riod of one week after infiltration and phorographed.

Results

Amplification, cloning and sequencing of a putative P s. pv.
syringae NV hrpZ ORF

Using primers MANI and MAPr I. a single DNA frag-
ment of approximately 1.0 kb was amplified from the geno-
mic DNA of P s. pv. syringae NV The PCR product was
cloned into pGEM-T and the recombinant plasmids trans-
formed into E. coli JM 109. Eleven clones yielded a single
EcoRI digestion product of approximately 4.0 kb, which indi-
cated that they contained the PCR product. Seven of these
clones yielded two bands (of approximately 3.0 kb and 1.0 kb
respectively) after digestion with Pst! and the remaining four
a single band of approximately 4.0 kb. These restriction pat-
terns corresponded to the rwo possible orientations of the
PCR product in the vector.

All eleven clones were sequenced. Alignment of the se-
quence data to the hrpZ ORFs of Ps. pv. syringae 61, Ps. pv.
gfycinea race 4 and P s. pv. tomato DC3000 (not shown), re-
vealed that all eleven clones contained a 1,032-bp putative
hrpZ ORF. of which nucleondes 1 to 27 and 1,013 to 1,032
respectively consritured the sections of primers MAPfl and
MAPr I that were based on P s. pv. syringae 61 sequence. The
remaining nucleotides (numbers 28 to 1,012) in this ORF
were identical in seven (63 %) of the clones; this was accepted
to be the consensus sequence for this region of the hrpZORF
in Ps. pv. syringae NV

To determine whether the first 27 and last 20 bases of the
Ps. pv. syringae NV hrpZ ORF were identical to that of Ps.
pv. syringae 61 or not, a second set of PCRs was performed
with primers MAPf2 and MAPrl. A single DNA fragment of
approximately 1.2 kb was amplified from the genomic DNA
of P s. pv. syringae NV using these primers. The sequence of a
stretch of 1,158 bp in this PCR product was obtained by di-

recr sequencing. Results obtained from repeat reactions were
identical. Alignment of this sequence to the hrpAZB gene
segment of the abovementioned bacteria (not shown) con-
firmed that the sequence of the last 17 bp the hrpAZ spacer
region, the entire 1,032-bp hrpZ ORF, the entire 27-bp
hrpZB spacer region, as well as the first 82 bp of the hrpB
ORF of Ps. pv. syringae NV had been determined. As was ex-
pected, bases 28 [0 1,012 of the hrpZ ORF were identical [0

the consensus sequence determined before. The 5' terminal
27 bases of the hrpZ ORFs in the 1.0- and 1.2-kb PCR prod-
ucts were also identical, which meant that the hrpZ genes of
P s. pv. syringae NV and P s. pv. syringae 61 were identical in
this region. In the last 20 bases of the ORF, two nucleotide
differences were consistently detected between the two PCR
products. The 1.2-kb product had a C at position 1,023 and
a G at position 1,026, compared [0 a T and an A respectively
in these positions in the Ps. pv. syringae 61 based sequences
in the LO-kb product. This result confirmed that the hrpZ
ORF of the two strains were not identical in the terminal 3'
region. These changes were incorporated [0 finalize the con-
sensus sequence of the P s. pv. syringae NV hrpZ gene, which
was deposited in the EMBLlGenBank Data Library under
accession number AF031667.

Sequence homology between the hrpZ gene and HrpZ protein
of P s. pv. syringae NV and that of other P. syringae
pathouars and strains and molecular phylogeny

Alignment of the Ps. pv. syringae NV hrpZ nucleotide se-
quence (hrpZPHNV) with that of its presumed closest known
relative, the hrpZ gene of P s. pv. syringae 61 (hrpZp,sGI)'
yielded a homology of 96.2 % (expressed in terms of identical
nucleorides) between aligned base pairs. In roral, 44 base pair
differences were found between the hrpZ genes of the two
strains. These included two three-nucleotide insertions (re-
sulting in hrpZPHNv being 1,032 bp in size. compared to the
1,026 bp of hrpZpssG,) and 38 single nucleotide substitutions.
As expected, hrpZPHNV and hrpZI'HGIshared similar degrees of
nucleotide identity with the hrpZ genes of P s. pv. gfycinea
race 4 and P s. pv. tomato DC3000 (Table I) and less than
30 % identity with any of the Erioinia hrpN genes or the P
solanacearum popA gene (results not shown).

Comparison of the sequences obtained for the regions
flanking hrpZI'HNV with the corresponding regions of P s. pv.
syringae 61 revealed only 2 nucleotide differences. These sub-
stitutions fell within the hrpAZ spacer region and the hrpZB
spacer region respectively and did not affect the ribosome
binding sites identified by Preston et al. (1995) for either
hrpZ or hrpB. The sequence obtained for the 3' terminal
flanking region of hrpZI'HNV traversed the hrpZB spacer re-
gion and identically matched the first 82 nucleotides of the P
s. pv. syringae 61 hrpB ORF.

The programme DAPSA version 4.02 was used to obtain
the predicted sequence of the 343-amino acid Ps. pv. syringae
NV HrpZ protein (HrpZI'HNv) (Fig. I). From its amino acid
composition, the theoretical molecular mass of this protein
was calculated to be 34,718.5 u. This correlated with the mo-
lecular mass of 34.7 Ku reported for the P s. pv. syringae NV
HrpZ protein (HrpZHs61) (He et al., 1993). Alignment of the
predicted HrpZI'HNV amino acid sequence with the sequence
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Table 1: Homology between the nucleotide sequences of the hrpZ
genes (A) and the predicted amino acid sequences of [he HrpZ
proteins (B) of P. s. pY. syringae NV, P. s. pY. syringae 61, P. S. pY. gly-
cinea race 4 and P. s. pY. tomato DC3000. Figures for P. s. pY. syringae
NV were obtained by alignment of its hrpZ nucleotide and pre-
dicted HrpZ amino acid sequences with [hat of [he other parhovars
and strains, using [he programme DAPSA version 4.02. Results for
the other bacteria were recorded previously by Preston et al. (1995)
and were confirmed by the relevant sequence alignments with
DAPSA in [his study.

P. s. pY.
syringaeNV

p. s. pY.
syringae61

p. s. pv.
glycinea
race 4

p. s. pY.
tomato
DC3000

A. hrpZ nucleotide sequence homology.

N umber of base pairs 1032
% Identity between
aligned nucleondes
p. s. pY. syringaeNV
P. s. pY.syringae 61
P. s.pY. glycinea race 4
p. s. pY. tomato DC3000

1026 1038 1113

96.2 78.7
78.7

66.4
67.5
66.6

B. HrpZ amino acid sequence homology.

Number of amino acids 343 341 345 370
% Idenriry between
aligned amino acids
P. s. pY. syringae NV 96.4 78.4 62.5
P. s. pY. syringae61 78.8 635
P. s. pv. glycinea race 4 64.8
P. S. pY. tomato DC3000

of HrpZp,rul revealed an identity of 96.4 % between aligned
amino acids. The two three-nucleotide insertions in the
hrpZp"NV nucleotide sequence resulred in the insertion of an
alanine residue between residues 29 and 30 and a glycine resi-
due between residues 224 and 225, compared to the Ps. pY.
syringae 61 amino acid sequence. The other nucleotide differ-
ences between the hrpZ gene sequences of the two strains re-
sulted in twelve single amino acid substitutions becween their
predicted HrpZ proteins. Of these, five were conservative
substitutions. The predicted amino acid sequence also con-
firmed that HrpZp"Nv lacks a putative N-terminal signal
peptide sequence, is rich in glycine (47 of 343 amino acids =
13.7%) and lacks cysteine and tyrosine. These sequence char-
acteristics agree with those reported for other P syringae har-
pins (He et al., 1993; Preston et al., 1995; Alfano et al.,
1996). Again, the degree of identiry found with the HrpZ
proteins of P s. pv. gfycinea race 4 and P s. pv. tomato
DC3000 was very similar for P s. pv. syringae NV and P s. pv.
syringae 61 (Table I). No more than 20 % amino acid identity
was shown by the NV HrpZ protein with the P solanacearum
or any of the Erwinia harpins (results not shown).

Phylogenetic relationships between the four P syringae
hrpZ sequences, as inferred by the NJ method, are shown in
Fig. 2. The significance of internal branches of the tree was
assessed by applying the NJ algorithm to 1,000 bootstrap rep-
licates. The sequences of P s. pv. syringae NV and P s. pv. sy-
ringae 61 grouped together, and were clustered with the P s.
pY. gfycinea race 4 sequence outside the P s. pv. tomato
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DC3000 lineage. The nucleotide sequences of the Erwinia
(hrpN) and P solanacearum (popA) harpin encoding genes
were not useful as outgroups for phylogenetic analysis, as a
result of their low degree of sequence homology with the P
syringae hrpZ genes (He, 1996; Mukherjee et al., 1997).

Subeloning of the P s. pv. syringae NV hrpZ gene into
pMAL-c2

Directional subclaning of the P s. pv. syringae NV hrpZ
gene from the pGEM-T vector into the pMAL-c2 vector was
performed using the EcoRI site incorporated in primer
MAPfl and the SalI site in pGEM-T, and the EcoRI and Sal!
sites of pMAL-c2. EcoRI was chosen for the 5' restriction
reaction, as this would minimize the number of residual
amino acids linked to the N-terminal of the recombinant Ps.
pv. syringae NV HrpZ protein after cleavage of the fusion
protein with factor Xa. The pGEM-T Sal! site was preferred
for the 3' restriction reaction as it yielded more consistent re-
sults than the XbaI site incorporated in the 5' end of primer
MAPrl (results not shown).

Of all the clones sequenced, only plasmids pGNV8,
pGNVI2, pGNVI3 and pGNVI4 contained the PCR prod-
uct in the orientation meeting the restriction site require-
ments for subclaning of the hrpZ ORF into pMAL-c2. Of
these, pGNV13 and pGNVI4 lacked the correct hrpZ stop
codon and were thus not suitable for protein expression.
Both the remaining plasmids, pGNV8 and pGNVI2,
showed differences with the consensus P s. pv. syringae hrpZ
sequence at three positions. These were a G for an A (at posi-
tion 260 for pGNV8 and position 275 for pGNV 12), a C for
a T at position 1,023 and a G for an A in position 1,026. As
explained earlier, the latter two substitutions were the result
of the Ps. pv. syringae 61 based primer MAPr 1.

pGNV8 and pGNVI2 were used for subclaning into
pMAL-c2. Sequencing of plasmid DNA isolated from suc-
cessful E. coli TB I rransformanrs confirmed that rwo recom-
binant plasmids, pMNV I and pMNV2, were generated in
the subclaning process. Both of these plasmids contained the
1,032 strain NV hrpZORF in pMAL-c2 in the same reading
frame as the maltose binding protein (MBP) encoding gene
(rna/E). As expected, the subeloned NV hrpZ ORFs in
pMNV I and pMNV2 were identical to each other and to the
consensus NV hrpZ sequence, except for the abovementioned
substitutions.

Translation of the hrpZ ORFs in pMNV I and pMNV2,
using the programme DAPSA version 4.02, confirmed that
each of these plasmids encoded a 343-amino acid HrpZ pro-
tein. Compared to the amino acid sequence derived from the
consensus nucleotide sequence of the P s. pv. syringae NV
hrpZ ORF, the nucleotide substitutions in pM NV I and
pMNV2 would both result in only one conservative substitu-
tion of arginine (AGG) for lysine (AAG), in positions 87 and
92 in the recombinant harpins expressed by E. coli
TBI(pMNVI) and (pMNV2) respectively (Fig. I). The sub-
stitutions introduced via primer MArr I in pGNV8 and
pGNV 12 were silent, and the amino acid sequences of the re-
combinant proteins were identical to that of the consensus
sequence in the 3' terminal region.
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Fig.l: Predicted amino acid sequence of the P. s. pv. syringae NV HrpZ protein (Pss NV), aligned to the sequences of the P. s. pv. syringae 61
(Pss61), P. s. pv. glycinea race 4 (Psg) and P. s. pv. tomato DC3000 (Pst) HrpZ proteins. Conservative amino acid substitutions between the
proteins of P. s. pv. syringae NV and P. s. pv. syringae 61 are indicated in boldface in the latter sequence. The N-terminal tetrapeptide ISEE
indicated in brackets in the PssNV sequence, is not encoded by the bacterium's hrpZ gene. It is a residual peptide which forms part of the
purified recombinant harpins after cleavage of the MBP-harpin fusion proteins expressed in E. coli TB I (pM NV I) and E. coli TB I
(pMNV2) with factor Xa. The positions of the lysine to arginine mutations encoded in recombinant plasm ids pM NV I and pMNV2 are
marked with «I» and «2» above the PssNV sequence. The boxes indicate the three groups of amino acid repeats implicated in the activity of
the P. s. pv. syringae61 HrpZ protein (He et aI., 1993; Alfano et aI., 1996).

P: ~. pv. syringae NV9.8 in Fig. 3. Induction with IPTG led to the expression of a
large amount of protein of approximately 73 Ku, as calculated
from the electrophoretic mobility of molecular mass marker
proteins. This corresponded well with the theoretical molec-
ular mass of the MBP-harpin fusion protein of 77.4 Ku
(42.7 Ku + 34.7 Ku). This protein was effectively released
from the cells by sonication and collected in the «crude cellu-
lar extract », from which it was purified by affinity chroma-
tography on an amylose column (Fig. 4). In addition to the
73 Ku fusion protein, a number of smaller proteins (46-60
Ku) were detected in the fractions eluted with maltose from
the amylose column (Fig. 3). These were believed to corre-
spond to incomplete translation products of malE-hrpZ
transcripts.

Cleavage with factor Xa yielded rwo major protein bands,
of approximately 43 and 35 Ku respectively (Fig. 3). These
values correlated with the theoretical molecular masses of the
MBP and the recombinant harpin (rHrpZPnNY)' The rwo

9.7 (100)

'-- __ _:..;II-'-..4:..._ P: .•. pv. giycinca race 4

P s. PY. syringae 61

21.7
'---------=-:-'-'----------p s. pv. lomalo DC3000

1.0

Fig.2: Neighbour-joining phylogenetic tree derived from Pseudomo-
nas syringae hrpZ nucleotide sequences. Horizontal distances are
proportional to phylogenetic distances expressed in substitutions per
100 sites. Vertical separations are for clarity only. The root-contain-
ing branch is arbitrarily divided into two parts. Bootstrap values are
indicated in brackets were applicable.

Expression, purification and partial characterization of
recombinant P. s. pv. syringae NV HrpZ proteins

The protein profiles of E. coli (pMNV 1) before and after
addition of isopropyl-f3-D-thiogalaccoside (IPTG) are shown
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Fig.3: Protein profiles on 8 % 50S-PAGE of E. coli TB I (pMNV I)
fractions collected during the expression and purification of recom-
binant Ps. pv. syringae NV HrpZ protein. Lanes I and 10, «Rain-
bow» molecular mass marker proteins (Amersham); lane 2, un-
induced cells; lane 3, cells after induction with IPTG; lane 4, insolu-
ble proteins after sonication; lane 5, fusion protein containing
«crude cell extract»; lane 6, fractions eluted from the amylose col-
umn with maltose (compare with Fig. 4); lane 7, reaction products
of cleavage wirh facror Xa; lane 8, MBP comaining supernatant of
(NH4hS04 precipitation; lane 9, purified recombinam harpin. Mo-
lecular masses of «Rainbow Marker» protein standards are given in
kOa. Identical protein profiles were obtained for corresponding
fractions using E. coliTB I (pMNV2).
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Fig.4: Typical chromarogram obtained for rhe resolution of E. coli
TB I (pMNV I) «crude cellular extract" on an amylose column. The
column was equilibrated in column buffer (10 mrnol l.-I Tris-HCI
pH 7.1. 0.2 mol· L -I NaCI, I rnrnol . L -I EOTA, I mrnol . L-1

PMSF). 45 mL «crude cellular extract" was diluted I: I in column
buffer ro a protein concentration of 2.7 mg· rn l. I. and loaded on
the column at a flow speed of I mL· min-I The column was washed
with 270mL (18 column volumes) column buffer (introduced ro the
column at A). Fusion protein was subsequently eluted with 60 mL
column buffer, supplemented with 10 mmol/L maltose (introduced
ro the column at B). 15 fractions of 2 mL each, followed by 5 frac-
tions of 3 mL each were collected and pooled for subsequent cleav-
age of the fusion proreins. The column was regenerated by washing
with 30 mL distilled water (introduced [0 the column at C), fol-
lowed by 90 mL 0.1 % SOS, 90 mL distilled Water and 60 mL col-
umn buffer. The protein coment of the column eluate was moni-
cored specrrophorornerricaily at 280 nm. Numbered peaks corre-
spond [0: soluble cytoplasmic proteins (excluding M BP fusions)
contained in the E. coli TB I (pMNV I) «crude cellular extract» (1);
MBP fusion proteins (2; compare ro lane 6 in Fig. 3) and mal rose
(3). Similar results were obtained for the chromarography of the E.
coliTB I (pMNV2) «crude cellular extract».
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malE ..
MBP ..

ATe GAG GGA AGGjATT TeA GAA nc ATG CAG AGT
lie Glu Gly Arg Ille Ser Glu Phe I Met Gin Ser

RESIDUAL PEPTIDE t
Factor Xa Start HrpZ

cleavage site

... hrpZ

... HrpZ

Fig. 5: Cleavage site for facror Xa in plasm ids pMNV I and
pMNV2. Nucleondes and amino acids contributed by the vector
pMAL-c2 in pMNV 1 and pMNV2 are indicated in normal type-
script and those corresponding ro the 5' region of the cloned EcoRI-
Sal! P. s. pv. syringae NV hrpZ containing insert in boldface.

proteins were separated successfully from each other by
(NH4hS04 precipitation, leaving the MBP in the superna-
tant and the rHrpZpssNv in the pellet. The identity of the
43 Ku band as MBP was supported by the presence of a band
of identical mobiliry on SOS-PAGE in a purified preparation
of MBP from New England Biolabs (result not shown).

SOS-PAGE of the supernatants and pellets obtained after
heat-treatment of the fusion proteins and purified recombi-
nant harpins revealed that the purified recombinant harpins
displayed the expected hear-stability, The purified fusion pro-
teins were, however, not heat-stable (results not shown).

Due to rhe construction of the pMAL-c2 multiple cloning
site, cleavage of the MBP-HrpZ fusion protein with laetor Xa
would theoretically result in a residual tetrapeptide, He-Ser-
Glu-Phe, at the N-terminal of the purified rHrpZ"ssNV (Fig.
5). Taking this into account, the molecular masses of the re-
combinant harpiris purified from E. coli TB I (pM NV I) and
(pMNV2) were calculated [Q be 35,223 u (34.746.5 u +
476.5 u for the residual peptide). These masses were con-
firmed by ES-MS (results not shown), indicating that the
recombinant harp ins that were purified corresponded [Q the
protein products of the P s. pV. syringae NV hrpZ gene con-
tained in pM NV I and pMNV2.

Biological activity of MBP-HrpZ fitsion proteins and the
purified, recombinant P s. pv. syringae NV HrpZ proteins

The biological activity of the MBP-HrpZ fusion protein
and the purified, recombinant P s. pv. syringae NV HrpZ
protein was assessed by their abiliry [Q elicit the HR in to-
bacco plants (Klement, 1%3, 1982; Klement et al., 1964).
Both the recombinant proteins purified from E. coli TB 1
(pMNVI) and (pMNV2) displayed a positive HR at concen-
trations higher than 20 urnol . L -I. The H R was characterized
by watersaaking of the infiltrated region within 12 - 24 hafter
injection. Confluent necrosis of approximately 50 % of the
infiltrated area subsequently appeared within 48 h (Fig. 6 A).
This correlated with the results obtained by Preston et al.
(1995) for the biological activity of recombinant and narive
HrpZ proteins of Ps. pv. syringae 61, Ps. pv. glycinea race 4
and Ps. pv. tomato OC3000, and resembled the rype [[ HR
described by Alfano et al. (1996). Heat treatment of recombi-
nant harpins did not affect their HR eliciting abiliry (results
nor shown).

At concentrations of (he recombinant harpins lower than
20 umol- L-I, shown in Fig. 6 B, watersaaking was limited to
a small area surrounding the point of infiltration and ap-
peared within 24 h. Infilrrared regions became chlorotic
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Fig.6: HR phenotypes of recombinant harpiris and MBP-HrpZ fu-
sion proteins purified from E. coliTBI (pMNVI) in tobacco. Buf-
fers that were used for protein preparation and infiltrated as controls
are: A 1. buffer I (60 mmol/L MES + 0.6 mmol/L PMSF); B I, buf-
fer 2 (10 mmol/L MES pH 5.5 + 0.1 mmol/L PMSF); B2, buffer 3:
30 mrnol/L MES pH 5.5 + 0.3 rnrnol/L PMSF. Protein preparations
are: A2, purified recombinant harpin (36 umol/L, in buffer 1); B3.
MBP-HrpZ fusion protein (6 urnol/L) in buffer 2; B4, MBP-HrpZ
fusion protein (24 urnol/L) in buffer 3; B5. purified recombinant
harpin (2.5 urnol/L) in buffer 2; B6. purified recombinant harpin
(16 umol/L) in buffer 3. Results were phorographed 5 days after in-
filtration. Similar results were obtained for proteins from E. coli
TB 1 (pMNV2).

within 48 h and the limited watersoaked areas only appeared
necrotic after 72 h. Chlorosis remained limited to the infil-
trated area, This response resembled the HR symptoms ob-
served with dilute suspensions « I06 cells· ml -I) of phyto-
pathogenic bacteria infiltrated into non-host plants (Klement
and Goodman, 1967; Turner and Novack)'. 1974; l.urnrnerz-
heim et al., 1993). and was markedly different tO the symp-
toms obtained with comrol buffers. Similar HR symptoms
were obtained with MBP-HrpZ fusion proteins isolated from
E. coli TB I (pMNVI) and (pMNV2). infiltrated at concen-
trations of 2.5 - 24 urnol L-I (Fig. 6 B).

Discussion

In this stud)', a segment of the hrpAZB operon of Pseudo-
monas syringae parhovar JJringae NV was amplified, cloned
and sequenced. The complete harpin elicitor encoding gene
(hrpZI'HNv) was subsequently identified and compared to the
corresponding gene of related P. syringae parhovars and
strains. The NV hrpZ gene was then subcloned into the
pMAl-c2 s)'stem, from which biologically active recombi-
nant HrpZ protein was purified.

To our knowledge, this study is the first to compare the
hrpZ nucleotide and HrpZ amino acid sequences of different
strains of the same parhovar of a phytopathogenic bacterium.
A phylogenetic analysis of the three known P syringae hrpZ
sequences. and the sequence obtained in this study. con-
firmed the phylogenetic relationship between P. syringae pa-
thovars and strains inferred previously from total DNA-DNA
hybridization data (Pecknold and Grogan. 1973). The degree

of sequence identity between the two P. s. pv. syringae hrpZ
genes fell within the range of 95-100 %. reported by Peck-
nold and Grogan (1973) for total DNA homology between P.
s. pv. syringae strains. However, the sequence identity of the
pv. g/ycinea (79 %) and pv. tomato (66-68 %) hrpZ genes
with the pv. syringae sequences exceeded the homology limits
(60-66 % and 58 % respectively) reported by Pecknold and
Grogan for total DNA homology between these pathovars
and apv. syringae reference strain (Pecknold and Grogan,
1973). The best comparative sequence data for other hrp loci
from P. syringae pathovars are available for hrpA, hrpB (Pres-
ton et al., 1995) and hrpl. (Mansfield, et al., 1994; Xiao et al.,
1994; liang and Jones, 1995; Cournoyer et al., 1996). Of
these, hrpB and hrpL follow the same trend as hrpZ. being
more homologous between parhovars than expected from val-
ues reported by Pecknold and Grogan (1973). These findings
support the concept that hrp genes occur within «pathogeni-
city islands» and are hence more highly conserved (Alfano
and Collmer, 1996).

like all the other characterized hrp encoded and secreted
elicitor proteins, the newly identified P. s. pv. syringae NV
HrpZ protein also proved to be rich in glycine, devoid of cys-
teine and lacking an N-terminal signal peptide. Extensive
analysis of the structure of the P. s. pv. syringae 61 HrpZ pro-
tein by He et al. (1993) and Alfano et al. (1996) has led,
amongst others, to the identification of three sets of identical
repeated sequences. One set, LAKSM, was identified in the
N-terminal portion of the protein, whilst the other two,
GGGlGTP and QTGT, reside closer to the C-terminal.
Comparison of the predicted HrpZ sequences of P. s. pv. sy-
ringae NV, P. s. pv. syringae 61, P. s. pv. g/yci nea race 4 and P. s.
pv. tomato DC3000 (Fig. I) shows both of the GGGlGTP
repeats to be extremely well-conserved in all four pathogens,
with only one conservative substitution (serine for threonine)
in the first of these repeats in the P. s. pv. g/ycinca race 4 and
P. s. pv. tomato DC3000 proteins (Preston et al., 1995). Mu-
tations in the other two sets of repeats are, however, much
more abundant among the four pathogens.

In conclusion, we have recovered from the South African
srone fruit pathogen biologically active recombinant harp in
protein. This has provided us with a useful tool In our investi-
gations of the resistance mechanisms induced in srone fruits.

Acknowledgements

The authors wish to thank Fritz Tiedt (Dcpartrncnr of Biochem-
istry. Universiry of Stellenbosch) for the production of photographs,
and Thinus van der Merwe (University of Stellenbosch core ES-MS
Facility) and Carel van Heerden (Universiry of Stellenbosch core
DNA Sequencing Faciliry) for their expen technical contributions.
Prof. Eric Harley (Departmenr of Chemical Pathology, University of
Cape Town) is thanked for his assistance with the phylogenetic anal-
ysis. Financial suppon from the South African Foundation of Re-
search and Development (FRO). the University of Stellenbosch and
ARC-Infruitec, is gratefully acknowledged.

References

ALFANO,J. R., D. W. BAUER.T M. MILOS.and A. COU.MER:Analy-
sis of the role of rhe Pseudomonas syringae pv. '-yr/rlga£' H rpI': har-

Stellenbosch University http://scholar.sun.ac.za



pin in elicitation of the hypersensitive response in tobacco using
functionally non-polar hrpZ deletion mutations, truncated HrpZ
fragments, and hrmA mutations. Mol. Microbiol. 19, 715-728
(1996).

ALFANO, J. R. and A. COLLMER: Bacterial pathogens of plants: Life
up against the wall. Plant Cell 8, 1684-1698 (1996).

ApPEL, M.: Investigations into the production of a harpin elicitor by
Pseudomonas syringae pv. syringae isolated from a nectarine tree.
M. Sc. thesis, Universiry of Stellenbosch (1996).

ARLAT, M., F. VANGljSEGEM, J. C. HUET, J. C. PERNOLLET, and C.
A. BOUCHER: PopA I, a protein that induces a hypersensitive-like
response on specific Petunia genotypes, is secreted via the H rp
pathway of Pseudomonas solanacearum. EMBO J. 13, 543-553
(1994).

BAUER, D. W., A. J. BOGDANOVE, S. V. BEER, and A. COLLMER: Er-
winia chrysamthemi hrp genes and their involvement in soft rot
pathogenesis and elicitation of the hypersensitive response. Mol.
Plant-Microbe Interact. 7. 573-581 (1994).

BAUER, D. W., Z. M. WEI, S. V. BEER, and A. COLLMER: Erwinia
chrysanthemi harpinEch: an elicitor of the hypersensitive response
that contributes to soft-rot pathogenesis. Mol. Plant-Microbe In-
teract. 8,484-491 (1995).

BONAS, U.: Hrp genes of phytopathogenic bacteria. In: DANGL, J. L.
(ed.): Curr. Top. Microbiol. Irnrnunol. 192: Bacterial pathogene-
sis of plant and animals - molecular and cellular mechanisms, pp.
79 - 98. Springer-Verlag, Berlin - Heidelberg - New York (1994).

BRADFORD, M. M.: A rapid and sensitive method for the quanrita-
tion of microgram quantities of protein using the principle of
protein-dye binding. Anal. Biochem. 72,248-254 (1976).

COURNOYER, B., D. ARNOLD, R. JACKSON, and A. VIVIAN: Phyloge-
netic evidence for a diversification of Pseudomonas syringae parho-
var pisi race 4 isolates into rwo distinct lineages. Phytopathology
86, 1051-1056 (1996).

CUI, Y., L. MADI, A. MUKHERJEE, C. KORSI DUMENYO, and A. K.
CHATTERJEE: The RsmA - mutants of Erwinia caratouora subsp.
caratouora strain Ecc71 overexpress hrpNt;·, and elicit a hypersen-
sitive reaction-like response in tobacco leaves. Mol. Plant-Mi-
crobe Interact. 9.565-573 (1996).

GOODWIN, D. C. and S. B. LEE: Microwave miniprep of total geno-
mic DNA from fungi. plants, protists and animals for PCR. Bio-
techniques 15.438-444 (1993).

HATTINGH, M. J., I. M. M. Roos, and E. L. MANSVELT: Infection
and systemic invasion of deciduous fruit trees by Pseudomonas sy-
ringae in South Africa. Plant Disease 73, 784 -789 (1989).

HE, S. Y.: Elicitation of plant hypersensitive response by bacteria.
Plant Physiol. 112.865-869 (1996).

HE, S. Y, H. C. HUANG. and A. COLLMER: Pseudomonas syringae pv.
syringae harpinpss: a protein thar is secreted via the hrp pathway
and elicits the hypersensitive response in plants. Cell 73. 1255-
1266 (1993).

KING, E.O., M. K. WARD, and D. E. RANEY:Two simple media for
the demonstration of pyocyanin and fluorescein. J. Lab. Clin.
Med. 44,301-307 (1954).

KLEMENT, Z.: Rapid detection of the pathogenicity of phytopatho-
genic pseudomonads. Nature 199.299-300 (1963).

- Hypersensitivity. In: MOUNT, M. S. and G. H. LACY (eds.):
Phytopathogenic prokaryores, vol. 2, pp. 149-177. Academic
Press, New York (1982).

KLEMENT, Z., G. L. FARKAS,and L. LOVREKOVICH: Hypersensitive
reaction induced by phytopathogenic bacteria in the tobacco leaf.
Phytopathology 54. 474-477 (1964).

83

Pseudomonas syringae pv. syringae NV Harpin Encoding Gene 497

KLEMENT, Z. and R. N. GOODMAN: The hypersensirive reaction to
infection by bacterial plant pathogens. Annu. Rev. Phyroparhol,
5.17-44 (1967).

LAEMMLI, U. K.: Cleavage of structural proteins during the assembly
of the head of bacteriophage T. Nature 227. 680-685 (1970).

LIANG, L. Z. and A. L. JONES: Organization of the hrp gene cluster
and nucleotide sequence of the hrpL gene from Pseudomonas sy-
ringae pv. morspronorum. Phytopathology 85, 118-123 (1995).

LINDGREN, P. B., R. C. PEET, and N. J. PANOPOULOS: Gene cluster
of Pseudomonas syringae pv. «phaseolicola» controls pathogenicity
on bean and hypersensitiviry on non-host plants. J. Bacreriol.
168.512-522 (1986).

LUMMERZHEIM, M., D. DE OLIVEIRA, C. CASTRESANA, F. C. MI-
GUENS, E. LOUZADA, D. ROBY, M. VANMONTAGU, and B. TIM-
MERMANN: Identification of compatible and incompatible inter-
actions berween Arabidapsis thaliana and Xanthomonas campestris
pv. campestris and characterization of the hypersensitive response.
Mol. Plant-Microbe Interact. 5. 532-544 (1993).

MANSFIELD, J., C. JENNER, R. HOCKENHULL, M. A. BENNET, and R.
STEWART: Characterization of avrPphE, a gene for culrivar-spe-
cific avirulence from Pseudomonas syringae pv. phaseolicola which
is physically linked to hrp Y, a new hrp gene identified in the halo-
blight bacterium. Mol. Plant-Microbe Interact. 7. 726-739
(1994).

MUKHERJEE, A., Y CUI, Y LIU, and A. K. CHATTERJEE: Molecular
characterization and expression of the Enoinia caratouora hrpN£rc
gene, which encodes an elicitor of the hypersensitive reaction.
Mol. Plant-Microbe Interact. 10.462-471 (1997).

PECKNOLD, P. C. and R. C. GROGAN: Deoxyribonucleic acid homo-
logy groups among phytopathogenic Pseudomonas species. Intl. J.
Syst. Bacteriol. 23, 111-121 (1973).

PRESTON, G., H. C. HUANG. S. Y HE, and A. COLLMER: The HrpZ
proteins of Pseudomonas syringae pvs. syringae. g/ycinea. and to-
mato are encoded by an operon containing Yersinia yse homologs
and elicit the hypersensitive response in tomato but not soybean.
Mol. Plant-Microbe Interact. 8.717-732 (1995).

Roos, I. M. M. and M. J. HArnNGH: Pathogenicity and numerical
analysis of phenorypic features of Pseudomonas syringae strains
isolated from deciduous fruit trees. Phytopathology 71. 900-908
(1987).

SAlTOU, N. and M. NEl: The neighbor-joining method: a new
method for reconstructing phylogenetic [fees. Mol. BioI. Evol. 4.
406-425 (1987).

SAMBROOK,J., E. F. FRITSCH, and T. MANIATIS: Molecular cloning.
A Laboratory Manual. 2nd cd. Cold Spring Harbor Laboratory,
Cold Spring Harbor NY (1989).

STROBEL, N. E., C. Jl. S. GOPALAN, J. A. Kuc, and S. Y. HE: Induc-
tion of systemic acquired resistance in cucumber by Pseudomonas
syringae pv. syringae 61 HrpZ"" protein. Plant J. 9. 431-439
(1996).

TURNER, J. G. and A. NOVACKY:The quantitative relation between
plant and bacterial cells involved in the hypersensitive reaction.
Phytopathology 64. 885-890 (1974).

XIAO, Y., S. HEU, J. Yl, Y. Lu, and S. W. HUTCHESON: Identification
of a putative alternate sigma factor and characterization of a mul-
ricornponenr regulatory cascade controlling the expression of
Pseudomonas syringae pv. syringae Pss61 hrp and hrmA genes. J.
Bacreriol, 176, 1025-1036 (1994).

WEI, Z. M., R. J. LABY,C. H. ZUMOFF, D. W. BAUER, S. Y HE, A.
COLLMER, and S. V. BEER: Harpin, elicitor of the hypersensitive
response produced by the plant pathogen Enoinia amylouora. Sci-
ence 257. 85-88 (1992).

Stellenbosch University http://scholar.sun.ac.za



84

CHAPTER 4

DIFFERENTIAL DISPLA Y OF EUKARYOTIC mRNA:

THE TECHNOLOGY CHOSEN FOR THE IDENTIFICATION

OF PLANT GENES INVOLVED IN INTERACTIONS

BETWEEN PSEUDOMONAS SYRINGAE PV. SYRINGAE

AND STONE FRUIT TREES

4.1 INTRODUCTION

The first part of this study was dedicated to cloning of the harpin encoding gene of the

bacterial canker pathogen, Pseudomonas syringae pv. syringae NV. In the second part,

the emphasis was shifted to the responses elicited by this pathogen and its harpin elicitor

protein in a stone fruit host. For such investigations, a technique for the analysis of

differential gene expression in plants had to be employed. The differential display (DO)

technique of Liang and Pardee (1992) was identified as the most suitable for these

investigations, for reasons that are outlined in section 4.2. The paper included in section

4.3 comprises an extensive review of the principles of this technology, criticisms against it

and modifications aimed at extending its usefulness, and serves as a background for the

experimental work presented in Chapter 5.

4.2 WHY DIFFERENTIAL DISPLAY?

Higher organisms contain thousands of genes of which only a small fraction is expressed

in any individual cell/tissue at a given time. The choice of which ones are expressed is

determined by genetic, environmental and/or experimentally induced variation and

underlies development, differentiation, maintenance, responses to endogenous and

exogenous stimuli, aging and programmed cell death (Liang and Pardee 1992, Wan et al.

1996, Hansen and Harper 1997). The approach followed in an investigation of any of

these processes is determined by whether the focus will be on expression patterns of

selected genes known to participate in the process, or whether differentially expressed

genes involved in the process are to be identified without any prior information of such

genes.
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The second part of the current study, presented in Chapter 5, was aimed at the

identification of genes that are induced in a stone fruit host of P. s. pv. syringae in

response to challenge with the bacterium and/or its harpin elicitor. In a previous study

conducted in our laboratory, colorimetric assays for two families of pathogenesis-related

proteins (chitinases and P-1,3-glucanases; see section 2.3.3.4) were employed

successfully to show temporal differences in the induction of these proteins in potato

cultivars exhibiting different degrees of resistance to the dry rot fungus, Fusarium so/ani

(Appel et al. 1994, Ries et al. 1994, Appel et al. 1995). Although these assays were

applicable to the current study, differential display (DO; Liang and Pardee 1992) was

identified as the technology of choice for the task at hand, for the following reasons:

a. None of the studies on the induction of plant defense genes by P. syringae pathovars,

and/or recombinant harpin proteins published up to 1997 had been performed with

stone fruit trees. A technique capable of making a broad-scale survey of gene

expression patterns, without any prior information of the genes that are differentially

expressed between different experimental conditions, thus seemed to be the most

appropriate for the current study. (Our colorimetric assays would allow an analysis of

only a fraction of the genes potentially induced in the P. s. pv. syringae-stone fruit

interaction.)

b. The responses of two cultivars of Prunus sa/icina to four different treatments were to

be compared in the current study (see section 5.3). It would have been extremely

cumbersome, or even impossible (Wan et al. 1996)" to perform such a complex

analysis using other established techniques for the assessment of differential gene

expression, such as two-dimensional polyacrylamide gel electrophoresis (2-D PAGE;

see Bauwand Van Montagu 1997), or differential or subtractive hybridization methods

(see Sargent 1987)*.

c. Although our research team did not have any expertise in DO, all of the technologies

* A technique that is in principle related to DO, RNA fingerprinting by arbitrarily-primed peR (RAP-PCR)
was also introduced in 1992. Although the inventors of this technique proposed it to be more useful than DO
(Welsh et al. 1992, McClelland and Welsh 1995), the literature showed that DO had become the method of
choice for differential mRNA expression analysis (see section 4.3.3).

DNA array technology (Lockhardt et al. 1996, Marshall and Hodgson 1998, Ramsay 1998) was introduced
in the middle nineties as a radically new alternative for differential gene expression analysis. Being capable
of the simultaneous identification of large numbers of differentially expressed genes through the
immobliziation of known sequences on silicone chips, it is more powerful than any of its predecessors.
Highly specialized computer technology is, however, required to interpret the results of these hybridization
experiments. By 1998, the use of this technology was in its infancy in South Africa, and is only now (2001)
being established for routine use.
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on which it is based (PCR, PAGE and recombinant DNA technology) were either

established in our laboratory or were accessible to us.

The events leading to the author's visit to the University of Tennessee during 1997-1998

to gain expertise in DO for the purpose of establishing this technology in our laboratory,

were outlined in Chapter 1. The review paper on DO technology published during this visit

is included in the next section.

4.3 DIFFERENTIAL DISPLAY OF EUKARYOTIC mRNA: MEETING THE DEMANDS

OF THE NEW MILLENNIUM?

4.3.1 Contributions of co-authors

The author of this dissertation conducted all the research for the review paper included in

this section, compiled the manuscript and performed the DD analyses aimed at identifying

genes that are differentially expressed in supernodulation mutants of soybean.

The contribution of each of the co-authors were as follows:

a. Prof Dirk U. Bellstedt is an associate professor of Biochemistry at the University of

Stellenbosch, and the promoter of this dissertation. For the purpose of establishing DO

technology in his laboratory for this and future studies, he negotiated the author's

research visit to the Prof. Gresshoff's laboratory and provided financial support for this

visit.

b. Prof Peter M. Gresshotr held the Racheff Chair for Plant Molecular Genetics in the

Institute of Agriculture and Center for Legume Research at the University of

Tennessee (Knoxville, Tennessee, USA) from 1989-1999. He offered the author the

opportunity to gain expertise in DO in his laboratory, against the background of his

research team's extensive experience in other arbitrarily-primed PCR technologies. He

initiated the writing of the review paper, constructed Figs. 1 and 2 and co-authored the

final text of the conclusion.

Minor revisions of the original text suggested by the co-authors were incorporated in the

final manuscript.

* Currently Head of the School of Life Sciences and Director of the Center for Molecular Plant Sciences,
University of Queensland, Brisbane, Australia.
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4.3.2 Errata

The published review paper contains three errors:

a. "... the 0.2 mg total RNA typically used ..." should read 0.2 !lg (p. 564).

b. Clin front of "... <lock-docking> ..." should be removed (Table 1 on p. 566).

c. The following publication cited in the text (p. 567) was omitted from the list of

references in the published paper:

MEN, A.E. and P.M. GRESSHOFF: Efficient cloning of OAF polymorphic markers from silver

stained polyacrylamide gels. BioTechniques 24, 593-595 (1998).
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Summary

Differential display of eukaryotic mRNA (DO) was introduced in 1992 as a powerful new method for
the identification and cloning of differentially expressed eukaryoric genes. Compared to existing methods,
DO was technically simple and fast, and offered superior sensitivity and information generation capabil-
ities. It quickly found wide-ranging application in many areas of biology. Ever since, many modifications
have been suggested to deal with the criticisms inherent to the design of the technique. The majority of
these proposed improved primer designs, which would facilitate the detection of rare mRNAs and elimi-
nate false positives. Others sought to simplify the process through which DO results are verified. Even
though molecular genetics and biology are in the process of being revolutionized by DNA array technol-
ogy, DO remains a merited companion for the molecular biologist of the new millennium.

Key words: Gene expression, third world, technoLogy transfer, plant genomics, arbitrary peR, mRNA.

Introduction

Researchers in many areas of biology, such as cancer
research, developmental biology, pathology and plant phys-
iology, have been pursuing the identification and isolation of
eukaryotic genes that are differentially expressed in cells/tis-
sues as a result of genetic, environmental and/or experimen-
tally induced variation. Up to the early nineties, the meth-
odologies available to this end, such as differential and sub-
tractive hybridization (Sargent, 1987), were cumbersome and
yielded limited information. In 1992, Liang and Pardee
introduced a powerful new technique, called differential dis-
play of eukaryotic mRNA (Liang and Pardee, 1992) (DO;
also referred to as «differential display reverse transcription
PCR» or DDRT-PCR; Bauer et aI., 1993). Although a multi-
step process, DO was based on simple, widely-accessible and
established techniques, such as arbitrarily-primed PCR, poly-
acrylamide gel electrophoresis (PAGE), recombinant DNA

• Correspondence (e-mail: pgresshoff@soybean.ag.utk.edu)

technology and Northern hybridization (see Fig. 1). Further-
more, it offered unprecedented sensitivity, reproducibility
and speed, as well as the possibility to compare multiple con-
ditions simultaneously (Liang and Pardee, 1992). A different,
but related strategy, named RNA fingerprinting by arbitrarily
primed PCR or RAP (Welsh et aI., 1992) was introduced
shortly after Liang and Pardee's strategy. However, DO
quickly became the preferred method for the identification
and cloning of differentially expressed genes; a fact that was
reflected by a 1996 Medline database search (GenHunter
Corp. 1997). Yet, criticisms inherent to the design of DO
have repeatedly been raised, and many modifications aimed
at extending the usefulness of the technique have been sug-
gested over the past seven years (Wan et aI., 1996). Some of
these modifications were discussed in an early review by
Liang and Pardee (Liang and Pardee, 1995), but many others
have appeared ever since.

We are on the threshold of a new millennium, and molec-
ular genetics and biology is being revolutionized by fast
emerging DNA array technology (reviewed in a recent issue

0176-1617/99/154/561 $ 12.00/0
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Totoi<' or poly A RNAfrom sources to be compared

Treatment with DNAase to remove contaminating DNA

Reverse transcription (RT) with dlflerently anchored ollgo-dl
prirners> to create subpopulatlons of cONAs

For each subpopulatlon of cONAs: PCI!<'with ollgo-dl primer
used for RT,In combination with different arbitrary primers, and

In the presence of a labeled deoxynucleatlde

sepcrcnon of amplification products on a PAGEgel

Autoradiography and Identification of candidate bands
from 3' portions of differentially expressed genes

" Isolation and re-amplification of the candidate bands

Claning Into a suitable vector for replication In E.coli

Fig_ I: The overall strategy of mRNA differential display. a. Total
RNA has become the preferred substrate for DD PCR (Liang et al.,
1993). b. The following oligo-dT primer combinations are com-
monly used: (i) 12 two-base anchored primers (TnMN, where M =
dA/dC/dG and N = dA/dC/dG/dT) (Liang and Pardee, 1992), (ii)
4 degenerare two-base anchored primers (TnVN, where V = an
equimolar mix of dA, dC and dG; Liang et al., 1993), or (iii) 30ne-
base anchored primers (TnM) (Liang et al.. 1994). n = 9 [012, and
5' restriction sites have been incorporated to enhance specificity and
facilitate the cloning of amplification products (Liang et al., 1994).
c. The RAP strategy (Welsh et al., 1992) differs from DD in two
respects: only one arbitrary primer (18- to 20-mer) is used for both
cDNA synthesis and amplification, and reverse transcription is fol-
lowed by a PCR using a few initial low-stringency cycles. During
these cycles, second cDNA strands are synthesized by extension of the
same arbitrary primer at adequately matched sites on the first strands.
The resulting products, tagged with the arbitrary primer at both ends,
are amplified specifically during subsequenr high-stringency cycles.

of Nature Biotechnology (Ramsay, 1998; Marshall and
Hodgson, 1998). This prompted LISto evaluate the current
status of DO and its merit as a partner in gene analysis and
discovery in the new millennium.

The principles of differentiaL dispLay
The principles of DO have been described extensively

(Liang and Pardee, 1995) and are outlined in Fig. I. In a mul-
ti-step process such as this, it is evident that the eventual re-
sult (i.e. the verification that a cloned band truly represents a
differentially expressed mRNA species) depends on the sue-
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cessful execution of each consecutive step, as this determines
the quality of the starting material for the next step. Success
with DD thus resides in the abiliry to obtain intact, DNA-
free RNA, and to convert this to amplification products rep-
resentative of the gene expression pattern in each of the sour-
ces to be compared. In our opinion, a sound knowledge and
understanding of the biochemical and physical principles gov-
erning each individual technique in this process goes a long
way towards the successful application of DD.

Ir is important to understand that the generation of ampli-
fication products during DD is based on the principles of ar-
bitrarily-primed PCR (Welsh and McClelland, 1990) rather
than that of «classical» (i.e. specific) PCR (Mullis and Fa-
loona, 1987), Although DD differs in its design from arbi-
trary PCR techniques typically used for DNA and RNA fin-
gerprinting (Vogt et al., 1997), DO amplicons are also de-
fined by the stochastic behaviour of short arbitrary primers,
under the specific parameters (cDNA, Mg2+ and deoxynu-
cleotide (dNTP) concentrations, as well as annealing temper-
ature) employed in DD (Liang and Pardee, 1992; Caetano-
Anollés et al., 1992).

The design of arbitrary primers for DD has been the subject
of much controversy and discussion. Originally, it was argued
that arbitrary primers should be short, in order to randomly
anneal frequently enough to the 5' ends of cDNA species to
generate amplification products which are representative of
the majority of mRNAs in the cell/tissue, and can be resolved
on a «sequencing» gel (i.e. have different sizes, preferably all
smaller than 500 bp). Theoretically, this was best obtainable
using 6- and 7-mers. On the other hand, these primers should
be long enough to enable specific amplification by PCR when
using Taq polymerase at its optimal temperature (72 ·C). In
the presence of largely decreased dNTP concentrations (typi-
cally around Zumol L -I) used in DD, ID-mer arbitrary prim-
ers were found to meet this criterion (Liang and Pardee, 1992).

In practice, ID-mer arbitrary primers display many more
amplification products than predicted from their theoretical
anneaIin~ probabilities (e.g. one recognition site per 410 or
1.05 X 10 kb for any arbitrary lO-mer sequence; Liang and
Pardee, 1992). This discrepancy is attributed to 5' mismat-
ches in the annealing of arbirrary primers during the low-
stringency PCR (Bauer et al., 1993). Annealing specificity
and the initiation of amplification by Taq polymerase has
been shown to be dependent on the 3 to 6 most 3' nucleo-
tides of arbitrary primers during a DD PCR. Sequencing of
cloned amplification products has confirmed that one to four
mismatches in the remaining 5' bases often occur without
abolishing amplification, leading to observed banding pat-
terns characteristic of shorter arbitrary primers. Similar band-
ing patterns have, however, not been observed consistently
with lO-mers containing identical 3' terminals. This suggests
that the 5' portion of the primer plays an important role in
stabilizing (or destabilizing) the primer-cDNA complex and
explains why longer primers variably display more than the
predicted number of bands (Bauer et al., 1993; Caetano-
Anollés et al., 1992; Galindo et al., 1997).

Longer oligomers (10-15 bp: including or excluding re-
striction endonuclease sites for cloning purposes) have gained
increased popularity as arbitrary primers for DD. These oli-
gonucleotides achieve the amplification specificity of longer
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primers, yer possess the displaying capabilities characteristic
of shorter primers due to 5' mismatching. To increase their
efficiency and specificity, following criteria have been recom-
mended for arbitrary primers: a 50 % GC content, dG or dC
as the preferred most 3' base, and the absence of self-comple-
mentary that can lead to secondary structures (Bauer et al.,
1993; Galindo et al., 1997; Liang et al., 1994; Mou et al.,
1994) (in contrast, mini-hairpin primers have been shown
highly successful in other arbitrary PCR applications (Caeta-
no-Anollés and Gresshoff, 1994).

Criticisms and modifications

The successful application of differenrial display has been
documented extensively (GenHunrer Corp. 1997). Yet, many
researchers have experienced frustration and failure with this
technique (Wan et al., 1996). The four most frequently raised
criticisms, and the most prominent methodological modifica-
tions aimed at addressing each of these complaints, are out-
lined below.

(i) Limited usefulness of information derived from DD

The complaint has been raised thar amplification products
identified as candidate differentially expressed mRNA species
do not usually comprise the complete coding regions of genes
for subsequent cloning and manipulation (Galindo et al.,
1997). Although this is true, and a limitation inherenr to the
design of the technique, the availability of rapidly expanding
sequence databases, combined with advances in bio-inform-
aries, render the information derived from differenrial display
increasingly useful (Wan et al., 1996). The 5'-RACE (rapid
amplification of cDNA ends) technique (Frohman et al.,
1988) also offers the possibility to obtain full-length genes
from differenrially displayed amplification products; this ap-
proach was employed successfully in one of the first reports
using DO for the identification of differentially expressed genes
in plant tissues (Coorrnachrig et al., 1995). To generate useful
information from DO of sea urchin mRNA (which contains
long, untranslared 3' regions), Haag and Raman (1994) suc-
cessfully replaced the oligo-dT primer with a second arbitrary
primer during the DO PCR. This approach presents the pos-
sibility to combine the principles of DO and DNA amplifica-
tion fingerprinting (OAF), which successfully generates multi-
amplicon profiles from complex substrates using short arbi-
trary primers (5- (0 10-mers) under high annealing temper-
atures (up to 60 oe; Caerano-Anollés et al., 1991, 1992) and
promises to extend the usefulness of DO.

(ii) Cumbersome verification of putative positives

The sensitivity and technical simplicity of the initial stages
of the DO process (i.e. up to the production of an autora-
diogram of separated amplification products) are generally
acknowledged. For improved results, minor modifications,
such as the use of flat-bottomed combs (rather than the tradi-
tional «sharksroorh» ones; Galindo et al., 1997) and non-
denaruring gels (as opposed to sequencing gels which typi-
cally contain 7-8 mol· L-1 urea; Bauer et al., 1993), or even
horizontal PAGE (Lohmann et al., 1995), have been sug-
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gested; and caution has been expressed that the sources of
reaction tubes (Chen et al., 1994) and Taq polymerase (Haag
and Raman, 1994) can influence the performance of the DO
PCR. In debates weighing safety considerations against sensi-
tivity, 33p emerged as the label of choice for DO, although
.3)5 and 32p are still being used routinely (Liang and Pardee,
1995). Non-radioactive detection methods, such as silver
staining (Lohmann et al., 1995), or chemiluminescence (An
et al., 1996) have also been proposed. To increase the
throughput of DO, a variety of protocols for the analysis of
DO results by automated sequencing have been developed
(primer design and PCR reaction conditions were specifically
adapted for use with fluorescent labels in these protocols;
Bauer et al., 1993; Ito et al., 1994; Smith et al., 1997; Motlik
et al., 1998). Alternatively, the generation of amplification
products can be accelerated drastically through the use of an
air-rherrnocycler for DO PCR (McKendree et al., 1995).

However, a major criticism remains: the verification of pu-
tative positives obtained by DO is time-consuming and re-
quires large quanrities of RNA (Galindo et al., 1997).
Whereas the initial stages can be completed in a few days, the
cloning of candidate bands to generate DNA for sequencing
and/or probes for the final (and essential) verification by
Northern hybridization is indeed cumbersome. Yet, this part
of the process (also) employs accessible and established mo-
lecular biology techniques (and still beats the efforts required
by alternative, antiquated methods; Wan et al., 1996).

Methodological modifications addressing this issue can be
divided into rwo categories. The first contains protocols for
the generation of sequencing data and probes for Northern
hybridization directly from re-amplified candidate bands
(thus circumvenring the cloning process; Reeves et al., 1995;
Wang and Feuerstein, 1995; Yeatman and Mao, 1995; Brem
Verca et al., 1998). The second category focuses on new and
improved Northern hybridization protocols for the verifica-
tion of putative positives. Most notable of these is the reverse
Northern hybridization technique (Mou et al., 1994). In the
original protocol, labelled cDNA probes were generated from
the total RNA isolated from each of the different conditions
to be compared in an experiment. The probes were then hy-
bridized, separately but simultaneously. to re-amplification
products of all the candidare bands isolated in the experi-
ment, immobilized on a Nylon membrane. Variations on this
theme have subsequently been introduced (see section on
false positives). Since reverse Northern strategies are fast, sen-
sitive and require small amounts RNA. they have become the
preferred method for the verification of DO results (Galindo
et al., 1997).

(iii) Questionable ability to detect rare mRNAs

Approximately 99 % of the 20,000 to 30.000 mRNA spe-
cies presenr in a cell are rare (i.e. present at 1/20,000 to
1/70,000; Wan et al., 1996). Liang and Pardee (1992) argued
that rare mRNA species were detectable with their original
protocol, since they could reproducibly detect the thymidine
kinase gene (present at about 30 copies per cell) in «cycling"
mouse A31 cells (using a perfectly marching arbitrary
primer). However, the use of different quantities of each
RNA sample (for RT and/or DO PCR) was recommended,

Stellenbosch University http://scholar.sun.ac.za



564 M. ApPEL, D. U. BELLSTEDT, and r M. GRESSlIOFF

since non-reproducible bands in duplicate reactions were pre-
sumed to originate from rare mRNA species that are not pre-
sent in sufficient quantities (in the 0.2 mg total RNA typi-
cally used) to be amplified to detectable levels (Mou et al.,
1994; Liang et al., 1993).

Berrioli et al. (1995) specifically addressed the issue of rare
mRNA detection in a 1995 study, and presented compelling
experimental evidence that DO showed a strong bias towards
high copy number mRNAs. This was mainly attributed to
the competition for substrates by the many PCR products in
a DO reaction. Using a computer-simulated DO model. it
was shown that many more bands were generated in a DO
PCR than were visualized on a gel. It was argued rhat the
PCR products displayed on a gel are those that were ampli-
fied to detectable levels by the time that the dNTPs (which
are the limiting substrate in the reaction) were depleted. It
follows logically that templates present at higher levels at the
start of the reaction (i.e. abundant transcripts) would reach
these levels more quickly and would be preferentially dis-
played (Bertioli et al., 1995).

The inefficiency of lO-mers (used in the original protocol)
as PCR primers was identified as the second factor limiting
the sensitivity of DO PCR. It was concluded that DO was
unable of displaying the vast majority of rare mRNAs, re-
gardless of the number of primer combinations employed
(abundant transcripts, however, would be displayed effi-
ciently by very few primer combinations). Increased DO sen-
sitivity was speculated to reside in reducing the competition
for PCR limiting substrates, while using longer, more selec-
tive and efficient primers at higher annealing temperatures
(Bertioli et al., 1995).

These principles were applied in Ikonomovand Jacob's
«differential display with selected primers» (SPR) strategy, in
which different combinations of arbitrary, gene specific and
oligo-dT primers were used (Ikonomovand Jacob, 1996).
Analysis of putative positives showed that the majority of
amplification products corresponding to highly abundant
transcripts were amplified by a single primer or with a primer
having a 50 -65 % GC content at the 3' end. In contrast,
only 5 % of the amplification products which showed ampli-
fication dependency on two primers corresponded to highly
abundant mRNAs. The study concluded that the bias of DD
could be shifted towards moderate- and low-abundance
mRNAs (concomitantly reducing the percentage of false pos-
itives) by experimentally selecting combinations of primers
(50% GC rich 15- to 21-mers) to avoid the amplification of
highly abundant ribosomal and mitochondrial transcripts,
using a higher annealing temperature (50 "C) in all PCR cy-
cles, and by only considering bands that are dependent on
both primers for amplification as putative positives (Ikone-
mov and Jacob, 1996). In contrast, Guimaráes et al. (1995)
reported the cloning of low abundance genes, some of which
were represented by the amplification products of only one
primer (oligo-dT or arbitrary) on the DO gel. Other resear-
chers have also demonstrated DD capable of displaying both
abundant and rare mRNAs, using protocols with little varia-
tion to the original one (Benito et al., 1996; Wan et al.,
1996).

The limited sensitivity of «standard» Northern hybridiza-
tion protocols has been highlighted as an additional factor
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contributing to the failure of detecting rare mRNA species,
especially in cases where probes were derived from differen-
tially displayed bands smaller than 200 bp (Yeatman and
Mao, 1995; Liang et al., 1993; Ikonomovand Jacob, 1996).
Southern blot and quantitative RT-PCR protocols and the re-
verse Northern hybridization technique have been introduced
to address this problem (Ikonomov and Jacob, 1996).

A controversial issue related to the detection of rare
mRNA species (and hence of arbitrary primer design) is the
question of how many primer combinations are required to
display all differentially expressed genes in a cell/tissue. De-
pending on the preferred set of anchored oligo-dT primers
(see Fig. I), arbitrary primer length, and different interpreta-
tions of 5' mismatching during DO, answers ranging from
2402 to 3123 and even 1,02414 have been put forward. This
debate may benefit the commercial suppliers of DO kits and
reagents, but in our opinion, achieves little more than discour-
aging newcomers to the technique. It seems relevant to re-
place question: «how many primer combinations are needed
to display all mRNAs?» with «how many primer combina-
tions are required to sufficiently display mRNAs for the pur-
pose of my particular srudy?»,

The most practical approach would be a pragmatic one: to
test as many primers and primer combinations as it takes to
achieve the objective of the study. In cases where target genes
are represented by rare mRNA species, this process will ob-
viously be more exhaustive than in the case of abundant tar-
get mRNAs. (For example, Wilkinson et al. (1995) used only
3 primer combinations to identify 5 mRNAs showing ripen-
ing-enhanced expression in strawberry (3 of which were posi-
tively identified on the basis of the homology of their corre-
sponding cDNA clones with known proteins), whereas Ikeda
et al. (1997) exhausted 240 combinations in their identifica-
tion of an aquaporin-like gene required for the Brassica self-
incompatibility response.)

For expression analysis studies focused on specific and re-
stricted sets or families of genes (i.e., which do not require
the detection of all differentially expressed genes within a
given system), a modified DO technique called «restriction
fragment length polymorphism-coupled domain-directed dif-
ferential display» (RC4 D) was developed by Fischer et al.
(1995). RC4D exploits the possibility to replace 5' primers of
arbitrary sequence with domain specific primers in such stud-
ies. This use of limited and well-defined primer sets under
improved PCR conditions proved to eliminate many of the
above mentioned frustrations experienced with DO (Fischer
et al., 1995). Similar strategies were applied by Joshi et al.
(1996) in the cloning of 3' regions of putative wheat heat
shock protein encoding genes, as well as in the adaptation of
DO for the detection of amplification products by bromide
staining on agarose gels (Hsu et al., 1993; Sokolovand Prokop,
1994).

(iu) High percentages of false positives

Throughout its existence, most resounding criticism
against DO has been that the percentage of false positives are
too high (Liang and Pardee, 1995; Galindo et al., 1997). The
complexity of the entire process, from RNA isolation to
Northern hybridization has to be appreciated in any assess-
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Fig.2: Retrospective analysis of the origins of false positives during
differential display.

ment of the Oflgll1 of false positives. A false positive result
(i.e., that a candidate band on a DO gel ultimately yields a
hybridization signal in both or neither of the compared sour-
ces in a Northern blot) may have its origin in anyone (or a
combination) of the steps outlined in Fig.1.From our «retro-
spective" analysis of the possible origins of false positives (Fig.
2), three «hot-spots" (other than the sensitivity limits of exist-
ing Northern blot protocols) can be identified: the quality of
the starting material (total or poly(A)+ enriched RNA), the
generation DO PCR artifacts, and the re-amplification and
cloning of candidate bands representing putative positives.

Contamination of RNA with residual DNA from the iso-
lation procedure is widely acknowledged as a source of false
positives (Liang and Pardee, 1995). DNA contamination can
be limited to a large extent by using an RNA isolation pro-
tocol employing CsCI gradient ultracentrifugation rather
than the more popular (and quicker) protocols based on dif-
ferential precipitation of RNA with LiCI (Ausubel et aI.,
1995), or the use of magnetic beads for mRNA isolation
(McKendree et aI., 1995). Regardless of the method of
choice, treatment with (RNAse free) DNAase I prior to re-
verse transcription and DO PCR should be standard practice
(Liang et aI., 1993). An alternative emerging approach to deal
with DNA contamination, is to side-step the problem by
labelling the oligo-dT primer (instead of incorporating a la-
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belled deoxynucleotide into the PCR mix; Tokuyama and Ta-
keda, 1995). This results in the display on the autoradiogram
of only those amplification products which are dependent on
reverse transcription (i.e. are amplified from cDNAs gener-
ated from the RNA sample), and undoubtedly simplifies the
identification of candidate bands for cloning. Yet, invisible,
«undesired" amplification products are still generated during
the PCR and care must thus be taken with this approach for
two reasons. Firstly, high levels of contamination may out-
compete cDNAs corresponding to rare mRNA species as pre-
ferred amplicons. Furthermore, the presence of «invisible"
amplification products (particularly in areas surrounding can-
didate bands) may complicate the cloning and re-arnplifica-
tion of such bands to an extent that might increase the per-
centage of false positives (Liang and Pardee, 1995).

The generation of DO PCR artifacts that eventually lead to
false positives has been attributed to two main causes (other
than DNA contamination): experimental variability and the
inherent design of the DO PCR (using low stringency condi-
tions in the presence of short primers; Zhao et aI., 1995). Lim-
iting experimental variability should not be a major source of
concern for skilled and knowledgeable researchers/ technicians
and will not be discussed. On the other hand, design of the
DO PCR has been a primary target for modification of the
original DO protocol. Not surprisingly, «improved» protocols
demonstrated highly reduced rates of false positives through
the use oflonger arbitrary primers (with specific and/or altern-
ative features) in combination with higher annealing temper-
atures (Table 1). In essence, these protocols represent a mar-
riage between the conceptually related, but methodologically
different principles of DO and RAP As such, lower ratios of
amplification products per primer combination (Welsh et al.,
1992) (and, consequently, the potential need to test more
primer combinations to achieve success) in exchange for
higher true positive hit rates appear to be a reasonable compro-
mise. Successful applications of DO using protocols based on
both the original and modified PCR design has been docu-
mented. Whichever protocol is preferred, PCR artifacts can
largely be excluded from a pool of putative positives by only
considering bands that appear reproducibility in duplicate
PCR reactions and are dependent on reverse transcription
(Galindo et al., 1997; Liang er al., 1993).

The re-amplification and cloning of candidate bands from
complex amplification profiles is an asperity common to
many DNA and RNA profiling techniques. This stems
mainly from the fact that re-amplification products from iso-
lated candidate bands are often not heterogeneous (Bauer et
al., 1993). As aresulr, re-arnplificarion products are not suit-
able for the direct use as probes in Northern hybridization (to
verify positives) or in the screening of cDNA libraries, and
give rise to clones with inserts of heterogeneous sequence af-
ter cloning (Callard et al., 1994). To eliminate false positives
arising from the use of unrepresentative probes, several meth-
ods for the selection of clones containing the correct cDNA
probe have been devised (Ito et al., 1994; Callard et al., 1994;
Li et al., 1994; Zhao et al., 1996; Geryand Lavi, 1997). An
alternative approach applied the principles of reverse North-
ern hybridization (Mou et al., 1994) to concomitantly screen
clones and verify that their inserts represent true differentially
expressed mRNAs (Galindo et al., 1997; Liu and Raghor-
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Modified primers for DD PCR

Table I: Representative modifications to the DD PCR design aimed at improving the rate of true positives

Ref.Modified PCR components and conditions Other modifications

18- to 20-mer arbitrary primers and elongated
oligo-dT primers,

EI-T12MN' (El =GGAAITCGGTb) or
LH-TIIC (LH=TGCCGAAGC)

22-mer arbitrary (containing a HindIII site in
the 5' portion) and 22-mer oligo-dT primers
(X-TIOMN, where X = GCGCAAGë:TfC)

25-mer arbitrary primers and u<lock-docking,

29-mer oligo-dT primers
(CAIT ATGCTGATGATATCT9MM)

I low-stringency annealing cycle (40·C for 4 min)
+35 high-stringency cycles (GO·C for 2 min)

410w-stringency annealing cycles
(41·C for Imin)

+ 18high-stringency cycles (GO·C for 45 s)

Higher [dNTPj (50flmoI/L-1 each)

310w-stringency annealing cycles
(40·C for 5 min)

+22 high-stringency annealing cycles
(GO·C for Imin)

Mixture of 2 thermostable DNA polymerases to
achieve long and accurate amplification

«Hot-start» PCR using antibodies against Taq
polymerase

25 cycles of two step annealing
(42"C for 30s, followed by 5TC for Imin)

A

B

Reverse transcription with a single
oligo-dT primer

C

Reverse transcription with RTases D
from 2different sources (cDNAs
generated thus are used as dupli-
cates in DD PCR)

a M+dAIdC/dG; N=dAIdC/dG/dT.
b GAAITC=EcoRl restriction site.
C AAGCIT = HindIII restriction site.
References: A = Zhao et al., 1995; B = Liskens et al., 1995; C = Diachenko et al., 1996; D = Sung and Denman, 1997.

hama, 1996; Vogeli-Lange et al., 1996; Zhang et al., 1996).
In cases where quantities of isolated RNA are limited, the
usefulness of this approach has been extended through the
use of amplified RNA (Van Gelder et aI., 1990) for the pro-
duction of cDNA probes corresponding to each of the RNA
sources (Galindo et al., 1997).

An aspect related to high false positive rates is that of re-
dundancy (i.e. cloning the same cDNA more than once; Wan
et al., 1996). Mismatching is the major factor contributing to
redundancy. Other factors include «weak primers» (for un-
known reasons, some arbitrary primers do not contribute to
amplification in combination with an oligo-dT primer), the
oligo-dT primers themselves (subpopularions of mRNAs are
not always separated completely by differendy anchored oli-
go-dT primers), as well as the molar ratio berween the oligo-
dT and arbitrary primer used (Galindo et al., 1997). Redun-
dancy was shown to be minimized through the use of one-
base anchored oligo-dT primers (Liang et aI., 1994). Addi-
tionally, the use of arbitrary primers which are as diverse as
possible in their last 4 bases, control PCRs in the absence of
arbitrary primers to eliminate «weak primers», a different set
of arbitrary lO-mers for each degenerate two-base anchored
oligo-dT primer, and an equal molar ratio of arbitrary and
oligo-dT primers, were recommended to eliminate redun-
dancy (Galindo et al., 1997).

From our own experience

We are currendy using DD in the search for genes in-
volved in the autoregulation of nodulation in legumes (Gress-

hoff, 1993). Our research is focused on an interesting single
recessive mutation that leads to supernodulation (Carroll et
aI., 1985). Mutants carrying this gene (nts-l) develop abun-
dant nodules (up to several thousand per plant) as a result of
diminished regulation of a transition control point during
merisrern formation (Kolchinsky et al., 1997; Mathews et al.,
1989). Grafting experiments revealed that the nts-I gene
functions in the shoot (Delves et al., 1986, 1992), which led
to the discovery that nodule numbers in legumes are regu-
lated systemically (Bauer, 1981; Kosslak and Bohlool, 1984;
Olsson et al., 1989). As yet, the signal molecules have not
been identified, although the involvement of auxin has been
proposed (Gresshoff, 1993). The nts-I gene was mapped onto
linkage group H of soybean, perhaps as close as 0.3 cM (rep-
resenting berween 50 to 150 kb, depending on which genetic
distance conversion factor is being used) of marker pUTG-
l32a (Kolchinsky et al., 1997; Landau-Ellis et al., 1991; A.
Men, pers. comm.), which provides an excellent starting
point for a chromosome walk (Young and Phillips, 1994;
Gresshoff et aI., 1998). However, the soybean genome is
rather large (about 1,100 Mb), and plagued with repeated
DNA elements (Kolchinsky and Gresshoff, 1995), constitu-
ting as much as 65 % of the whole genome.

In the absence of molecular information concerning the
nts-I gene, its product, or the affected biochemical pathway,
we felt that DD could provide an alternative tool to define
gene products affected direcdy or indirecdy by the superned-
ulation mutation. It is unlikely that this approach will differ-
entiate mutant from wild-type RNA, unless the mutation
affects transcriptional levels or RNA stability. Nevertheless,
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alterations of gene expression functionally downstream from
the nts-I gene are expected.

For this purpose, total RNA was extracted from young
shoots of Bradyrbizobium japonicum inoculated (or uninocu-
lared) wild-type (cv. «Bragg » ) and mutant (nts382) plants,
using the guanidium thiocyanare/CsCl ultracentrifugation
method (Ausubel et aI., 1995). Using a well-established, com-
mercially available DD system (RNAlmage kit, GenHunter
Corp., Nashville, TN), 200-250 amplification products
(typically ranging between <100 and 1,000 bp) were routinely
displayed for each primer combination on a standard se-
quencing gel. Eighty to 95 % of these bands were reprodu-
cibly obtained between duplicate samples (using the same or
duplicate reverse transcription reaction mixes). According to
expectations, a very low percentage (0.17%) of the ca. 1,800
amplification products (obtained with 8 primer combina-
tions) constituted putative differentially expressed genes.

Our application of DD has benefited greatly from exten-
sive expertise in the generation and analysis of arbitrarily-
primed amplification products from complex templates,
gained particularly through the development and application
of DAF (Caetano-Anollés et aI., 1991) and silver staining
(Bassam et aI., 1991) technologies in our laboratory. To facili-
tate cloning of candidate bands, we routinely silver stain our
DD gels after autoradiography (Fig. 3), using a modified ver-
sion of the method developed by Bassam et al. (1991). Al-
though silver staining does not achieve the sensitivity of auto-
radiography, this procedure has three advantages. Firstly, it al-
lows very accurate alignment of autoradiograms [0 gels for
the excision of candidate bands (these bands are sometimes
visibly stained, which simplifies the process even more). Sec-
ondly, it allows the single-round re-arnplification of candidate
bands from rehydrated gels, which has recently proved very
efficient in the cloning of DAF-markers (Men and Gresshoff,
1998). Additionally, it allows the use of standard, non-
labeled molecular size markers (instead of having [0 specially
prepare or purchase expensive labeled ones), as the positions
of the markers can simply be marked on the autoradiogram
after silver staining. Some of these advantages have also been
recognized in other studies (Lohmann et aI., 1995). The use
of silver-stained, polyester-backed mini-PAGE gels (Bassam
et al., 1991) [0 verify the sizes of re-arnplificarion products
from excised bands, as well as from positive rransformanrs af-
ter cloning, has also proved more useful and sensitive than
the traditional use of agarose gels and erhidiurn bromide
stalIlIllg.

In conclusion: when the 'chips are up: what is the use for
DD?

The detection of mRNA differences in complex mixtures
is a challenge for both the chemist and molecular biologist.
Genes which are of pivotal importance through their control
of key processes are often expressed at low levels; in some
cases representing JUSt a few mRNA molecules per cell. In
contrast, a small number (approximately 300 OUt of 20,000
to 30,000 distinct mRNA species) of highly expressed genes
make up 50% of the total cellular mRNA mass (Wan et aI.,
1996). How does one find the needle in the haystack? Clas-
sical approaches, employing differential screening of cDNA
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A (autoradiography) B (silver staining)

A23 G40 A2l G40A24A24

1000 bp
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l00bp

Fig.3: Autoradiogram (A) at a typical non-denaturing DO gel, sub-
jected to silver staining (B). Reverse transcription and DO PCRs,
using total RNA trom uninoculated and inoculated soybean (wild
type cv. 'Bragg', sUfcernodulating mutant nts382) were performed in
the presence of 3 S-dATp, using the RNAImage kit (GenHunter
Corp., Nashville TN). Oligo-dT primer H-T1]A was combined with
arbitrary primers H-AP23 and H-AP24, and primer H-T]]G with
H-AP40. The gel was left on the glass plate, fixed in 5 % rnerha-
nol/5 % acetic acid, dried and exposed to x-ray film (BioMax MR,
Kodak) tor 24 h. Silver staining was performed after autoradio-
graphy, essentially as described by Bassam et al. (l991). Staining and
washing times were extended to adapt to the larger gel surface.

libraries, were laborious and yielded limited information.
Differential display (and RAP) ushered in a new generation
of gene discovery technologies, applying technically elegant
and established DNA profiling techniques on RNA. Al-
though offering superior sensitivity and information genera-
tion capabilities, problems pertaining to labor intensity, false
positives and the detection of rare mRNA species persisted.

Automation has always been an attractive proposition to
extend the usefulness of an analytical technique. It often re-
quires manual and time-consuming separation technologies
[0 be circumvented or replaced. This avenue has indeed been
explored with the adaption of DD [0 allow analysis with
automated sequencers, but it has not streamlined the process
by which DD results are verified.

Yet another generation of gene discovery technologies has
emerged in the form of oligonucleotide arrays. Based either
on selected oligo-motifs, or random oligonucleotide tethers,
DNA chips overcome the restrictions inherent [0 separation
technologies, as «order» is established through the positioning
of known sequences in addressable positions. This technology
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has achieved the detection of RNAs present at a frequency of
1:300,000 (Lockhardt et al., 1996) and undoubtedly is more
powerful than any of its predecessors.

Does this leave a place for DO in the new millennium? We
believe it does, because DO is technically elegant and based
on technologies which are distributed throughout the world.
Gene chips, on the other hand, are only accessible through
very expensive data documentation and reading systems. Few
research laboratories will end up with chip readers. Although
central chip reading services may arise, chip manufacture is
envisaged to focus on «elite» species, and «elite» organs, leav-
ing large areas of the biological landscape unresolved. The
quest for understanding the complexities of life that compels
us to discover new genes, calls for a global. involvement,
which acknowledges the diversity of living systems. It would
be sad if all our biological knowledge is based on man, Arabi-
dopsis and yeast. The ongoing efforts to address the difficul-
ties inherent to the design of DO, which have been reviewed
here, speak of a commitment by the international research
community to exploit the full potential offered by this tech-
nology. Moreover, DO is a multi-step process which relies on
a huge pool of basic and applied chemistry and molecular bi-
ology for its successful application. A such, it will remain a
valued educational tool for the molecular biologist of the new
millennium.
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CHAPTER 5

IDENTIFICATION OF PLANT GENES INVOLVED IN

THE INTERACTION BETWEEN

PSEUDOMONAS SYRINGAE PV. SYRINGAE NV

AND PLUM CUL TIVARS USING DIFFERENTIAL DISPLAY

5.1 INTRODUCTION

This chapter describes the identification, by means of differential display (DO) technology,

of plant genes that are involved in the interaction between the bacterial canker pathogen

Pseudomonas syringae pv. syringae and plum cultivars. This work fulfills the fourth and

final objective of the study presented in this dissertation (as outlined in Chapter 1) and is

presented in the form of a manuscript in section 5.3. To assist the reader, background

information on the following aspects is included in section 5.2:

5.2.1 The DO system and strategies used in the study.

5.2.2 Why and how a reverse transcription polymerase chain reaction (RT PCR) strategy

was developed for verification of DO results.

5.2.3 Why and how an internal RT PCR standard was developed.

5.2 BACKGROUND INFORMATION

5.2.1 DOsystem and strategies

5.2. 1. 1 DO system components

The analysis of differentially expressed mRNAs by differential display is a multi-step

process, comprised of commonly used molecular biology techniques (as outlined in

Chapter 4). Equipment and reagents needed to perform these techniques are widely

available, and laboratories tend to establish preferences in brand names and suppliers.

Many steps of a DO experiment, such as the analysis of DO PCR products by polyacryl-

amide gel electrophoresis (PAGE), as well as the re-amplification, cloning and further

manipulation and analysis of candidate bands may be performed according to standard

protocols, and published DO studies demonstrate the variety of suitable systems that are
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available.

The successful establishment of DD in any laboratory rests on the ability to get started.

This depends on whether (i) intact, DNA-free mRNA (or total RNA) can be isolated from

the experimental source(s), (ii) full-length cDNAs that adequately represent mRNA

populations can be generated, and (iii) these cDNAs can be converted to arbitrarily-primed

amplification products capable of displaying differences in the expressed mRNA

populations. It is therefore not surprising that commercially developed DD systems ("kits"),

which particularly focus on aspects (ii) and (iii), were introduced shortly after the technique

was described in 1992. The most popular of these are the products of GenHunter

Corporation (Nashville, TN, USA), which are developed and marketed by the inventors of

the technique, Peng Liang and Arthur B. Pardee.

When our research team set out to gain expertise in DD technology and establish it in our

laboratory, one of the primary choices was whether to use the relatively expensive

GenHunter RNAimage® system, or to develop a RT and DD peR system from our

available molecular biology basis. This question was addressed by the author during her

visit to the Plant Molecular Genetics laboratory of Prof. Peter Gresshoff (University of

Tennessee, Knoxville, TN, USA).

The Gresshoff laboratory had extensive expertise in the development and application of

other arbitrarily-primed peR techniques, particularly DNA amplification fingerprinting

(DAF), and constitu.ted an ideal environment in which to build up our own DD system. The

RNAimage® system* was, however, initially tested and found to be extremely efficient for

the generation of cDNA and DD peR products. Results obtained with this system

contrasted sharply with attempts to construct and optimize DD peRs using cDNA

populations generated with other commercially available RT systems. The cost of the

RNAimage® system seemed warranted by the consistent quality of results generated with

* Two DO reagents (DNA polymerase and labelled dATP) are not included in RNAimage® kits. The system is
optimized for use with either Taq (Qiagen) or AmpliTaq (Perkin-Elmer) DNA polymerase, and either a_[33p]_
or a-[3sS]-labelied dATP.

Both of the polymerases and labels were evaluated in the Gresshoff laboratory and found to produce similar
results. In the author's home laboratory Qiagen polymerase was preferred as it was much less expensive.
The cost of using either label was approximately equal, but 3sS-dATP was preferred for two reasons: (i)
working with 33P-labels require special precautions and such facilities were not readily available, and (ii)
possible exposure to radioactive fumes produced during the thermocycling of 3sS-containing reactions could
be limited by placing the thermocycler in an available, dedicated fume hood.
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it, and it was decided to use this system for the generation of DD profiles in future: in the

Gresshoff laboratory, as well as in the author's home laboratory.

The GenHunter range of DD products includes kits for the isolation of total RNA, the

treatment of RNA with DNase I, the cloning of candidate DD bands, and verification that

cloned bands were derived from differentially expressed mRNAs. During the establish-

ment of DD in our laboratory, the following choices regarding these aspects were made:

a. The GenHunter RNApure ™ total RNA isolation kit was never tested by the author. A

variety of methods, none entailing the use of commercial kits, were already established

in the Gresshoff laboratory for the isolation of total RNA (which is preferred for DD;

Liang et al. 1993, Adamovicz and Gause 1995). Two of these, a guanidinium

thiocyanate/CsCI ultracentrifugation* method and a phenol/SDS extraction, LiCI

precipitation "miniprep" method, were evaluated by the author. Although -the former

was more laborious, it yielded large quantities of intact RNA from two different plants

(soybean and the model legume Lotus japonicus). Back home, excellent results were

obtained with this method during trial isolations from plum tree shoots.

One commercial kit (the Qiagen RNeasy Plant Mini kit) was tested for the isolation of

RNA from plum tree leaves. It yielded intact RNA, but of such a low concentration that

it was not practical to use with seasonal plants. The ultracentrifugation method was

thus established as the preferred method for the isolation of total RNA from plum tree

material for DD analyses.

b. Formaldehyde-agarose electrophoresis of total RNA isolated with the ultracentrifu-

gation method did not show the presence of contaminating DNAt. Nevertheless, all

RNA isolates were treated with DNase I prior to cDNA synthesis (as suggested by

Liang et al. 1993). The GenHunter MessageClean® kit was highly recommended by

fellow researchers at home and abroad (many of whom have experienced difficulties

with DNAse I treatment of RNA). Since the author consistently obtained high yields of

DNAse-free RNA; with this kit, it was used in all treatments of RNA for DD and RT

PCR.

* Very popular for the isolation of RNA from plants (Adamovicz and Gause 1995).

t Contaminating DNA is visible on an agarose gel as a band of higher molecular mass than the largest
ribosomal RNA band (for plants, the 258 rRNA band; Anderson and Beardall 1991).

t Determined by RNAse digestion of treated RNA, followed by agarose electrophoresis of digestion products
(results not shown).
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c. For the re-amplification and cloning of candidate DO bands, a method developed in the

Gresshoff laboratory (Men and Gresshoff 1998) was preferred above the RNAimage®

protocol and GenHunter's PCR-TRAp® cloning system. The former method was much

simpler and allowed the use of any T-A cloning system, one of which was already

established in the author's home laboratory (see Chapter 3).

d. The strategy which was developed to verify whether cloned bands truly represented

differentially expressed mRNAs is described in detail in the next section.

5.2.1.2 Negative controls for DNA contamination

"False positives" (i.e. cloned DNA fragments that were not derived from differentially

expressed mRNAs) are frequently encountered in DO analyses. DNA contamination of the

RNA used in DO is a major source of false positives (see section 4.3.3). It is therefore

expedient to ascertain whether DO bands selected for cloning were generated in a reverse

transcriptase (RTase)-dependent manner. Ideally, a "minus RT" negative control should

be performed for each candidate band*.

Due to the high cost of 35S-dATP, "minus RT" controls were not performed for candidate

bands selected for cloning in the current study. Instead, two precautions were taken to

minimize the likelihood of selecting DNA-derived bands for further analysis:

a. RNA samples were always treated with DNase I prior to RT (see previous section).

b. Only bands that were reproducibly obtained in duplicate DO PCR profiles were

considered for selection as candidate bands".

5.2.1.3 Candidate band sequencing strategy

In most studies, only those DO bands confirmed to represent differentially expressed

* Briefly, such a negative control is performed by (i) repeating the RT reaction used to generate the cDNA
population from which the candidate DD band was generated, in the absence of RTase enzyme, and (ii)
repeating the DD reaction in which the candidate band was generated (in duplicate), using this "minus
RTase" reaction as template for arbitrarily-primed cDNA amplification.

t When the RNAimage® system was evaluated by the author in the Gresshoff laboratory, a large number of
negative controls were performed to investigate the nature of DD PCR products generated in the absence
of anyone of the components of the RT or DD reactions. Amplification products were generated in almost
all of these controls, and the collective results from these experiments indicated that products not derived
from mRNA (or cDNA) were likely to be represented by non-reproducible bands in the profiles of duplicate
DD PCR products (results not shown). A similar conclusion was reached by Liang et al. (1993) and Galindo
et al. (1997).
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genes (or clones from cDNA libraries corresponding to these bands) are sequenced (upon

which sequence databases are perused in attempts to assign identity and/or function to

the genes represented by these bands). In this study, all cloned bands were sequenced

for the following reasons:

a. A pair of primers specific for each band was required for the verification of its

expression pattern by RT PCR (see next section). The arbitrary and anchored primers

used in the DO PCR and for the re-amplification of candidate bands could have been

used for this purpose, but were not preferred for two reasons: (i) arbitrary primers often

bind with a number of mismatches during the DO PCR (see section 4.3.3), and (ii)

anchored oligo-dT primers are unsuitable as standard PCR primers due to their low

annealing temperatures. Sequence data would thus allow the design of "nested"

primers (corresponding to sequences internal to that of the flanking DO PCR primers)

with higher specificities for the mRNAs represented by each of the cloned DO bands.

b. Automated sequencing technology was readily accessible and relatively inexpensive.

Sequencing reactions were performed in the laboratory and sent to the University of

Stellenbosch Core DNA Cycle Sequencing Facility for clean-up and analysis.

5.2.1.4 BLAST strategy for sequence similarity searches

The BLAST* 2.0 search engine (provided on-line by the National Center for Biotechnology

Information on the NCBI website, http://www.ncbi.nlm.nih.gov/blast) is not the only search

engine available for sequence similarity searches. However, it is the most popular and

widely-used one, and also the search engine used in the current study to ascertain

whether cloned candidate bands showed any similarity to genes of known biological

function.

Basiet BLAST searches, were performed throughout the current study. The Basic BLAST

• BLAST = Basic Local Alignment Search Tool. The BLAST algorithm represents a balance between speed
and increased sensitivity for distant sequence relationships. Global alignments are underscored and regions
of local alignment emphasized, in order to detect relationships among sequences which share only isolated
regions of similarity with a view to comparing structure and function (Altschul et al. 1990, 1997).

BLAST version 2.0 was created to offer several advanced features (which were not available in previous
versions). Most important of these is the Gapped BLAST algorithm, which allows gaps (insertions and/or
deletions) to be introduced into the alignments that are returned. By doing this, similar regions are not
broken into several fragments, and search results reflect biological relationships more closely (see BLAST
Overview and BLAST Tutorial on the NCBI website).

t The BLAST 2.0 server also offers Advanced BLAST searches, in which advanced search parameters may
be customized for specialized applications.
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search page contains a number of default search parameters, which were used

throughout the current study. A detailed description of each of these parameters may be

found in the BLAST documentation on the NCBI website, and will not be repeated here.

To assist the reader in the interpretation of the BLAST search results given in section 5.3,

three aspects of the BLAST search strategy are, however, discussed briefly below.

(i) Choice of BLAST programme:

The BLAST 2.0 server offers five different programmes, each representing a different

search strategy (see Table 5-1). The BLASTN and TBLASTX programs were used in the

current study.

(ii) Choice of sequence database:

The NCB I website offers access to several protein and nucleotide databases against

which query sequences may be compared. Some of these, such as the nr

("non-redundant") databases, are inclusive (contains all non-redundant sequences

submitted to various Data Libraries in the USA, Europe and Asia), whilst others are more

specialized. Specialized databases include collections of sequences that (i) are

organism-specific (e.g. human, mouse, yeast or Escherichia colt), (ii) belong to a certain

sequence type (e.g. expressed sequence tags (ESTs) or Alu repeats), or (iii) have a

particular characteristic or application (e.g. sequences of immunological interest or vector

Table 5-1. BLAST search programmes.

Programme Description

BLASTN Compares a nucleotide query sequence against a nucleotide sequence database

BLASTP Compares an amino acid query sequence against a protein sequence database

BLASTXa Compares a nucleotide query sequence translated in all reading frames against a
protein sequence database

TBLASTXa Compares the six-frame translations of a nucleotide query sequence against the
six-frame translations of a nucleotide sequence database"

TBLASTN Compares a protein query sequence against a nucleotide sequence database
dynamically translated in all reading frames .

• Useful to find potential translation products of an unknown nucleotide sequence.

D May not be used with some non-redundant databases, as it is computationally too intensive.
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sequences). Sequence databases (which may be searched with the BLAST 2.0 or other

search engines) are also available on a variety of other websites, many of which are linked

to genome sequencing projects*.

The purpose of a particular search largely dictates the choice of database (and, to a

certain extent the choice of BLAST proqrarnrnet). In the current study, a comprehensive

BLASTN search of the NCBI nr database was performed as a first approach to ascertain

whether any sequences with similarity to the sequences of cloned DO bands were

represented in the Data Libraries. In order to find more statistically significant matches

(see next (iii) below) with sequences of known function, the DO band sequences were also

searched with (i) the TBLASTX programme against all Viridiplantae (higher plant) DNA

sequences in the GenBank Data Library (provided on The Arabidopsis Information

Resource (TAIR) website, http://www.arabidopsis.org/blast), and (ii) the BLASTN

programme against the BCM Human Transcript Database (provided on the Baylor College

of Medicine Human Genome Sequencing Center website, http://www.hgsc.bcm.tmc.edu/

Search Launcher).

(iii) Expect (E)-value:

One of the most important parameters in a BLAST search is the Expect (E)-value, which

indicates the statistical significance an alignment ("match" or "hit") between a query

sequence and a sequence in a database. The default Basic BLAST 2.0 E-threshold

setting is 10. This means that for a particular query, all possible alignments for which 10 or

less hits of similar bit score! are expected to occur by chance in a database of similar

size, will be returned in the search (as such the E-threshold determines the amount of

"background noise" allowed in a particular search).

The E-value of a particular match is dependent on (i) the bit score and (ii) the size of the

database. The lower the E-value, the more likely it is that the alignment did not occur

* Each website that offers searchable sequence databases normally contains a list of the available databases
and their content/application.

t Certain BLAST programmes may only be used in combination with databases of a particular type, e.g.
BLASTP and BLASTX may only be used with protein databases (see Table 5-1).

t The length of the alignment between a query sequence and a sequence in a database is reflected in the bit
score (S) returned with search results. The higher the bit score, the better the alignment. Factors such as
the scoring system and the introduction of gaps (to enable the best alignment) are included in the
calculation of the bit score. The bit score may thus be used to compare alignments returned from different
searches (see BLAST documentation on NCBI website for more details).
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randomly, but reflects true sequence similarity. As a rule, E-values higher than 0.1 are not

regarded to reflect statistically significant sequence similarity. Although this guideline was

followed in the current study, it was applied with caution for the following reasons:

a. Query sequences were relatively short (s 350 bp). Random alignments are more likely

to occur with short sequences than with longer sequences, resulting in higher E-values.

b. The combination of a short query sequences and large database promotes increased

E-values*.

c. The E-value reflects the statistical significance of a match, but may not be directly

correlated with the biological significance thereof. The biological significance of each

match must be evaluated individually and can only really be confirmed when the match

can be correlated with additional information (i.e. full-length cDNA sequence, mRNA

expression patterns or protein levels).

5.2.2 Strategy for the verification of DD results by RT peR

5.2.2.1 Northern hybridization vs. RT ec«
The success of a DO experiment depends on the ability to verify that cloned bands

represent differentially expressed mRNAs, using the original RNA sample set. Different

aspects of the verification process, including the methods used, modifications of standard

protocols aimed at making the verification process less cumbersome, and the variable and

complex origins of "false positives" are discussed in detail in Chapter 4 and will not be

repeated here.

For this discussion it is important to note that Northern hybridization is most the commonly

used technique for the verification of DO results (Liang and Pardee 1995). In short,

labelled hybridization probes are generated from cloned bands and hybridized to an

aliquot of each of the original RNA samples. A signal with all or none of the samples

denotes a false positivet, whereas the absence or reduced intensity of a signal in some of

* For this reason, a larger number of statistically significant matches were obtained when the cloned DO band
sequences were searched against the GenBank Viridiplantae DNA database, as opposed to the NCB I nr
database (see section 5.3).

t A signal with none of the samples may also be the result of a probe-target combination that is below the
sensitivity threshold of the hybridization protocol. A Northern blot using total RNA may, for example, be
unable to yield visible signals with short probes derived from low-abundance transcripts (Liang et al. 1992,
1993).
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the samples confirms that the cloned band was derived from a differentially expressed

mRNA. When large numbers of candidate bands have to be evaluated, this process is

extremely cumbersome and requires large quantities of RNA for multiple blots. If the

number of RNA conditions is small compared to the number of cloned bands, the

verification process may be facilitated by using the reverse Northern hybridization

technique (Mou et al. 1994, Galindo et al. 1997). In this method, labelled cDNA probes are

generated from the original RNA samples. These probes are hybridized simultaneously to

all of the cloned bands or plasmid DNA of colonies picked from each cloning experiment

(spotted on a membrane), performing one blot per RNA condition*.

In the current study, neither of these methods seemed appropriate for the verification of

DD results, for the following reasons:

a. The number of cloned bands equalled the number of RNA conditions (see section

5.3.2), which rendered reverse Northern blots impractical. Standard Northern blots

would require more RNA than what was available, even if membranes were stripped

and reprobed a number of times".

b. All of the candidate bands cloned in this study were short (s 351 bp) and AT-rich (see

section 5.3.2). Probes generated from such bands are very likely to fail in the detection

of their corresponding mRNAs in Northern hybridizations, especially if these mRNAs

are of low abundance and total RNA is blotted (Liang et al. 1992, 1993).

These factors demanded a different approach to ensure the successful verification of the

DD results generated in this study. An RT peR strateqy was developed for this purpose,

as it would:

a. require much less RNA (s 5 )lg total RNA per sample), and could therefore be

performed in duplicate with the available amounts of RNA.

b. be much more sensitive and thus have a better chance of verifying the expression of

low abundance mRNAs, if any were represented in the pool of cloned bands (Gause

and Adamovicz 1995).

* One advantage of standard Northern blots (compared to reverse Northerns or RT PCRs) is that information
about the sizes of mRNA transcripts represented by cloned bands can be obtained.

t A standard Northern blot was performed with an a-[32P]-labelled probe prepared from one of the cloned
bands (band DOe; probe = 185 bp). The hybridization signal was very weak and only detectable on Kodak
8ioMax MR film after exposure of one week. The hybridization result (non shown) corresponded to the
result obtained for this band using the RT PCR protocol described in section 5.3.2.
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5.2.2.2 Experimental considerations

The RT peR strategy that was developed is described in detail in section 5.3.2. Briefly,

eDNA was generated from each of the eight RNA samples with an oligo-dT primer. These

cDNAs were used as templates in eight series of standard peRs, each of which was

performed with a pair of primers specifically designed to amplify one of the cloned DO

bands. Amplification products were visualized on ethidium bromide-stained agarose gels.

A number of experimental aspects had to be considered in the design of the RT peR

strategy and are discussed below.

(i) One-step or two-step procedure:

RT peR may be performed as a one-step or a two-step procedure. In the former, eDNA

synthesis and amplification are performed with one pair of gene-specific primers in the

same tube. Two-step procedures offer a choice of using one or two tubes. In a two-tube,

two-step protocol, eDNA synthesis is performed in the first tube and an aliquot of the

product transferred to a separate tube as template for the amplification reaction. A

one-tube, two-step protocol may be preferred when the amount of template is limited.

eDNA synthesis is then performed in the first step, after which peR reagents are added

and the entire RT reaction used as template for the amplification reaction (Roche

Diagnostics 1999).

The main advantages of one-step procedures are that pipetting steps are minimized and

the chances of contamination reduced. Additionally, eDNA synthesis is performed at a

higher temperature, which increases the specificity of the reaction by eliminating

secondary mRNA structure. These procedures are, on the other hand, less efficient than

two-step protocols, as reaction conditions have to be adapted for the needs of both the

reverse transcriptase and DNA polymerase enzymes. Two-step procedures are more

laborious, but more flexible and efficient, as reaction conditions for the RT and peR steps

may be optimized separately (Roche Diagnostics 1999).

In this study, a two-tube, two-step procedure was preferred, as it permitted the eDNA

generated from each RNA condition to be used in a series of peRs, each employing a

different pair of "DO band-specific" primers.
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(ii) Choice of reverse transcriptase enzyme:

A number of reverse transcriptases (RTases) with different characteristics are

commercially available (reviewed in Dieffenbach et al. 1995a). Superscript™ II RTase (an

RNase H' Moloney murine leukemia virus RTase, marketed by Life Technologies) was

highly recommended by fellow researchers for its ability to yield higher quantities of longer

cDNAs than most other RTases. In a comparative experiment, aimed at the amplification

of the elongation factor eIF-4A gene from tobacco (see section 5.2.3.2), cDNA generated

with this enzyme yielded orders of magnitude more target peR product than cDNA

synthesized with another commercial RTase (Omniscript, Qiagen). Superscript™ II was

subsequently used for all non-DD RT peR applications in our laboratory.

(iii) Choice of primer for cDNA synthesis:

First-strand cDNA synthesis in an RT reaction may be primed in one of three ways

(reviewed in Dieffenbach et al. 1995a). When random hexamers are used, all of the RNAs

in a sample serve as templates for cDNA synthesis. This method is not recommended

when total RNA is used as starting material, as 95-99% of the total RNA in a cell consists

of ribosomal and transfer RNAs (Adamovicz and Gause 1995). If mRNAs are to be

transcribed specifically, an oligo-dT primer or gene-specific primer may be used. The latter

(in which the reverse peR primer is used for the priming of RT) is more specific, but the

former was preferred in this study for the same reason that motivated the choice of a

two-tube, two-step RT peR procedure.

(iv) Choice of DNA polymerase:

Thermostable DNA polymerases from a variety of suppliers have been used in our

laboratory for different peR applications. More expensive enzymes (with special

properties and/or reaction buffers) are used for specialist applications (such as DD peR),

whereas an inexpensive system (SuperTherm DNA polymerase, 10 x reaction buffer

JMR-455 and Mgeb; all from JMR Holdings, Sidcup, Kent, UK) is used in all standard

peRs. This system yielded consistent results during the development of the RT peR

protocol, and was subsequently used in the routine verification of DD results.

(v) Quantitative or semi-quantitative RT PCR:

Accurate quantification of differences in the expression levels of genes represented by
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cloned DO bands is possible with RT peR. A truly quantitative RT peR requires careful,

empirical optimization for each individual target sequence, as a variety of factors contri-

bute to the fact that a non-linear relationship between the amount of starting material and

reaction product exists in practice under standard peR conditions. To ensure that the

amount of RNA corresponding to a target gene is quantitatively reflected by the amount of

RT peR product, input RNA normally has to be diluted and the number of peR cycles

reduced (typically to less than 30). This often does not produce sufficient product for

detection by ethidium bromide staining, and requires the use of labelled nucleotides,

labelled primers or Southern hybridization to a labelled probe to detect and quantitate the

reaction product (Foley et al. 1993, Gause and Adamovicz 1995).

In this study, a "standard", semi-quantitative, 35-cycle RT peR strategy was developed for

the verification of cloned bands, for the following reasons:

a. The individual, empirical optimization of a quantitative RT peR strategy for every

cloned band appeared to be cumbersome and impractical to perform in the routine

verification of DO results*.

b. Standard RT peR strategies, in which targets were amplified for 30 or more cycles and

amplification products visualized by ethidium bromide staining, have been used

successfully in other published studies to reflect differences in the expression levels of

defense-related genes in Arabidapsis (Penninckx et al. 1996, Gómez-Gómez et al.

1999).

(vi) Internal standard for the control of source variability:

A prerequisite in any quantitative or semi-quantitative RT peR (or Northern hybridization)

protocol, is the capacity to distinguish between differences in signal intensity related to

actual differences in gene expression, and differences resulting from variation in the

concentration and integrity of a target mRNA between individual samples (Gause and

Adamovicz 1995).

• Recent advances in peR technology has led to the development of "real-time peR", which allows the
fluorescence monitoring of amplification product formation throughout the course of a peR (see Higuchi et
al. 1992, 1993, Ririe et al. 1997 and Wittwer et al. 1997). This technique lends itself to the fast and efficient
development and optimization of quantitative RT peR protocols. However, real-time peR technology
requires specialized (and expensive!) equipment, which was not accessible to us at the time when these
experiments were performed.
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The quality and quantity of RNA samples is normally evaluated in one of two ways. The

first simply entails agarose gel electrophoresis and ethidium bromide staining of an equal

amount (5-10 Ilg) of each sample. If rRNA bands have the same intensity and appear

intact, the overall quality and concentration of the sample is regarded to be similar. This

method (which is routinely employed in Northern hybridization analyses) requires large

quantities of RNA, and cannot display variations in the content and condition of individual

mRNAs within different total RNA samples (Gause and Adamovicz 1995).

The second, and more efficient way to deal with source variability in RT PCR protocols, is

to include an endogenous internal standard*. This involves the amplification of a gene that

is known to be expressed constitutively in the tissue/cell population from which RNA

samples were derived. The quantity of target RT PCR product obtained for each sample is

first normalized against the amount of control product for that sample before differences

between samples are evaluated (Gause and Adamovicz 1995)t.

The development of such an internal RT PCR standard for the routine verification of DO

results is described in section 5.2.3.

5.2.2.3 Design of "DO band specific" primers and choice of RT peR conditions

The nucleotide sequence of each cloned DO band (obtained by automated cycle

sequencing as described in section 5.3.2) was used as the basis to design a pair of

primers that would specifically amplify (the part of) the cDNA represented by that band.

Primer design was performed with the programme Primer Designer (version 1.01;

Scientific & Educational Software, 1990), according to the criteria outlined in Chapter 3

(section 3.2.2). Primer design was influenced by the following factors:

a. Cloned bands were short. In order to obtain the longest possible amplification product

for each band, primers were based on suitable regions that were closest to the 5'- and

* In quantitative protocols, exogenous standards (which closely mimic the target sequence and are amplified
with the same primer pair as the target) are often added. The same amplification efficiency is assumed for
both the control and target. A known quantity of the standard is used to titrate a constant quantity of the
target in a competitive RT peR, and the concentration at which the target reaction product equals that of
the standard reaction product, is taken as the starting concentration of the target mRNA in the sample.
Such exogenous standards, can however, not compensate for variability in the integrity of different mRNAs
between multiple RNA samples in an assay (Gause and Adamovicz 1995).

t If DD results are verified by Northern hybridization, the control gene is used for the production of a
hybridization probe. Results are normalized by expressing the intensity of hybridization signals for individual
samples relative to the signal obtained with the control probe in each sample.
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3'-ends of each sequence.

b. Cloned bands were AT-rich (57-70%, exclusive of sequences corresponding to the DD

PCR primers). As a result, the minimum permissible G+C-content was dropped from

the default value of 50% to 30%.

c. The optimal melting temperature (Tm) range of the actin primers used to generate an

internal RT PCR standard (see section 5.2.3.3) was 50-55°C. All primer pairs thus had

to be effective in this Tmrange.

d. A 3'-terminal G or C was not possible in all cases. For two primers, a G or C could only

be achieved at the third position from the 3'-end.

Optimal reaction conditions for each of these "DD band specific" primer pairs had to

determined empirically. Theoretically, the preferred operational Tmwas 50°C for six of the

primer pairs and 55°C for the other two. It would, however, be convenient if the same

reaction conditions could be used for the simultaneous verification of all the cloned DD

bands.

As a first approach, each primer pair was tested at an annealing temperature of 50°C in

the presence of 1.5 mM MgCb. Original DD profiles (from which candidate bands were

identified for cloning) were used to select a cDNA that was expected to yield an

amplification product as the template for each primer pair. A single amplification product of

the expected size was obtained for each of the primer pairs (Fig. 5-1). Since the intensities

of these RT PCR products were proportional to their molecular sizes, further optimization

of the reaction conditions for any of the primer pairs was not considered to be necessary.

5.2.3 Development of an internal RT peR standard

5.2.3.1 Genes used as internal controls in other studies

At the time when the RT PCR strategy was developed, DD was used exclusively in our

laboratory for the identification of genes involved in interactions between Prunus salicina

and different necrotizing pathogens. Theoretically, any gene that is not differentially

expressed in plum tissue under the experimental conditions employed in these studies

would have constituted a suitable internal control gene for our verification strategy. To

identify such a gene, two different approaches were followed:

Stellenbosch University http://scholar.sun.ac.za



112

2 3 4 5 6 7 8 9 10

300

bp

1500

1000
900
800
700
600

500

400

200

100

Fig. 5-1. Agarose gel electrophoresis of RT peR products obtained with "DD band specific"
primers, using selected cDNAs as templates.

cDNA synthesis was performed in 20 ul. reactions, essentially as described in the Superscript™ II RTase
package insert (Life Technologies, Paisley, Glasgow, UK). The only exception was that 50 units of RTase
(instead of 200) was added with the rest of the reaction components to each reaction before the 42°C
incubation step. An oligo-(dT)12_18primer (Life Techologies) was used to prime cDNA synthesis. 5 ug of a
selected total RNA sample (from the set originally used for DD) was used as template in each of the eight
RT reactions.

PCRs were performed in 20 ul. reactions. Each reaction contained 1 U SuperTherm DNA polymerase, 1 x
reaction buffer and 1.5 mM MgCh (all from JMR holdings, Sidcup, Kent, UK), 0.2 mM of each dNTP
(ABgene, Epsom, Surrey, UK) and 0.5 IlM each of the relevant forward and reverse "DD band specific"
primers (synthesized by the DNA synthesis laboratory, University of Cape Town, South Africa). 2 ul, of a
selected RT reaction or double distilled water (for negative controls) were used as template. Reactions were
performed in a PCR Express thermo cycler (Hybaid, Ashford, Middlesex, UK) for 35 cycles of 45 sec at
94°C, 45 sec at 50°C and 1 min at noc, followed by a final elongation step of 10 min at noc.
5 ilL of each PCR product were electrophoresed in 1 x TAE (40 mM Tris-HCI, 20 mM acetic acid, 1 mM
EDTA, pH 8.0) in a 2% agarose gel. For optimal visualization of small bands, the gel was stained after
electrophoresis in a 1 ug/rnl. ethidium bromide solution for 45 min.

The sizes of molecular marker fragments are given on the left. The expected size of the RT PCR product for
each cloned DD band is included in brackets below.

Lanes 1: Promega 100 bp DNA ladder; 2: Primers for band DD3 (225 bp) with P. s. pv. syringae NV
treated 'Songold' cDNA as template; 3: Primers for band DD4 (111 bp) with untreated control 'Laetitia'
cDNA as template; 4: Primers for band DDS (184 bp) with wounding control 'Laetitia' cDNA as template;
5: Primers for band DD6 (236 bp) with untreated control 'Laetitia' cDNA as template; 6: Primers for band
DD7 (298 bp) with wounding control 'Laetitia' cDNA as template; 7: Primers for band DDa (160 bp) with
harpin treated 'Laetitia' cDNA as template; 8: Primers for band DDc (127 bp) with harpin treated 'Laetitia'
cDNA as template; 9: Primers for band DDe (151 bp) with harpin treated 'Laetitia' cDNA as template; 10:
Negative control for primers DDa.

Similar results were obtained when 2 ug total RNA was used for cDNA synthesis (not shown). The less
intense band obtained with the DDa-specific primer pair correspond to primer-dimers, as shown in the
negative control in lane 10.
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a. Firstly, the Gen8ank nucleotide databases were searched for all Prunus nucleotide

sequences to ascertain whether any constitutively expressed Prunus genes have been

characterized. A total of 239 nucleotide sequences were retrieved in this search. Since

it was impractical to trace the expression patterns of such a large number of genes, the

focus was narrowed to the six P. sa ficina sequences retrieved in the search (Table

5-2).

The chloroplast tmL intron and ITS sequences of nuclear rRNA are commonly used in

phylogenetic analyses (White et al. 1990, Taberlet et al. 1991). The P. sa ficina tmL

and ITS sequences deposited in Gen8ank were all generated in unpublished studies

of this kind* and were thus not suitable for the development of an internal RT peR

control.

Ribonucleases (S-RNases) are associated with gametophytic self-incompatibility in two

plant families, the Solanaceae and the Rocaceae. Although no information was

available on the expression patterns of the two P. saficina S-RNase genes deposited in

Table 5-2. Prunus salicina nucleotide sequences retrieved from the GenBank nucleotide database.

Accession Gene(s)/sequences
Type of sequence

Cultivar/
Ref.

no. included strain

AB026981 Sa-RNase Partial mRNA for coding region Sordum ds

AB026982 Sb-RNase Partial mRNA for coding region Sordum ds

AF115481 Chloroplast transfer Complete chloroplast gene ns dsRNA-Leu (tmL) sequence (including intron)

Internal transcribed spacer Complete nuclear DNA sequence
AF179486b (ITS) 1 and Wen 3020

ds
5.8 S ribosomal RNA Partial nuclear DNA sequence

(CS)

5.8 S ribosomal RNA and Partial nuclear DNA sequence
AF179487 Wen 3020 ds

ITS 2 Complete nuclear DNA sequence (CS)

ITS 1 and Complete nuclear DNA sequence

AF185618 5.8 S ribosomal RNA and Complete nuclear DNA sequence ns ds

ITS2 Complete nuclear DNA sequence

a Website: http://www.ncbi.nlm.nih.gov/entrez. Date of data retrieval: 16 August 2000.

b The same sequence data is retrievable under accession number AH009373.

Abbreviations: ds = direct submission, ns = not specified.

* According to information supplied with sequence submissions.
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GenBank, previous studies have proposed that these genes may be involved in plant

defense (Lee et al. 1992, Lusso and Kuc 1995, Galiana et al. 1997). The P. salicina

S-RNase genes thus also did not offer a suitable basis for the development of an

internal RT peR control in the current study.

b. The second approach was to scrutinize the literature and databases for genes known

to be constitutively expressed in a wide range of plant tissues. In studies involving

mammalian cells and/or tissues "housekeeping" genes, such as ~-actin (Svetic et al.

1991, Kinoshita et al. 1992), ~2-microglobulin (Murphy et al. 1990), hypoxanthine-

guanine phosphoribosyl transferase (HPRT; Pieretti et al. 1991) and glyceraldehyde

phosphate dehydrogenase (GAPDH; Gendelman et al. 1990) are routinely used as

internal controls.

A survey of the literature describing the use of DD in plant gene expression analysis

failed to reveal any such commonly used internal "plant" standards. In a few studies,

genes known to be expressed constitutively in the particular tissue from which RNA

was isolated, were used as controls (e.g. Szczyglowski et al. 1997). The majority,

however, offered ethidium bromide stained rRNA bands on agarose gels as controls,

or used hybridization probes derived from rRNAs* to demonstrate the absence of

source variability.

In some published plant DD studies, Northern hybridizations performed with total RNA

were not sensitive enough to verify the expression of some of the cloned bands.

Detection was, however, achieved when blots were repeated with poly(Af RNA

extracted from the original samples used for DD. To demonstrate equal loading of

lanes in such blots (which do not contain rRNA), Seehaus and Tenhaken (1998) used

a probe derived from an ascorbate peroxidase gene, known to be expressed

constitutively in soybean under the experimental conditions used. In another study, a

probe derived from the eukaryotic elongation factor 4A encoding gene (eIF-4A) was

used for this purpose (Szczyglowski et al. 1997). This gene was previously

demonstrated to be highly and constitutively expressed in plants (Owttrim et al. 1991,

1994) and was also used as an internal control in the analysis of S-like RNAse gene

expression in Arabidopsis by Northern hybridization (Taylor et al. 1993).

* Although rRNAs are constitutively expressed in eukaryotic cells, their suitability as internal controls in mRNA
analyses is questionable, as the kinetics of rRNA transcription and degradation is very different to that of
mRNA (Jones et al. 1994).
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5.2.3.2 Attempts to design eIF-4A specific control primers*

The documented application of the eIF-4A gene as an internal standard in plant gene

expression analysis rendered it a good candidate for a RT PCR control in our DO

verification strategy. To test its applicability in our system, a pair of primers had to be

designed that would allow the amplification of an eIF-4A fragment from cDNAs generated

by oligo-dT primed reverse transcription of the RNA samples originally used for DO.

To this end, eIF-4A mRNA sequences of Nicotiana plumbaginifolia (curled-leaf tobacco),

lea mays (maize), Arabidapsis thaliana and Triticum aestivum (wheat) were obtained from

the GenBank data libraryt. These sequences were aligned and used as a basis to design

a primer pair (MAC-f and MAC-r), according to the procedure described in Chapter 3

(section 3.2.2). The regions of highest similarity between the aligned sequences that were

closest to the 5'- and 3'-termini of the open reading frame (ORF) were identified as the

preferred primer sites, as this would yield the longest possible eIF-4A amplification

product.

Primers MAC-f and MAC-r~ were first used in PCRs with genomic DNA of N. tabacum cv.

'White Burley' (common tobacco) and several stone fruit cultivars (Prunus salicina cvs.

'Songold', 'Laetitia' and 'Lady Red', and P. persica var. nectarina cv. 'Flavorine') as

templates. The results from a series of PCRs, performed at two annealing temperatures

and three MgCb concentrations (Fig. 5-2) suggested the following:

a. Primers MAC-f and MAC-r were specific for tobacco eIF-4A. This was confirmed by

partial sequencing of the dominant (1.5 kb) tobacco amplification product. 280 of the

5'-terminal 370 nucleotides sequenced with MAC-f and all 467 nucleotides of the

3'-terminal fragment obtained with MAC-r aligned with 97% identity to the

corresponding N. plumbaginifolia eIF-4A mRNA sequence. The remaining 90

nucleotides in the 5'-terminal fragment were identified as one (of at least two) introns in

the genomic N. tabacum eIF-4A fragment bordered by the sequences of MAC-f and

MAC-r.

* This series of experiments did not yield the desired result and is presented in a summarized form to
demonstrate the process of designing control RT PCR primers.

t GenBank accession numbers of sequences are: N. plumbaginifolia eIF-4A2: X61205, Z. mays eIF-4A:
U17979, A. thaliana eIF-4A1: X65052, A. thaliana eIF-4A2: X65053 and T. aestivum eIF-4A: Z21510.

~ Primer sequences are: MAC-f: 5'-CAGGAGGAGTTCTTCACATC-3', corresponding to nucleotides 82-101
of the N. plumbaginifolia e1F-4A2 ORF and MAC-r: 5'-TGCAAGTAGTTCTCTGGCTG-3', corresponding to
nucleotides 1075-1094 of the same sequence.
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Fig. 5-2. Agarose gel electrophoresis of PCR products obtained with eIF-4A specific primers
MAC-f and MAC-r, using genomic DNA from tobacco and stone fruit as templates.

PCRs were performed in 50 ul. reactions. Each reaction contained 2.5 U SuperTherm DNA polymerase, 1 x
reaction buffer and 2.5 mM MgCIz (all from JMR Holdings, Sidcup, Kent, UK), 0.2 mM of each dNTP
(ABgene, Epsom, Surrey, UK) and 0.5 uM each of primers MAC-f and MAC-r (synthesized by the DNA
synthesis laboratory, University of Cape Town, South Africa). Genomic plant DNA (40 ng, isolated
according to a method adapted from Doyle and Doyle 1987) or double distilled water (for negative controls)
was used as template. Reactions were performed in a PCR Express thermocycler (Hybaid, Ashford,
Middlesex, UK) for 35 cycles of 45 sec at 94°C, 45 sec at 50°C and 1 min at noc, followed by a final
elongation step of 10 min at noc. 15 ul, of each PCR product were electrophoresed in 1 x TAE (40 mM
Tris-HCI, 20 mM acetic acid, 1 mM EDTA, pH 8.0) in a 1% agarose gel containing 0.25 ug/rnl. ethidium
bromide.

The sizes of molecular marker fragments are given on the left.

Lanes 1: Pst I1$A DNA ladder; 2: Negative control; 3: Nicotiana tabacum cv. 'White Burley'; 4: Prunus
salicina cv. 'Laetitia'; 5: P. salicina cv. 'Lady Red'; 6: P. salicina cv. 'Songold'; 7: P. persica var.
nectarina cv. 'Plavorine'.

A second series of PCRs were performed as described above, but with varying concentrations of MgCIz (1.5
and 3.5 mM, respectively). At 1.5 mM, no significant amplification products were obtained for any the plum
cultivars, but at 3.5 mM two more bands (1.6 and 1.3 kb respectively) were observed (results not shown).

When the PCRs were repeated as described, but at an annealing temperature of 55°C over the range of
MgCIz concentrations (1.5, 2.5 and 3.5 mM), the smaller (1.0 kb) tobacco band consistently failed to
amplify. At this temperature, none of the MgCIz concentrations yielded any plum amplification products. At
1.5 and 2.5 mM MgCIz, no nectarine products were obtained, but at 3.5 mM MgCIz the 0.9 kb and 0.55 kb
bands seen above were weakly amplified (results not shown).
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b. The stone fruit eIF-4A sequence was probably quite divergent from the tobacco,

maize, Arabidopsis and wheat sequences in the regions corresponding to primers

MAC-f and MAC-r. Reaction conditions that seemed optimal for the amplification of a

single eIF-4A fragment in tobacco did not yield any stone fruit amplification products.

Although some products were obtained under conditions that permit amplification from

less specific priming events (i.e. a higher MgCb concentration and lower annealing

temperature), these primers would probably not be suitable for the amplification of an

eIF-4A fragment that could serve as an internal RT PCR control.

Attempts were nevertheless made to generate eIF-4A fragments by RT PCR from N.

tabacum and P. salicina cv. 'Songold' total RNA. A series of experiments were performed

in which (i) the amount of total RNA used for cDNA synthesis, (ii) the RT primer (oligo-dT

or MAC-r), (iii) the amount of cDNA used as template for the PCR, (iv) the PCR annealing

temperature, and (v) the MgCb concentration in the PCR were varied. The salient results

of these experiments were the following:

a. A 1.0 kb fragment was consistently amplified from tobacco cDNA. An optimal yield of

this product was obtained when (i) at least 1 Ilg total RNA was used for cDNA

synthesis, (ii) RT was primed with the oligo-dT primer, and (iii) the PCR was performed

at an annealing temperature of 50°C in the presence of 1.5 mM MgCb. This product

(predicted on the basis of the N. plumbaginifolia eIF-4A sequence to be 1013

nucleotides in length) was purified and subjected to automated cycle sequencing with

primers MAC-f and MAC-r*. The 946 nucleotides of sequence obtained in this way

aligned with 98% identity to nucleotides 106-1051 of the N. plumbaginifolia eIF-4A

mRNA sequence.

b. Plum cDNA synthesized with the oligo-dT primer consistently failed to yield any

amplification products in subsequent PCRs. When MAC-r was used for RT, and the

PCR performed at MgCb concentrations higher than 1.5 mM, two amplification

products (1.2 and 0.95 kb respectively) were faintly recognizable against a very smeary

background on an agarose gel. Whichever way reaction conditions were manipulated,

* Briefly, the PCR was scaled up fivefold and the total reaction product electrophoresed in 1 x TAE in an 1%
agarose gel containing 0.125 !lg/ml ethidium bromide. The eIF-4A band was excised from the gel and
purified using the Wizard PCR prep DNA purification kit (Promega, Madison, WI). DNA eluted from the
Wizard columns were concentrated by evaporation. A aliquot was electrophoresed in an agarose gel to
estimate the concentration (relative to DNA fragments of a known concentration). Cycle sequencing was
performed as described in section 5.3.2.
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MAC-f and MAC-r appeared to be unsuitable for the generation of an eIF-4A internal

RT PCR standard.

The final approach in the development of a possible eIF-4A control rested on attempts to

isolate and purify some of the amplification products that were obtained with the MAC

primers from plum genomic DNA (Fig. 5-2). If these fragments could be sequenced, arid

proved to be eIF-4A related, a different pair of primers that would specifically amplify a

part of the plum eIF-4A sequence could be designed. Even when reaction volumes were

scaled up fivefold, and reaction products pooled and concentrated before agarase

electrophoresis, the intensities of these bands relative to background smears were never

high enough to achieve this.

In summary, these experiments produced an eIF-4A specific primer pair that was

potentially useful to generate an internal RT PCR control when tobacco material was used

for differential gene analysis. Further attempts to apply this control in the verification of DD

results obtained with plum material were, however, abandoned.

5.2.3.3 Actin as an intemal"plant" RT peR standard

The author's efforts to develop a plant eIF-4A internal RT PCR standard co-incided with a

similar venture undertaken at Stellenbosch University's Institute of Plant Biotechnology

(IPB) under the guidance of Prof. Frikkie Botha. This group investigated the possibility to

use a plant actin gene as internal standard for gene expression analysis in grapevine (in a

similar fashion to the general use of the p-actin gene in mammalian tissues; Gause and

Adamovicz 1995). Like their mammalian counterparts, plant actin encoding genes may be

regarded as "housekeeping" genes as (i) cytoplasmic actin is an essential component of

the cell cytoskeleton of eukaryotic cells, including that of plant cells (Pollard and Cooper

1986), and (ii) a number of cellular processes, such as cytoplasmic streaming, cell shape

determination, organelle movement, cell division and extension growth, are believed to

involve cytoskeletal actin proteins in higher plants (Staiger and Schliwa 1987).

A pair of actin specific primers was generously made available by Anita Burger of IPB for

evaluation with plum material. These primers, actin-F (5'-TCACACTITCTACAATGAGCT)

and actin-R (5'-GATATCCACATCACACTICAT) were based on homologous 5'- and

3'-regions in the nucleotide sequences of plant actin mRNAs obtained from the GenBank
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database. This primer pair was tested under the reaction conditions described in Fig. 5-1,

with cDNAs generated from the plum RNAs used for DD as templates. A 600 bp band of

high and equal intensity was obtained from all eight samples (Fig 5-3).

The eight RT PCR reaction products were subsequently pooled for the purification and

automated sequencing* of the 600 bp band. Sequence data obtained with the 5-' and 3-'

primers were integrated with the programme DAPSA (version 4.61; E.H. Harley, University

of Cape Town, South Africa, 1999). The entire sequence of 607 nucleotides! (inclusive of

the two 21-mer actin-F and actin-R primer sequences) was obtained in this way.

A basic BLAST search (Altschul et al. 1990, 1997) of the GenBank nucleotide database

recorded 183 "hits" and retrieved 100 sequences with significant sequence similarity to

1 2 3 4 5 6 7 8 9 10 Fig. 5-3. Agarose gel electrophoresis of peR
products obtained with actin specific primers,
using cDNA generated from the Prunus salicina
RNA samples used for DD analysis.

cDNA synthesis was performed in 20 ul, reactions as
described in Fig. 5-1, using 2 ug of P. sa/icina total
RNA as template in each of the eight RT reactions.
For a negative RT control, RNA was replaced with an
equal volume of double distilled water.

peRs were performed in 20 ul. reactions as described in Fig 5-1, except that the final concentration of each
actin primer was reduced with one-tenth to 0.05 IlM. (This was done since amplification with the standard
0.5 IlM yielded such intense bands that their apparent size could not be assessed properly.) For the negative
peR control, 2 ul. of the negative RT control was used as template.

5 ul, of each peR product were electrophoresed and visualized as described in Fig. 5-1. Similar results were
obtained from triplicate peRs, each performed with cDNAs generated in a different series ofRT reactions.

Lanes 1: Untreated control 'Laetitia' cDNA; 2: Wounding control 'Laetitia' cDNA; 3: Harpin treated
'Laetitia' cDNA; 4: P. s. pv. syringae NV treated 'Laetitia' cDNA; 5: Untreated control 'Songold' cDNA;
6: Wounding control 'Songold' cDNA; 7: Harpin treated 'Songold' cDNA; 8:P. s. pv. syringae treated
'Songold' cDNA; 9: Negative control; 10: Promega 100 bp DNA ladder.

The sizes of molecular marker fragments are given on the right.

* Performed essentially as described for the tobacco eIF-4A RT peR product, except that "quarter"
sequencing reactions (in which all reagent volumes were halved) were used.

t Deposited into the GenBank nucleotide database (accession number AF321852).
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this partial Prunus salicina actin sequence. The majority (76%)* of these matches were

with actin nucleotide sequences (complete or partial mRNA, cDNA or genomic DNA) from

other plants. A cartoon of the ten complete plant actin sequences in the database that

showed the highest degree of similarity to the partial plum sequence, is given in Fig. 5-4.

The partial sequence of the only Prunus actin sequence in the database is also included in

the figure.

Having successfully amplified an actin fragment from oligo-dT primed P. salicina cDNA,

two questions remained to be addressed. The first was whether the actin gene

represented a legitimate internal control under the conditions used in the DO experiments.

If so, the final decision to be made was whether the control fragment was to be

co-amplified with individual DO bands, or whether the control amplification was to be

performed in a separate tube (Gause and Adamovicz 1995).

To answer the first of these questions experimentally, a signal of equal intensity for all

eight RNA samples used in the DO experiment had to be shown in a Northern

hybridization or RT PCR, using an actin probe or the abovementioned actin primers. Such

a result was indeed obtained (Fig. 5-3), but without an internal standard to demonstrate

the absence of source variability. The decision to use actin as an internal control in the

verification of our DO results was therefore additionally based on the following indirect

evidence":

a. The RT PCR products obtained with the actin primer pair from the eight different plum

RNAs were pooled before sequencing of the 0.6 kb band. The sequence data had a

* The remaining 14% of the hits were with actin sequences of Trichosurus vulpecula (the silvergray brushtail
possom; two hits), Xenopus laevis (the African clawed frog), Danio rerio (the zebrafish; two hits), Gallus
gallus (the chicken; two hits), Carassius auratus (the goldfish), Coturnix coturnix (the Japanese quail),
Biompharalia glabrata (the bloodfluke planorb; two hits), Cyprinus carpio (the common carp),
Pseudorasbora parva (a fish species) and Rattus rattus (the black rat). 75-80% identity was obtained with
the region in these non-plant actin sequences that corresponded to the partial P. salicina actin sequence.

t The following facts have bearing on the arguments that follow:

(i) Actin is expressed by gene families in all higher plants studied to date (Meagher 1991).
(ii) Unlike mammalian actin genes, the gene structure of plant actin encoding genes are uniquely

conserved, and consists of four exons of conserved length and three introns of variable length (Shah et
al. 1983).

(iii) Despite the high conservation of gene organization, a relatively high degree of amino acid divergence
exists within the protein sequences of actins expressed in the same plant, as well as within the actins
expressed in different plant families (Shah et al. 1983, McDowell et al. 1996).

(iv) Different subclasses of actin genes are expressed at different developmental stages and in different
tissues (Meagher 1991, McDowell et al. 1996).
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Prunus salicina
Prunus persica
Actin-F

Actin-R
Malva pusilla 87.6 %

Pisum sativum 86.6 %

Mimosa pudica 86.6 %

Magnolia denudata 85.8 %
Arabidopsis thaliana •••••••••••••••••••••••••••••• 85.5 %

Helianthus annuus 85.3 %
Brassica napus 84.8 %

Phalaenopsis sp. 82.7 %

Glycine max 85.5 %
Picea rubens 83.3 %
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Fig. 5-4. Cartoon of plant actin mRNA sequences, aligned to the partial Prunus salicina actin
mRNA sequence obtained by RT PCR with primers actin-F and actin-R.

mRNA sequences of the 10 complete plant actin mRNAs that showed the highest degree of similarity with
the partial P. salicina actin mRNA sequence in the BLAST search, as well as the partial P. persica
sequence, were obtained from the GenBank database (accession numbers are given below; the G. max
mRNA sequence was deducted from the genomic DNA sequence). The cartoon of aligned sequences was
generated with the programme DAPSA 4.61. Light blue areas in sequences aligned to the partial P. salicina
sequence denote identical nucleotides in the corresponding region, whereas dark blue areas represent
nucleotide differences. Since the amplified P. salicina fragment is incomplete, the 5'- and 3' -ends of the
complete actin genes are also indicated in dark blue.

All of the complete actin mRNAs are 1134 nucleotides long (corresponding to a protein of 378 amino
acids), with the exception of the P. sativum and G. max sequences, which has a 3-nucleotide deletion each.
The partial P. salicina sequence (607 nucleotides) aligned with nucleotides 267-873 of the other plant
sequences. The percentage of identical nucleotides between the partial plum sequence and each of the other
sequences in this region is given on the right. In the comparison of the partial plum and peach sequences,
only the 528 nucleotides common to both were used to calculate the percentage of identity. The relative
positions of the actin primers are also indicated. Actin-F corresponds to positions 267-287 and actin-R to
positions 853-873 of the aligned sequences. Actin-F is not 100 % identical to the relevant region in any of
genes obtained from GenBank, but actin-R corresponds with 100 % identity to nucleotides 853-873 of the
M pusilla, B. napus and G. max mRNAs.

Accession numbers of complete actin mRNA sequences included in the alignment are: Malva pusilla Act1:
AF112538, Pisum sativum actin: X68649, Mimosa pudica actin isoform B: AB032361, Magnolia
denudata actin: AF281323, Arabidopsis thaliana actin-2: U37281, Helianthus annuus actin: AF282624,
Brassica napus actin: AF111812, Phalaenopsis sp. 'True Lady' ACT1: AF246714, Glycine max SAc3
genomic DNA: J01297, Picea rubens actin: AFI72094, Prunus persica partial mRNA for actin:
AB046952.

Stellenbosch University http://scholar.sun.ac.za



122

very low signal-to-noise-ratio, which indicated that only one sequence was present in

this pooled sample. This suggested that only one plum actin gene was expressed in

plant material from which RNA was isolated for DD analysis.

b. Despite the documented sequence divergence between the coding regions of plant

actin genes, the partial P. salicina actin sequence showed significant similarity with

more than one actin isoform of several plants in the BLAST search: Pisum sativum: 2

isoforms; Mimosa pudica: 3 isofarms; Arabidopsis thaliana: 7 isofarms; Glycine max: 8

isofarms; Phalaenopsis sp.: 2 isofarms; Oryza sativa: 3 isofarms; Nicotiana tabacum: 6

isofarms; Oaucus carota: 2 isofarms; Anemia phyllitidis: 2 isofarms; Solanum

tuberosum: 8 isoforms and Zea mays: 3 isoforms. Together with the sequencing data,

this suggested that the actin primer pair was not isoform-, but rather actin-specific, and

that only one actin isoform (gene) was probably expressed in plum shoot tips under the

experimental conditions used for DD sample generation.

c. Results similar to those shown in Fig. 5-3 were consistently obtained in several series

of amplification experiments in which cDNA synthesis was performed with (i) different

aliquots of each RNA (which were DNase I-treated and stored separately), and (ii)

different dilutions of each RNA (made to the desired concentration from aliquotted

stocks). Likewise, peRs were performed with (i) a cDNA set generated in different RT

reactions and (ii) different dilutions of the actin primers.

In experiments where the amount of total RNA used for cDNA synthesis was

decreased (from 5 !lg to 2 !lg to 1 !lg), or the final concentration of the actin primers

was decreased (from 0.5 !lM each to 0.05 !lM each to 0.017 !lM each), the intensity of

the actin band decreased proportionally and evenly for all eight conditions. Only when

the final concentration of each primer was decreased 100-fold (i.e. to 0.005 !lM each)

in the peR, did the actin band fail to amplify from any of the eight cDNAs. This

suggested that the actin gene was expressed at high levels in actively growing plum

shoots, and at comparative levels between the cultivars, independent of treatment.

d. Amplification of the Arabidopsis thaliana actin-1 gene (AAc1; Nairn et al. 1988) has

been used in similar RT peR strategies as an internal control for source variability

(Penninckx et al. 1996, Gómez-Gómez et al. 1999).
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Having demonstrated that primers actin-F and actin-R were capable of amplifying an actin

fragment which seemed to be expressed at high and comparative levels in all eight RNA

conditions, the final decision was whether to co-amplify the control and target sequences

in a single tube during a PCR, or whether to use separate tubes. Co-amplification is often

not desired, as the levels of control gene expression may be very high relatively to that of

some target genes (Gause and Adamovicz 1995). In this study target fragments were also

very short (25-50% of the length of the control fragment), therefore the intensity of the

control band had to be limited to achieve comparable staining of control and target

amplification products in ethidium bromide stained agarase gels.

Co-amplification of selected DO bands and the actin band was initially done in the same

tube and seemed to yield acceptable results when the final concentration of each actin

primer was reduced to one-tenth of the concentration of each "DO band specific" primer.

These initial experiments were, however, performed with selected cONAs, and when the

experiment was extended to include the entire sample set for each particular band, the

co-amplification approach proved to be unsuitable in cases where cloned DO bands truly

corresponded to differentially expressed mRNAs. The following results were typically

obtained for "false positive" and "true positive" DO bands, respectively:

a. When a cloned band did not appear to correspond to a differentially expressed mRNA,

the "DO band specific" primer pair amplified a target of more or less the same intensity

from all eight cONAs. Competition for reagents (particularly dNTPs and MgCb) during

co-amplification of the target and control (actin) fragments seemed to be fairly

consistent, as the intensity of both bands were always comparable between the eight

conditions.

b. When a cloned band, however, appeared to represent a differentially expressed

mRNA, the cDNA for that gene would be absent in some of the samples. In such

samples, more dNTPs would be available for the amplification of the control band. The

subsequent increase in the intensity of the control band in samples deficient in the

target band rendered the control useless for the normalization and interpretation of the

final result.

The co-amplification or "multiplex" approach could have been optimized further, by

increasing the concentration of dNTPs and MgCb in the final reaction (Edwards and Gibbs
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1995), or by adding the control primers at a later stage during the PCR (Kinoshita et al.

1992). Separate amplification of the control and target sequences was, however,

preferred, as it allowed greater flexibility (Murphy et al. 1990). Variability introduced during

the detection of amplification products (such as lane-ta-lane variation during

electrophoresis) was normalized by electrophoresis of the target and control reaction

products in the same lane (see section 5.3.2).

5.3 IDENTIFICATION OF PLANT GENES INVOLVED IN INTERACTIONS BETWEEN

THE BACTERIAL CANKER PATHOGEN PSEUDOMONAS SYRINGAE PV.

SYRINGAE NV AND PLUM TREES USING DIFFERENTIAL DISPLAY

5.3.1 Contributions of co-authors

The manuscript that follows contains the original and independent work of the author of

this dissertation. The manuscript was compiled entirely by the author and all experimental

work presented in it was devised and conducted by her, with the exception of the clean-up

and analysis of cycle sequencing reactions, which was performed as a routine and paid

service by the University of Stellenbosch Core DNA Cycle Sequencing Facility.

Each of the co-authors contributed to the manuscript in the following way:

a. Ms Sonja Vorwerk visited the laboratory of Prof. Dirk Bellstedt from 21 January to 15

May 2000. She had just completed her "Diplomarbeit" under the supervision of Prof.

Elmar Weiler at the Department of Plant Physiology (Ruhr-Universitat, Bochum,

Germany) and wished to gain experience in differential display technology before she

continued with her Ph. D. studies. The second series of DO experiments described in

the manuscript was used for this purpose. Under supervision of the author of this

dissertation, Ms Vorwerk thus assisted in the generation of the second series of RT

and DO PCR products, the separation of DO PCR products by PAGE, and the

excision, re-amplification, cloning and sequencing of candidate bands 003, 004, 005,

006 and 007.

b. Prof. E. Lucienne Mansvelt* is a senior researcher at the Plant Biotechnology and

Pathology Division of the ARC-Fruit, Wine and Vine Research Institute. She has

collaborated with the author and her supervisor on molecular investigations of the

* Recently appointed as special associate professor of Plant Pathology at Stellenbosch University.
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bacterial canker pathogen since 1994 and is the co-promoter of this dissertation. As

such, she has provided logistical support and partial funding for this project. For this

study, she supplied the stock cultures of P. s. pv. syringae NV, as well as tobacco

plants, plum trees and greenhouse facilities. The bacterium was cultivated and all plant

infiltrations were performed under her supervision. She also provided the facilities for

and assistance with the photography of RT peR results.

c. Prof Dirk U. Bellstedt is an associate professor of Biochemistry at the University of

Stellenbosch and the promoter of this dissertation. In this capacity, he was involved in

the conceptual development of and practical execution of all aspects of this study. He

promoted all collaborations, provided funding for the project and facilitated all logistical

aspects within the Department of Biochemistry.
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IDENTIFICATION OF PLANT GENES INVOLVED IN

INTERACTIONS BETWEEN THE BACTERIAL CANKER

PATHOGEN PSEUDOMONAS SYRINGAE PV. SYRINGAE NV

AND PLUM TREES USING DIFFERENTIAL DISPLAY

Maryke Appel\ Sonja Vorwerk", E. Lucienne Mansvelf and Dirk U. Bellstedt'

'Department of Biochemistry, University of Stell enbosch, Private Bag Xl, Matieland 7602, SOUTH AFRICA

JARC-Fruit, Wine and Vine Research Institute, Private Bag X5013, Stellenbosch 7599, SOUTH AFRICA

* Present address: Department of Plant Breeding and Yield Physiology, Max Planck Institute for Plant
Breeding, Carl-von-Linnê Weg 10, Cologne 50829, GERMANY

ABSTRACT

To identify genes involved in the interaction between the bacterial canker pathogen Pseudomonas

syringae pv. syringae and stone fruit trees, actively growing shoot tips of two Prunus salicina

cultivars, cv. 'Laetitia' (moderately resistant) and cv. 'Songold' (highly susceptible) were infiltrated

with either (i) live P. s. pv. syringae NV bacteria, (ii) recombinant harpinpssNvprotein, or (iii) MES

buffer (wounding control). RNA was isolated from these, as well as from untreated shoot tips, 24

hours later for comparative mRNA analysis using the differential display (DD) technique.

Fifteen combinations of arbitrary and anchored primers were used to generate DD profiles. Eleven

candidate bands were selected, of which eight were successfully re-amplified, cloned and

sequenced. A semi-quantitative reverse transcription polymerase chain reaction (RT peR) strategy

was employed to verify the expression patterns of these differentially amplified cDNA fragments.

Two of the candidate bands (DDc and DD4) appeared to represent mRNAs that are differentially

expressed between cultivars and/or treatments at the 24 hour time point, whereas no differences in

the expression levels of the other six candidate bands (DDa, DDe, DD3, DDS, DD6 and DD7) could

be detected.

BLAST searches of sequence databases yielded significant matches with plant defense-related

mRNAs for DDe, DD4 and DD7. Matches for DD4, which appeared to represent an mRNA that is

more strongly down-regulated as a result of these three treatments in cv. 'Laetitia' than in cv.

'Songold " was obtained with sequences of the Arabidopsis disease resistance gene RPM 1 and a
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mammalian inhibitor of apoptosis protein (lAP). This suggests that hypersensitive cell death may

play an important role in the defense of Prunus spp. against the bacterial canker pathogen.

Keywords:

Apoptosis, bacterial canker of stone fruit, differential display, hypersensitive response,

phenylpropanoid pathway, plant defense responses, Pseudomonas syringae pv. syringae.

Abbreviations:

4CL = 4-coumarate:CoA ligase, ACC = l-aminocyclopropane-l-carboxylate, Avr = avirulence

(gene), BSA = bovine serum albumin, cfu = colony forming units, cv. = cultivar, DD = differential

display, DEPC = diethylpyrocarbonate, DTT = dithiotreitol, E-value = expect value, HR =

hypersensitive response, lAP = inhibitor of apoptosis protein, MES = 2-N-morpholino-

ethanesulphonic acid, MOPS = 3-(N-morpholino) propanesulphonic acid, NCBI = National Center

for Biotechnology Information, PAL = phenylalanine ammonia lyase, PAGE = polyacrylamide gel

electrophoresis, PCD = programmed cell death, PCR = polymerase chain reaction, PMSF =

phenylmethylsulphonylfluoride, PR pathogenesis-related, pv. = pathovar, pyp =

poly(1-vinyl-2-pyrrolidone), R = resistance (gene), RIP = ribosome-inactivating protein, RT =

reverse transcription, RT PCR = reverse transcription polymerase chain reaction, RuBisCO =

ribulose-l,5-bisphosphate carboxylase/oxygenase, SAR = systemic acquired resistance, TAIR =

The Arabidopsis Information Resource, Tru = melting temperature, TMV = tobacco mosaic virus,

UTR = untranslated region.

INTRODUCTION

Bacterial canker of stone fruit is an economically important crop disease in temperate and

Mediterranean fruit-producing countries of the world. In South Africa this disease appears to be

more destructive than elsewhere. Reasons for this are obscure, but a number of predisposing factors

such as climatic and soil conditions and poor horticultural practices have been implicated. Chemical

control of the disease has failed completely in this country, and the breeding of resistant host trees

has been identified as a priority in the effective, long-term management of the disease (Hattingh et

al. 1989).
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Pseudomonas syringae pathovar syringae is the major causative agent of bacterial canker in South

Africa. It is a weak, but opportunistic, systemic plant pathogen with a complex life cycle

characterized by an epiphytic phase on non-hosts or symptomless host plants (Hattingh et al. 1989).

A large number of P. s. pv. syringae strains have been isolated from fruit trees in this country and

have been characterized with regard to their cultural, biochemical, nutritional and physiological

features (Roos and Hattingh 1987). South African commercial cultivars of Prunus persica (peach),

P. persica var. nectarina (nectarine), P. salicina (Japanese plum), P. domestiea (French plum), P.

armeniaca (apricot), P. avium (sweet cherry) and P. amygdalus (almond) have been shown to be

susceptible to the pathogen, with the exception of P. salicina cv. 'Laetitia' which has demonstrated

an appreciable degree of resistance against local P. s. pv. syringae strains (Hattingh et al. 1989). The

molecular basis of interactions between P. s. pv. syringae and any of these stone fruit cultivars has,

however, not been investigated to date.

The ability of P. syringae and other Gram-negative phytopathogenic bacteria from the genera

Pseudomonas, Xanthomonas, Erwinia and Ralstonia to cause disease in hosts and a hypersensitive

response (HR) in non-hosts or resistant hosts has a common molecular basis and is controlled by

hrp genes (Lindgren et al. 1986, Lindgren 1997). Hrp genes are clustered in pathogenicity islands

and encode the components of a conserved type III protein secretion system, regulatory proteins and

secreted proteins (Collmer 1998, Alfano et al. 2000). It is proposed that the Hrp type III secretion

system is capable of delivering many, diverse products of bacterial avirulence (avr) genes, which are

the primary effectors of pathogenesis, into plant cells (Alfano and Collmer 1996, Collmer 1998).

Plants possess a number of constitutive "barriers" against pathogen attack, but respond mainly

through the local and systemic activation of an array of inducible defense mechanisms. These

include the production of active oxygen species, cell wall reinforcement (through the deposition of

callose and lignin and the cross-linking of cell wall proteins), the production of low molecular

weight antimicrobial compounds (phytoalexins), the expression of pathogenesis-related (PR)

proteins, and the HR (which is regarded as a form of programmed cell death) (Hammond-Kosack

and Jones 1996, Heath 2000). All plants are genetically programmed for disease resistance, and the

outcome of an interaction between a particular plant and a potential pathogen depends on whether

the plant is able to recognize the pathogen as "non-self' and mobilize its defenses to counteract the

pathogen's advances. The outcome of a plant-pathogen interaction (i.e. resistance or disease

development) does not only depend on the spatial co-ordination and magnitude of defense-related

gene expression, but also on the speed at which the expression of these genes can be induced (Dean

Stellenbosch University http://scholar.sun.ac.za



129

and Kuc 1985, Baron and Zambryski 1995). Different defense-related genes display different

temporal expression patterns which may be correlated with their various functions in the overall

defense strategy (Lamb et al. 1989, Esnault et al. 1993, Kombrink et al. 1993).

Recognition of attackers depends on the plant's perception of pathogen-derived exogenous elicitors

(Ebel and Cosio 1994). "Pathogen-specific" (or "race-specific") elicitors are proposed to be the

products of "maladapted" avr genes acquired through horizontal transfer between co-evolving

bacterial populations. Incompatibility results when such an avr gene product is recognized by a

receptor encoded by one of a variety of disease resistance (R) genes carried by plants (De Wit 1997,

Vivian and Gibbon 1997). "Non-specific" or general elicitors elicit plant defenses independent of

avr-R gene interaction. Only two such elicitors from bacterial pathogens have been identified thus

far: flagellin (a component of the eubacterial flagellum; Felix et al. 1999) and harpins. Harpins are

heat-stable, glycine-rich, hrp encoded proteins that lack cysteine and are secreted via the Hrp type

III secretion system. They contribute to the pathogenicity and HR-eliciting ability of Hrp' bacteria in

variable ways, and elicit the HR and systemic acquired resistance (SAR) in plants when injected in

their purified form. Despite the fact that harpins have been associated with the induction of several

plant-defense responses, their biological functions in these processes are still unknown (Alfano and

Collmer 1996, 1997; Collmer 1998).

We have recently cloned the harpin encoding gene (hrpZ) of one of the most virulent South African

strains of the bacterial canker pathogen, P. s. pv. syringae NV, and have expressed it in E. coli for

the production of biologically-active, recombinant harpinpssNvthat may be used as a tool in

molecular investigations of P. s. pv. syringae-stone fruit interactions (Appel et al. 1999b). In this

study we have compared the induction of gene expression by P. s. pv. syringae NV and harpinpssNv

in interactions with the moderately resistant P. salicina cv. 'Laetitia' and the highly susceptible P.

salicina cv. 'Songold' . The differential display (DD) technique was chosen for this comparative

mRNA analysis, as it is based on technologies accessible to us and is capable of comparing multiple

conditions simultaneously (Liang and Pardee 1992, 1995). This has allowed us to identify a number

of differentially amplified cDNA fragments that may represent plant genes involved in the

interaction between P. s. pv. syringae and plum trees.
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MATERIALS ANDMETHODS

Maintenance of plants

Tobacco plants (Nicotiana tabacum cv. 'White Burley') were grown and maintained in a

greenhouse at an average temperature of 23°e and relative humidity of 70-80%. Plants of uniform

height (15-20 cm) were used for HR tests. Prunus salicina cultivar 'Laetitia' and cv. 'Songold' trees

were obtained from a commercial nursery. They were maintained in sandy soil and fed with

Hoagland's solution once per week. Two year old trees were used for DD experiments.

Cultivation of P. syringae pv. syringae NV, harpin preparation and plant infiltration

Pseudomonas syringae pathovar syringae strain NV (Roos and Hattingh 1987) was routinely

maintained on King's medium B (King et al. 1954) at 27°e. For HR testing in tobacco (to confirm

the pathogenicity of the culture) and infiltration of plum trees (for RNA isolation), small quantities

of plated culture were suspended in double distilled water until the density of the suspension

visually approached that of a reference suspension containing 108 to 109 colony forming units

(cfu)/mL. The actual concentrations of inocula were determined after infiltration by dilution plating

on King's medium B, as described previously (Appel 1996).

Recombinant harpinpssNvwas purified from Escherichia coli TB 1 (pMNV 1) as described previously

(Appel et al. 1999b) and stored at -70oe. Before infiltration of tobacco (to confirm the HR eliciting

ability of the preparation) and plum trees (for RNA isolation), the concentration of recombinant

protein (in 10 mM 2-N-morpholino-ethanesulphonic acid [MES] buffer, pH 5.5 + 0.1 mM

phenylmethylsulphonylfluoride [PMSF]) was determined to be 0.34 mg/mL (= 9.7 flM) by the

Bradford method, using bovine serum albumin (BSA) as standard protein (Bradford 1976).

Actively growing plum shoots were infiltrated with either the abovementioned recombinant

harpinpssNvpreparation or P. s. pv. syringae NV (2 x 108 cfu/mL). A hypodermic syringe fitted with

a 25-gauge needle was used to inject 250 ul. test solution into the shoot, just below the growth tip.

Droplets forming on the shoot at the infiltration site were allowed to be absorbed into the tissue. A

third infiltration was done with MES buffer as a wounding control (10 mM MES, pH 5.5,

supplemented with 0.1 mM PMSF; He et al. 1993, Appel 1996). Three shoots on the same tree were

used for the three different treatments, while a fourth shoot was tagged as an "untreated" control.

Treatments were performed in duplicate on two different trees of each cultivar.
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RNA isolation, evaluation and treatment

Twenty-four hours after treatment, shoot tips were excised 0.5 cm below the infiltration site,

collected in pre-weighed foil bags and snap-frozen in liquid nitrogen. "Untreated" shoots were

excised at similar positions, in order to yield samples of comparative mass. Frozen tissue was kept

at -70°C until use.

Total RNA was isolated according to the guanidiniumlCsCI method described in Ausubel et al.

(1995), with a number of modifications. Briefly, samples were taken from -70°C and kept in liquid

nitrogen. Each sample was weighed quickly and transferred from the foil bag to a mortar (precooled

overnight at -70°C) filled with liquid nitrogen. The sample was ground to a fine powder (using a

precooled pestle) and mixed with a spatula tip ofpoly(l-vinyl-2-pyrrolidone) (PYP, mol. wt. 25 000

to 30 000; Merck, Darmstadt, Germany). The powder was mixed with 15 mL guanidinium solution

(4 M guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% miv sarkosyl [sodium lauroyl

sarcosinate], 0.1 M 2-mercapto-ethanol) and allowed to thaw at room temperature. The resulting

suspensions were transferred to 50 mL centrifuge tubes and centrifuged for 30 min at 17 400 x g at

room temperature. Each clear supernatant was transferred to a polyallomer, bell-top Quick-Seal

ultracentrifuge tube (25 x 64 mm; Beckmann Instruments, Palo Alto, CA) containing 9 mL CsCI

(5.7 M in 0.1 M EDTA). Tubes were balanced with guanidinium solution, sealed and centrifuged in

a swinging bucket rotor (SW 25.1; Beckmann Instruments) at 25 000 rpm (90 200 x g) for 25 hours.

After ultracentrifugation, the content of each tube was carefully aspirated through a hole cut into the

top. The RNA pellet in the bottom of each tube was recovered by suspension in 400 J.lL TES

solution (10 mM Tris HCI pH 7.4, 5 mM EDTA, 1% miv SDS). This was followed by extraction

with phenol:choloroform:isoamylalcohol (25 :24: 1, pH of phenolic phase = 6.6; Sigma, St. Louis,

MO) and precipitation of RNA (overnight at -20°C) with 0.1 volume sodium acetate (3 M, pH 3.2)

and 2.5 volumes ethanol (100%). RNA pellets were recovered by centrifugation (13 000 x g for 15

min at 4°C) washed in 70% ethanol and dissolved in double distilled water treated with

diethylpyrocarbonate (DEPC; Sigma).

For all subsequent analyses, RNA was treated with DNase I to remove any contaminating DNA.

Treatments were performed with the MessageClean kit (GenHunter Corporation, Nashville, TN),

essentially as prescribed by the manufacturer. To increase yields of treated RNA, 200 J.lL

DEPC-treated water was added to each 56.7 J.lL sample before extraction with 250 J.lL

phenol:chloroform:isoamylaclohol (the same solution used during RNA isolation, instead of the
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recommended phenol:chloroform 3:1). DNA-free RNA was precipitated and resuspended as

described above.

RNA samples were diluted in DEPC-treated water and absorbances read at 230, 260 and 280 nm to

determine their concentration and purity. To check the integrity of the rRNA bands, an aliquot of

each sample was mixed with 0.25 volumes 5 x RNA loading buffer (Qiagen GmbH 1999),

incubated at 65°C for 15 min and cooled on ice for 10min. After the addition of 1 ul, ethidium

bromide (5 mg/mL) to each sample, electrophoresis was performed in a 1.5% agarose gel

(containing 1.8% v/v formaldehyde) in a 3-(N-morpholino) propanesulphonic acid (MOPS) buffer

(20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA, pH 7.0), at 8 V/cm.

RNAs were stored as aqueous suspensions at -20°C for frequent use, or mixed with 0.1 volume

sodium acetate (3 M, pH 3.2) and 2.5 volumes ethanol (100%) to be stored for long periods at

-70°C.

Differential display reactions and analysis of reaction products

Reverse transcription (RT) and differential display (DD) polymerase chain reactions (PCRs) were

performed with the RNAimage system (GenHunter), according to the manufacturer's instructions,

using Taq DNA polymerase (5 Uzul.; Qiagen, Hilden, Germany) and a-[35S]-dATP (1000 Ci/mmol;

New England Nuclear, Zaventem, Belgium).

For each batch of RT reactions, a fresh dilution (0.1 ug/ul.) of each total RNA sample was used.

Three RT reactions, each containing a different one-base anchored primer (H-T"M, where M = A,

C or G), were performed for each of the eight RNA samples. RT products were used immediately

for DD PCRs, or stored at -20°C for later use.

Two series of DD PCRs were performed. In the first series, anchored primers used for RT were not

included in the DD PCR and priming was done in both directions with a single arbitrary primer

(analogous to the strategy described in Haag and Raman 1994). In the second series, the anchored

primer used in the RT reaction was combined with an arbitrary primer according to the

manufacturer's protocol. Primer combinations used in the two series of reactions are given in

Table 1. All DD PCRs were performed in duplicate in thin-walled, flat-capped 0.2 mL PCR tubes

(Quality Scientific Plastics/Porex, Petaluma, CA) in a PCR Express thermocycler (Hybaid, Ashford,

Middlesex, UK). To minimize contamination from 35S-labelled gases which may be released during
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the PCRs (Clinton and Scougall 1995), reactions were overlaid with mineral oil and thermocycling

was carried out in a vented fume hood. PCR products were stored at -20°C for analysis.

DO PCR products were analyzed by polyacrylamide gel electrophoresis (PAGE) In 6%

"sequencing" gels, as described in Ausubel et al. 1995. During the preparation of gels, one glass

plate of each set was treated with "bind-silane" (1% v/v y-methacryloxypropyltrimethoxy silane

[Sigma] in 80% v/v ethanol, 1.67% v/v acetic acid) to bind the polyacrylamide gel after

electrophoresis, whereas the opposite plate was treated with Spray-and-Cook" (Colman Foods,

N'dabeni, South Africa) to release the gel. Spacers and combs were 0.4 mm thick, and

flat-bottomed, well-forming combs were used as recommended by Galindo et al. (1997). Samples

were prepared for loading according to the RNAimage kit instructions. Duplicate DO PCR products

were always loaded in adjacent lanes to facilitate the identification of candidate bands. To assess the

size of DD fragments after autoradiography (see below), two 5 ul. aliquots of 100 bp DNA ladder

(Promega, Madison, WI; diluted 1:20 in double distilled water), were prepared in the same way as

the DO PCR products, and loaded in the outside lanes of each gel. Electrophoresis was stopped

when the slower (xylene cyanol) dye front was about 5 cm from the bottom of the gel, which

allowed fragments of ±100 bp to reach the bottom of the gel.

After electrophoresis, glass plates were allowed to cool down (to <35°C) and separated. The gel

was soaked in 5% v/v methanol, 5% v/v acetic acid for 20 min at room temperature (with occa,sional

agitation) to remove urea, and dried on the silane-treated glass plate in an incubator (:2:90min at

60°C). The gel was then covered with a sheet of Kodak BioMax MR film (Amersham, Little

Chalfont, Buckinghamshire, UK), sealed in a light-tight container and autoradiography was allowed

to proceed at room temperature for 30-65 hours (depending on the age of the 35S-dATP used in the

PCR). Autoradiographs were developed according to the manufacturer's instructions, using

Chronex Premix Developer and Fixer solutions (Protea Medical Services, Midrand, South Africa).

Excision, re-amplification and cloning of candidate bands

Autoradiographs were inspected and the positions of candidate bands were marked. DD PCR

products containing those candidate bands selected for further manipulations were

re-electrophoresed in duplicate on a single gel. To facilitate the identification of the candidate bands

after electrophoresis, selected RNA conditions in which these bands were absent were also loaded

on the gel. Electrophoresis and autoradiography were performed as described previously. After the

autoradiograph was developed and candidate bands were marked, the gel was subjected to silver
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staining as described in Appel et al. (1999a). Briefly, the gel was rehydrated in distilled water

(preheated to ±40°C) for 30 min. This was followed by staining in a silver solution (0.2% miv silver

nitrate, 0.056% v/v formaldehyde) for 1 hour, a brief rinse in distilled water, and developing in a

cold (8-10°C) carbonate solution (3% miv sodium carbonate, 0.056% v/v formaldehyde, 32 11M

sodium thiosulphate). Developing was stopped by rinsing the gel in a cold acetic acid solution

(7.5% v/v) for 30 min, after which the gel was rinsed in 3 changes of distilled water (10 min per

change).

The gel was allowed to drip dry, after which it was positioned on top of its corresponding

autoradiograph on a light box, taking care to align lanes perfectly. Each candidate band was excised

with a 2-10 ul, pipette tip, transferred to a PCR tube containing 20 ul, TE buffer (10 mM Tris HCI,

I mM EDTA, pH 7.4) and incubated at 95°C for 20 min to elute the DNA. Eluates were used

immediately for re-amplification, or stored at -20°C.

For the re-amplification of excised bands, 2 ul. of each DNA eluate was used as the template in a

20 ul. PCR. PCR mixes and cycling parameters were identical to those used for the DD PCR, with

the exception that the 35S_dATP was omitted and the relevant anchored primer was included in all

reactions (also for the re-amplification of bands generated in DD PCRs which did not include an

anchored primer). A duplicate re-amplification reaction was performed for each band, in which the

final concentration of each dNTP was increased from 2 11Mto 20 11M. Re-amplification products

were analyzed on silver-stained, polyester-backed 10% PAGE mini-gels as described by Bassam et

al. (1991). Samples were prepared for loading and DNA molecular size fragments included in each

gel as described for the analysis of DD PCR products by PAGE.

Of each successful re-amplification reaction (performed with 20 11Mof each dNTP), 1 ul, was

ligated directly into the pGEM- T Easy vector (Promega). Recombinant plasmids were transformed

into High Efficiency E. coli JM 109 competent cells (Promega) according to the manufacturer's

instructions.

Analysis of clones and sequencing of cloned DD bands

Clones from each transformation were selected randomly and plasmid DNA was isolated according

to the manufacturer's instructions using the Wizard Plus Miniprep DNA purification system

(Promega). The presence and sizes of inserts were determined by restriction digestion with EcoRI in

SuRE cut buffer H (Roche, Mannheim, Germany), for I hour at 37°C. Digestion products were
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mixed with 0.2 volumes of DNA loading dye (0.1% miv bromophenol blue, 100 mM Tris HCI pH

8.0, 50 mM EDTA, 50% glycerol) and electrophoresed in 1 x TAE (40 mM Tris HCI, 20 mM acetic

acid, 1 mM EDTA, pH 8.0) in 1.5% agarose gels containing 0.125-0.5 ug/ml, ethidium bromide.

The sizes of EcoRI fragments were estimated relative to the electrophoretic mobility of 100 bp

DNA ladder (Promega) and HindIII digested A~-DNA (Roche) fragments.

Miniprep DNA of clones that showed an insert of the expected length for each particular cloned DD

band was subjected to automated cycle sequencing with the ABI PRISM BigDye Terminator Ready

Reaction DNA Sequencing Kit with AmpliTaq DNA polymerase FS (Perkin-Elmer, Warrington,

UK). Sequencing was performed in 20 ul, reactions, each containing 2 ul, MI3(-21) primer

(0.8 pmol/ul.), 4!-lL BigDye Terminator RR Mix, IO!-lL 5 x dilution buffer (0.4 M Tris HCI pH 9.0,

10 mM MgCh) and 2 ul, plasmid DNA (175 ng). Reactions were performed in a PCR Express

thermocycler for 35 cycles of 96°C (10 sec), 50°C (15 sec), 60°C (4 min). Reaction products were

sent to the University of Stellenbosch Core DNA Cycle Sequencing Facility for clean-up, and

analysis on an ABI PRISM model 377 sequencer (Perkin-Elmer).

Analysis of sequence data and the design of "DD band specific" primers

Sequence data were analyzed and aligned with the programme DAPSA version 4.61 (E.H. Harley,

University of Cape Town, 1999). For each of the cloned candidate bands, clones were analyzed by

EcoRI digestion and sequenced until at least three clones with uniform insert length (corresponding

to the apparent length of the particular DD fragment) and >98% nucleotide identity were found. The

data from these clones were used to compile the consensus sequence for each of the cloned DD

bands.

These consensus sequences were used to design a set of nested primers (internal to the sequences of

the primers used for the DD PCR and re-amplification) that would allow the specific amplification

of each band by RT PCR (see below). The Primer Designer software package (version 1.01;

Scientific & Educational Software, 1990) was used for this purpose. Built-in criteria were adhered

to as far as possible to find the primer pair that would yield the longest possible amplification

product for each band (Fig. 6). Due to the high A+T-content of most of the bands, the default

minimum G+C-content value had to be reduced from 50% to 30%. The default minimum melting

temperature (Tm)was also reduced from 55°C to 50°e.
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Verification ofDD results by RT peR

The expression patterns of differentially amplified cDNA fragments were verified in duplicate,

using a semi-quantitative RT PCR protocol. The first set of PCRs was performed with cDNA

templates generated by RT from 5 ug of each of the eight total RNA samples used for the DD

analysis. For the duplicate set of PCRs, cDNA templates generated from only 2 ug total RNA per

RT reaction was used.

cDNA synthesis was performed with Superscript II reverse transcriptase (Life Technologies,

Paisley, Glasgow, UK), essentially according to the manufacturer's instructions. Briefly, each

aliquot of RNA was mixed with 1 ~L oligo-(dT)12_18primer (0.5 mg/mL; Life Technologies) and

DEPC-treated water to a volume of 12.75 ~L in a 0.2 mL thin-walled PCR tube. A "minus

template" negative control reaction, in which RNA was replaced with an equal volume DEPC-

treated water, was also prepared.

Reactions were heated at 70°C for 15 min in a PCR Express thermo cycler and chilled in ice water,

after which 7.25 ~L of a master mix containing 4 ~L 5 x First Strand buffer, 2 ~L 0.1 M

dithiothreitol (DTT), 0.25 ~L Superscript II reverse transcriptase (all from Life Technologies) and

1 ~L dNTP mix (10 mM of each dNTP; Roche) were added to each tube. Reaction tubes were

returned to the thermocycler for a 50 min incubation at 42°C, followed by a 15 min incubation at

70°C to inactivate the enzyme. RT reactions were kept on ice while PCRs were set up, or stored at

-20°C for later use.

PCRs were performed in 20 ~L reaction volumes, containing 1 U SuperTherm DNA polymerase,

1 x reaction buffer and 1.5 mM MgCh (all from JMR Holdings, Sidcup, Kent, UK), 0.2 mM of each

dNTP (Roche), 0.5 ~M each of a forward and reverse "DD band specific" primer (synthesized by

the DNA synthesis laboratory, University of Cape Town, South Africa), and 2 ~L of a selected RT

reaction (or the "minus template" negative control) as template. Reactions were performed in a PCR

Express thermocycler for 35 cycles of 45 sec at 94°C, 45 sec at 50°C and 1 min at 72°C, followed

by a final elongation step of 10 min at 72°C. For internal control reactions, the "DD band specific"

primers were replaced with 0.05 ~M each of the primers actin-F (5'- TCACACTTTCT ACA

ATGAGCT) and actin-R (5'-GATATCCACATCACACTTCAT). All PCRs were performed in

thin-walled, flat- capped 0.2 mL PCR tubes. To minimize variation between reactions due to

pipetting, master mixes were used as far as possible.
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RT PCR products were visualized by electrophoresis in 2% agarose gels in 1 x TAE (40 mM

Tris-HCI, 20 mM acetic acid, 1 mM EDTA, pH 8.0). A separate gel was run for the products for

each "DD band specific" primer pair. For each of the eight RNA conditions,S IlL of RT PCR

product obtained with the "DO band specific" primer pair was mixed with 5 IlL of RT PCR product

obtained with the internal control actin primer pair and 2 -ul, DNA loading dye (0.1% miv

bromophenol blue, 100 mM Tris HCI pH 8.0, 50 mM EDTA, 50% glycerol) and co-electrophoresed

in one lane. For optimal visualization of small bands, gels were stained after electrophoresis in an

ethidium bromide solution (1 ug/ml.) for 45 min. The molecular sizes of RT PCR products were

estimated according to the electrophoretic mobility of 100 bp DNA ladder fragments (Promega).

BLAST searches

To ascertain whether the cloned candidate bands showed similarity to any genes of known

biological function, BLAST algorithms (Altschul et al. 1990, 1997) were employed to compare each

of the candidate band consensus sequences (after deletion of the sequences of the DD PCR primer

sequences) with nucleotide sequences in a number of databases. The BLASTN and TBLASTX

programmes provided by the National Center for Biotechnology Information (NCB I) BLAST 2.0

server were used in combination with the following databases: nr (all non-redundant

GenBank+EMBL+DDBJ+PDB nucleotide sequences, excluding EST, STS, GSS or HTGS

sequences) on the NCBI website (http://www.ncbi.nlm.nih.gov/blast); All Higher Plant Sequences

(all Viridiplantae DNA sequences from GenBank) on The Arabidopsis Information Resource

(TAIR) website (http://www.arabidopsis.org/blast), and the BCM Human Transcript Database on

the Human Genome Sequencing Center, Baylor College of Medicine website (http://www.hgsc.

bcm.tmc.eduiSearchLauncher). Gapped alignments and filtering for low complexity regions and

repeats were allowed. Default search settings were used throughout. The default Expect (E) value

threshold was 10 for all searches (i.e. only those matches for which 10 or less hits with scores equal

to or better than the defined alignment score were expected to occur by chance in a database of

similar size, were retrieved). Matches with E-values of 0.1 and lower were regarded to reflect true

(statistically significant) sequence similarity (as recommended in the BLAST tutorial on the NCBI

website). Nevertheless, all matches with E slO were evaluated.
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Intact RNA was consistently isolated with the guanidinium/Csf'l ultracentrifugation method (Fig.

1). Based on A260= 1.0 for 40 ug/rnl. RNA (Jones et al. 1994), yields of total RNA were calculated

to range between 0.02 and 0.1% (m/m) of the mass of the plant material.

A26o/A28oratios were constantly lower than expected (1.5 for all samples, instead of 1.7 to 2.0

according to Ausubel et al. 1995). The ratios for DNAse I treated RNAs were higher, typically

ranging from 1.6 to 1.7. Increases were attributed to the removal of protein contaminants during the

phenol extraction step of the treatment protocol. Additional phenol extractions did, however, not

result in any significant increases in A26o/A280ratios. Lower than typical A26o/A280ratios are not

uncommon for guanidinium-based RNA extraction protocols (Yamaguchi et al. 1992) and did not

appear to affect the efficiency of subsequent RT and DD reactions. A26o/A230ratios were consistently

>2.0, indicating that the isolated RNAs were free from carbohydrate contamination (Jones et al.

1994).

Fig. 1. Formaldehyde-agarose electrophoresis
of total RNA isolated from Prunus salicin a
cultivars.

Lanes 1: RNA markers (Promega); 2: 'Laetitia'
untreated control; 3: 'Laetitia' wounding control;
4: 'Songold' harpin treatment; 5: 'Songold' P. s.
pv. syringae NV treatment.

RNA was isolated as described in Materials and
Methods. Of each of the selected samples, 10 !lg
was electrophoresed as described. Similar results
were obtained for the other four samples used in this
study.

The positions of 25S, 18S, 5.8S and 5S cyto-
plasmic ribosomal RNA bands, as well as the 23S
and 16S chloroplast rRNA bands (Anderson and
8eardall 1991) are indicated on the right.

The sizes of RNA marker fragments (total mass per

lane = 3 !lg) are given on the left.

1 3452

bp

5.8S
5S

6583
4981
3638
2604
1908
1383
955

25S
23S
18S
16 S

623

281
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Differential display profiles and the selection of candidate bands

Fifteen primer combinations (i.e. combinations of an arbitrary DD PCR primer and an anchored RT

primer for cDNA synthesis) were used to generate differential display profiles in this study (see

Table 1). Three subpopulations of cDNAs were generated for each of the eight RNA conditions

(four treatments of two cultivars), using the three one-base anchored primers H-TI1M (where M =

A, C or G) supplied in the RNAimage system (Liang et al. 1994). To avoid redundancy in the

cloning of candidate bands (Galindo et al. 1997), all three of these cDNA subpopulations were not

always used as DD PCR templates in combination with a particular arbitrary primer. Arbitrary

primers were chosen randomly from four available RNAimage primer sets.

A typical set of DD profiles is shown in Fig. 2. All fifteen primer combinations yielded complex

profiles consisting of 130-210 bands per lane. The size-distribution of amplified fragments

(typically <100 to ±800 bp, but up to and exceeding 1500 bp in a few cases) indicated that isolated

RNAs were of a high quality (GenHunter Corporation 1997). An average of 90 to 98% reprodu-

cibility between bands in duplicate samples was obtained for all primer combinations, except for

55C (arbitrary primer H-AP55, combined with cDNA synthesized with anchored primer H-TIIC).

For reasons that were unclear, <70% reproducibility between duplicate DD PCRs was obtained with

this primer combination for all eight RNA conditions. This rendered the 55C profile set unsuitable

for candidate band selection. The results obtained with each of the fifteen primer combinations are

summarized in Table 1.

Very strict criteria were applied in the definition and identification of "candidate bands" for further

analysis. In a complex sample set such as the one used in this study, it seemed more appropriate to

first identify the "variable positions" in each set of DD profiles. Variation in the intensity of a band

across all sixteen lanes generated with a particular primer combination could be attributed to a

number of possible reasons. Variation that seemed to be experimentally-induced (e.g. the result of

non-reproducible amplification (see Appel et al. 1999a), differences in PCR template concentration

or uneven loading of PCR products on the gel) was excluded from further consideration, leaving a

total of 439 variable positions in the 14 useful sets of DD profiles.

In experiments such as these where plants are inoculated with a bacterium, contamination of the

isolated plant RNA with bacterial RNA may be expected. Bacterial RNA is, however, not

polyadenylated, and should therefore not be amplified reproducibly using the GenHunter DD

system. Only 7 of the 439 variable positions (1.6%) showed the induction of a band specifically in
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Table 1. Summary of differential display results.

Arbitrary primer used in PCR Anchored Average
No. of Number of candidate bands

primer used no. of
variable Selected Consensus Bands verified

H-AP for RT bands In Re-amplified by RT PCR5'~3' sequence positions for further Cloned sequence#3.C
(H-T11Mfc per lane" totale

analysis successfully
determined

SERIES 1:

29 AAGCTTAGCAGCA G 169 20 12 0 - - - -
31 AAGCTT GGTGAAC A 209 43 22 0 - - - -
32 AAGCTT CCTGCAA C 187 23 10 0 - - - -
50 AAGCTT TGAGACT C 132 45 13 2 2 (+1)' 2 (+1)' 2 (+1)' DDa, DOc (+ DOe)'
51 AAGCTT CGAAA TG C 132 20 11 0 - - - -
53 AAGCTT CCTCT AT A 149 32 25 0 - - - -
55 AAGCTT ACGTT AG C 133 NOg "~flfii!;!t~~({i~ki;:('?;iti,,;({:i; .'";i;'; 2tJJ!f~;;tt:';i;)~l.!nJi·. .','. .' ;~;. "i.' i,. :::.l":;,,/; •..•~::' .. i';' , ," ;:it ": ",:'
66 AAGCTT GCCTTT A G 182 24 14 2 - - - -
68 AAGCTT CTTTGGT G 163 25 11 0 0 0 0 -
71 AAGCTT GTAGT AA A 153 30 13 0 - - - -

SERIES 2:

7 AAGCTT AACGAGC C 170 30 17 3 2 2 2 003,004

27 AAGCTT CTGCTGG A 172 20 7 0 - - - -
65 AAGCTT CAAGACC A 191 54 20 1 1 1 1 007

65 " C 179 35 17 2 1 1 1 006

65 " G 131 38 9 1 1 1 1 005

TOTAL (164) 439 201 11 7 (+1)' 7 (+1)' 7 (+1)'
------ -

a As supplied in the RNAimage system. H designates the 5'-terminal Hind III restriction site (AAGCTT) included in each of the arbitrary primer sequences.

b Only the anchoring base (M) is given. In all of the anchored primers this base is preceded by 5'-AAGCTT I I I I I I I I I, where AAGCTT is a Hind III restriction site (and H = AAGC).

C In series 1, only the arbitrary primer was added to DO PCR mixes. In series 2, both the arbitrary primer and the anchored primer used for eDNA synthesis were included in PCR mixes.

d Calculated from 4 randomly chosen lanes out of the 16 lanes (8 samples in duplicate) generated with each primer combination.

e Of the total amount of candidate bands (201), only 34 (17%) were strong bands that displayed prominent differences between RNA conditions.

I Band DOe was reproducibly re-amplified from the excised gel slice containing band DOc. Since more than one amplification product may occupy the same position on a DO gel (Bauer et al. 1993,
Liang and Pardee 1995), the expression pattern of DOe was provisionally considered to be the same as that of DOc, and DOe was included in subsequent analyses.

g Not determined. The number of bands per lane and size-distribution of bands obtained with this primer combination were similar to results obtained with the other 14 combinations. Reproducibility
between duplicate DO PCRs for all eight RNA conditions were, however, uncharacteristically poor «70%) and rendered this set of DO profiles unsuitable for candidate band selection. _.,

~o
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LAETITIA

C W H B

SONGOLD

C W H B bp

900800
700
600

500

300

200

Fig. 2. Autoradiograph of a typical set of DD profiles generated from Prunus salicina cultivars 'Laetitia' and
'Songold' total RNA, representing four different treatments.

Treatments: C = untreated control; W = wounding control; H = treatment with recombinant harpin protein;
B = treatment with live P. s. pv. syringae NV bacteria.

Profiles were generated with primer combination SSG and electrophoresed as described in Materials and Methods.
Duplicate DO peR products for each RNA condition are loaded in adjacent lanes. The sizes of Promega 100 bp ladder
fragments (given on the right) were transferred to the autoradiograph after silver staining of the gel.
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bacterium-treated conditions. These positions were possible candidates for bacterial contamination

and were excluded from the selection of candidate bands (as recommended in Seehaus and

Tenhaken 1998).

The remaining variable positions could be divided into two categories. The first included those

positions (231 of 432 = 53.5%) in which all the bands corresponding to one cultivar were of similar

intensity, but different to the intensity of all the bands obtained for the other cultivar. This form of

"differential expression" appeared to be the result of genotypic differences between the two

cultivars and therefore not relevant to the objectives of this investigation. The remaining pool of

variable positions (201 of 432 = 46.5%) consisted only of bands which were reproducibly displayed

with varied intensity between different treatments of the same cultivar, the same treatment of

different cultivars, or combinations of both. Bands occupying such variable positions (in one or

more RNA condition) were considered to be "candidate bands".

Due to the fact that the vast majority (167 of 201 = 83%) of candidate bands were weak/faint and

did not display prominent differences between RNA conditions, not all candidate bands were

considered for further analysis. In the first DO series, it was decided to verify the differential

expression patterns of selected candidates by repeating the DO PCRs (using templates from

duplicate RT reactions). For such comparative analyses to be meaningful, all sixteen lanes had to be

repeated for each primer combination that was used for the generation of a selected candidate.

Duplicate DD profiles were thus generated for the four primer combinations (SOC, 53A, 660 and

680) that yielded the most prominent bands representing what was regarded to be the most relevant

differential expression patterns (e.g. absent in controls, but present in harpin and/or bacterium

treatments). Although this approach seemed to be useful for the early elimination of some false

positives, it proved to be costly and time-consuming due to the complexity of the sample set. In the

second DO series, the cloning of a larger number of candidate bands was regarded to be a more

economical approach to compensate for a possible high rate of false positives.

In total, 4 candidate bands from the first DO series (for which the differential expression patterns

were verified in duplicate profiles), and 7 candidate bands from the second DO series (for which

this was not done), were selected for re-amplification. The various patterns of differential gene

expression represented by these bands are shown in Fig. 3.
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L-C L-W L-H L-B S-C S-W S-H S-B

DDa (210 bp) 50C

L-C L-W L-H L-B S-C S-W S-H S-B

DDb (440 bp) 66G

L-C L-W L-H L-B S-C S-W S-H S-B
DOc (190 bp) 50C
(DOe)

L-C L-W L-H L-B S-C s-w S-H S-B

DOd (340 bp) ~ 66G

L-C L-W L-H L-B S-C S-W S-H S-B

002 (380 bp) 7C

L-C L-W L-H L-B S-C S-W S-H S-B

003 (290 bp) I~ 7C

L-C L-W L-H L-B S-C s-w S-H S-B

04 (180 bp) ~ 7C

L-C L-W L-H L-B s-c S-W S-H S-B

DDS (240 bp) II I I 65G

L-C L-W L-H L-B S-C S-W S-H S-B

DOG (320 bp) ~IIII I I 65C

L-C L-W L-H L-B S-C S-W S-H S-B

07 (350 bp) 65A

DDS (960 bp) 65C

Fig. 3. Sections of DD gels showing the expression patterns of candidate bands selected for further analysis.

RNA conditions: L-C = 'Laetitia' untreated control; L-W = 'Laetitia' wounding control; L-H = 'Laetitia' treated
with recombinant harpin; L-B = 'Laetitia' treated with P. s. pv. syringae NV bacteria; S-C = 'Songold'
untreated control; S-W = 'Songold' wounding control; S-H = 'Songold' treatment with recombinant harpin;
S-B = 'Songold' treatment with P. s. pv. syringae NV bacteria.

Duplicate DO peR products for each RNA condition were loaded in adjacent lanes. The designation of each candidate
band is given on the left, with its approximate molecular size in parenthesis. The primer combination used to generate
each set of the profiles from which the candidate band was selected, is given on the right.
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Candidate bands DDa, DDc, DD3 and DD8 (shown in Fig. 3) exhibited complex expression

patterns (i.e. did not appear to be strongly induced in only one or two RNA conditions, but to be

induced at different levels in multiple conditions). In each of these cases the candidate band was

excised for re-amplification from two of the conditions in which it was identified. This was done to

confirm that the candidate band represented the same amplification product throughout the sample

set in each particular case.

Re-amplification and cloning of candidate bands

We have developed a strategy for the re-amplification and cloning of excised candidate bands which

differ from approaches used in most published studies in three respects: (i) DNA is eluted from

excised DD gel strips by a simple high-temperature incubation step (i.e. no electro-elution or

chemical purification), (ii) re-amplification products are evaluated on silver-stained PAGE

mini-gels, and (iii) re-amplification products are cloned directly into a T-A cloning vector, without

isolation and/or precipitation of the band corresponding to the excised DD candidate band (Men and

Gresshoff 1998, Appel et al. 1999a). The assessment of re-amplification products on silver-stained

PAGE gels offers three advantages compared to the traditional use of agarose electrophoresis and

ethidium bromide staining: (i) the superior sensitivity of silver staining allows the detection of

re-amplification products after a single round of re-amplification, (ii) the high resolution of PAGE

makes it easy to verify whether the major re-amplification product corresponds in size to the excised

candidate band in each case, and (iii) "background" re-amplification products are visible on silver

stained PAGE gels (but not on ethidium bromide stained agarose gels) and may be correlated with

clones showing undesired insert sizes.

Another aspect of our strategy is that re-amplification reactions are performed in duplicate for all

excised candidate bands. One reaction is done in the presence of 2 )...l.Mof each dNTP (which was

shown to be optimal for the generation of radio-actively labelled, arbitrarily-primed DD PCR

products) and the other in the presence of 20 11Mof each dNTP (which is recommended for optimal

specificity and yield in specifically-primed re-amplification reactions performed the absence of a

radio-active label; Liang and Pardee 1992; GenHunter Corporation 1997). This approach does not

only show whether an excised candidate band can be re-amplified reproducibly, but also confirms

the "background" re-amplification patterns in each case. Low dNTP reaction products contain lower

concentrations of "background" amplification products, which is advantageous for direct cloning.
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High dNTP reaction products are, however, often preferred for cloning as they contain a higher

concentration of the desired re-amplified candidate band (Fig. 4).

Candidate bands from the first DD series were initially re-amplified in the absence of the anchored

primer used for RT (as this primer was also excluded from the DD PCRs). Surprisingly, none of the

four bands could be re-amplified in this way, even when the amount of template (DNA eluted from

excised gel strips) was increased five-fold (results not shown). When the anchored primer was

included in the re-amplification mix, candidate bands DDa and DDc were re-amplified reproducibly

from both gel strips excised for each of these bands (Fig. 5). This result suggested that the anchored

primer carried over with cDNA from the RT reaction into the DD PCR must have participated in the

generation of at least a fraction of the DD PCR products. The omission of the anchored primer in

the DD PCRs thus did not seem to offer the same advantages as replacing it with a second arbitrary

primer (as described by Haag and Raman 1994), but rather to complicate the DD process

downstream of the PCR. As a result, the second series of DD PCRs were performed according to

the original RNAimage protocol.

Re-amplification products of candidate bands DDb and DDd (generated in the presence of both the

arbitrary and anchored primers) yielded different profiles for the low and high dNTP reactions. The

low dNTP DDb reaction and the high dNTP DDd reaction contained bands corresponding to the

sizes of the respective candidate bands. These bands were excised from the mini-gel, eluted and

used as templates for duplicate re-amplification reactions as before. This yielded reproducible

profiles for both dNTP concentrations, but the target bands (corresponding in size to DDb and DDd

DDe
H L

DD6
H L

Fig. 4. Re-amplification products of two DD
candidate bands, visualized by silver staining on
PAGE mini-gels.

Excised candidate bands DDe and DDG were
re-amplified as described in Materials and
Methods. Duplicate re-amplification reactions were
performed in the presence of high dNTPs (H =
20 J.lMof each dNTP) or low dNTPs (L = 2 J.lMof
each dNTP).

The re-amplified candidate band is indicated with an
arrow in each case. All other bands are "background"
amplification products. The use of lower dNTP concen-
trations resulted in lower concentrations of both target
(candidate) and "background" bands. In both cases, the
product of the high dNTP reaction was preferred for
cloning, as it contained a higher concentration of the
re-amplified candidate band.
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Fig. 5. Products from the re-amplification of excised DD candidate bands visualized on silver stained PAGE mini-gels. Top row: Unsuccessful (non-
reproducible) re-amplifications. Bottom row: Generation of band DDe; candidate bands which were re-amplified successfully and cloned.

Re-amplifications were performed as described in Materials and Methods and Results, with high dNTPs (H = 20 JlM each) or low dNTPs (L = 2 JlM each). The positions of candidate
bands are indicated with arrows, The RNA condition from which each candidate band was derived is indicated at the bottom of each gel (abbreviations are the same as in Fig, 3), The
superscript II denotes the products of a second round of re-amplification, generated from a band excised from the first round (see relevant gels to the left) as template, The sizes of
Prorneqa 100 bp ladder fragments are given in bp. The approximate size of candidate band 003 = 290 bp, DD4 = 180 bp, DD5 = 240 bp, DD6 = 320 bp and DD7 = 350 bp.
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-">-
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respectively) were either absent or diffuse and of a low concentration and were not deemed suitable

for cloning purposes (Fig. 5). Candidate bands 002 and 008 from the second DO series also failed

to re-amplify reproducibly from gel strips originally excised from the DO gel and were subsequently

excluded from further analysis. The other five candidate bands from the second DO series (003,

004, DDS, D06 and 007) were re-amplified successfully (Fig. 5).

An interesting result from the re-amplification of candidate band DOc was that a band just smaller

than the major amplification product was consistently present in the re-amplification products

generated from both gel strips excised for DOc (Fig. 5). It has been demonstrated previously that

more than one amplification product may occupy the same position on a DO gel (Bauer et al. 1993,

Liang and Pardee 1995), and it was possible that the smaller band was only distinguishable on the

10% mini-PAGE gel due to its higher resolving power for smaller molecules (compared to that of

the 6% DO gel). The expression pattern of the smaller band was provisionally considered to be the

same as that of DOc. The band was excised from the silver-stained PAGE mini-gel, re-amplified

independently and designated "DOe" for further analysis.

In summary, of the eleven candidate bands that were originally excised, seven (DDa, DOc, 003,

004, DDS, 006 and 007) were re-amplified successfully. Candidates ODa, DOc and DD3 were

excised and re-amplified in duplicate and DOe was generated during the re-amplification process.

Eleven sets of transformants were thus generated after direct ligation of the respective (high dNTP)

re-amplification reaction products into the T-A cloning vector, pGEM-T Easy, and transformation

of E. coli JM 109 with the ligation reaction products. The results of transformation controls included

in these experiments correlated well with the manufacturer's specifications (not shown). The

number of clones obtained from each transformation was within the specified range, but the ratio of

blue to white colonies obtained in all eleven transformations were higher than specified (blue:white

>2:3). This was expected, since (i) re-amplification reaction products used for ligation were not

homogeneous, (ii) optimal vector:insert ratios were not calculated, and (iii) many of the candidate

bands (inserts) were short and probably did not interrupt the sequence of the lacZ gene (Promega

Corporation 1996). As a result, light blue colonies were also screened for the presence of inserts

corresponding to cloned candidate DO bands.

Analysis of clones and sequences of cloned candidate bands

The multiple cloning region of pGEM- T Easy is flanked by recognition sites for EcaRI. Provided

that insert DNA does not contain EcaRI recognition sites, digestion of recombinant pGEM- T
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plasmid DNA with this enzyme yields two fragments, one of3.0 kb corresponding to the vector, and

another of 18 bp + size of insert. Selected colonies from each set of transform ants were therefore

screened by inspection of EcoRI digestion products on ethidium bromide stained agarose gels (not

shown).

Despite the fact that candidate bands were not purified from re-amplification reaction products

containing significant concentrations of "background" bands prior to cloning (as shown in Fig. 5), a

small percentage of the clones obtained from each transformation had to be analyzed to obtain the

consensus sequence of each cloned candidate band (Table 2). Similar results were obtained before

(M. Appel, unpublished results), and demonstrated the effectiveness of our cloning strategy.

The consensus sequences of the cloned candidate bands are given in Fig. 6. In each of the three

"complicated" cases (DDa, DOc and DD3), where gel strips were excised and bands were

successfully re-amplified from more than one RNA condition, the same sequence was derived from

these "duplicate" determinations. This confirmed that the band which appeared at different

intensities in multiple conditions (as shown in Fig. 3) represented the same mRNA in each case.

Table 2. Analysis of clones containing candidate DD bands.

Number of clones Band size (bp)Candidate
banda Analyzed

showing correct insert
Sequenced Corresponding to (incl. DD

size (EcoRI digest) consensus sequence primers)

DDa (1) 5 4 3 3 210
DDa (2) 5 5 4 3 210
DOc (1) 3 2 2 2 186
DOc (2) 3 3 3 2 186
DOe 17 4 3 (+1)b 2 (+1)b 185
003 (1) 3 3 3 3 290
003 (2) 3 3 3 2 290
004 3 3 3 3 177
005 6 5 4 3 237
006 4 4 3 3 316
007 8 3 3 3 351

• Bands DDa, DOc and 003 were excised for further analysis from two of the RNA conditions from which it was generated by DO PCR
(see discussion on p. 144). DDa (1) was derived from L-NV and 002 (2) from L-H DOc (1) was derived from L-H and DOc (2) from
L-NV, and 003 (1) and 003 (2) from S-NV and L-NV, respectively. Compare to Figs. 3 and 5 for abbreviations of conditions.

b One of the clones that did not show the correct insert size was also sequenced. The recombinant plasmid contained two inserts
flanked by the sequences of arbitrary primer H-AP50 and anchored primer H-TllC (which were used to generate band DOe, see Table
1). These inserts were ligated "tail-to-tail" into the multiple cloning region, in such a way that they shared some of the nucleotides of
the anchored primer. The sequence of the longer one of the two inserts was identical to the sequence of the inserts in two of the other
three DOe clones that were sequenced.
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Band DDa, generated with 50C:
GTGTATTTGG GATTTGGGTT GTGAGAGTTA AACTCTGTAA TTCCTAGGAT 70

GTTAATCTCC TTTGGTTGTA ATCTCTTTTG GGATACTAGT GGAATTTCTC GCTGTCTTCG 140
AACTGGACGT CGGGCCAAAC CAGTATAAAT CCTTGTGTTG TTTGGAAAAA ~T 210

Band DOc, generated with 50C:
~T~TGAG AC GG GCAA TAATTGAGTG
TATGATTCTG TAATTTCATA TGTTTTGATG
G~GTGAAATA TATATTGGTT TATTCATTTG ~~~~~~~~

70
140
186

Band DOe, generated with 50C:
GTAAATTATA TGTGATCTCA ATGTACATAA ACACACTAAG GGATAGTACT 70

AGTAGACTCA GTATGAAGTT GTTCTCTTTC TTTTTCTTAA CATAAAGTGG AAAGAAACCA TGCTGCTTGA 140
CC~CTTAAT GTGATCTCCT GAATCTCTTG AAAAAAAAAA AGC~ 185

Band 003, generated with 7C:
!AAGCTTAACG AGGCCAGTAC C!ACTTACCCC AATTCATTCA TCAGGATCAT CGGATTCGAC AACATCCGCC
AAACACAGTG CGTTAGTTTC ATCGCTTACA AGCCCCCTAG TTTCTAAGTT TTGAGGCTAC CCTAGCTATC
CGGCTTTACT TCAATTTCAC TTTCAATTCG TTTTGTTGCT TCCCTTATTT TCCTTTTTAC TCCGTAATTT

AAACCTCCGT GATGTGAACA GAGATGTGTT

70
140
210
280
290

Band 004, generated with 7C:
GTAGTGGCCG TTCATAG~TT TCTATTTTTT GCACATGTAT 70

GTTTATATGT TTCATTCGGC CAAGACCGGC CGTTCTTTT=-==~~~~~C~CCTTATCTT TTAATCTAAA 140
TGAAGTATGA CTTTTTTCCC T AAAGCT~ 177

TGAACCTATG
ATTTTTTTCC

Band DDS, generated with 65G:
CAAGACCAAT GTATGTGTCC TATGTTTAGT GTCATTATAT ATAGTACAGT 70

ATATGATGTC GACACGTGGC AAAAAATGGC ATAAAGCCTG 140
GTCAATACGT ~CTTGTACCC TCAGTTTTCA T,GATATATAT 210

237

AGAAGTGTTA AATTTTCCAT
ATAAGGTATA GTTGAGGAGC
TTGCTACCCA CCTTAGGGGC
!ATAGTGAATT ATATTTCAAT ~~~~~~~~~

GTATGTTTAT CTCTCTCTCT CTCTCTCTCT CTCTCTCTCT CTAAAATAAT
AAACAATAAG TTGCTATGCA CTTGTAATAT CTGATATGAA GCCAAAACTT

AAATCATAAT GATCATGGTG GTCTAATCTG

140
210
280
316

Band 007, generated with 65A:
~~TCAAG ACOGATAAGT AGCCTCAATT GTGTCTTGC TAGTTGTTGO CAATCTGATT ATATATTTCT 70
CGTCATGGCA TGTAGGGCTG CTTCTATAAC TTGGTGGGGT GGAGGGATTG CAGCATGCCA TTGGGAGCCA 140
CAGGTTGGCG CATCGCAGTT GTTCTGAAAG GTTTAAAATG TCTTGACTTA TGCATATGTT GAATAATTTC 210
CACTCTGCTG GTTTATTTTA TTGGTTATTC TATTACTCTG AACTACTTGC CTCCATTGTT GTAATATCTG 280
GAATAAATAA ACAGGTTGGC TGTATAAT G TTATTGTATG CAGCAAG cc TTT TGTA'A.lffi MAAAAAGC 350

Fig. 6. Consensus nucleotide sequences of cloned candidate DD bands.

The consensus sequence of each cloned candidate band, inclusive of the DO primer sequences, was determined as
described in Materials and Methods. The sequence of the arbitrary primer used to generate a particular band is
highlighted in red and the complement of the anchored primer in blue. Putative polyadenylation signals corresponding to
the eukaryotic consensus sequence AAUAAA, or the signal (C/G)AUAA1.3 often found in plants, are underlined. The
regions on which primers for the verification of the expression patterns by RT PCR were based, are highlighted in yellow
(forward primer) and green (reverse primer), respectively.
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As expected from the results of re-amplification experiments, all of the cloned candidate bands were

flanked by the sequences of the arbitrary and anchored DO primers used to generate them. The exact

size of each cloned band (given in Table 2) was derived from the sequence data and correlated with

the size of the candidate band estimated from the DO gel (given in Fig. 3). The sequence of band

DOe, which was derived from the excised DOc gel strip during re-amplification, proved to be

completely different to and one nucleotide shorter than that of DOc.

Because the cloned candidate bands theoretically represent the 3' -ends of polyadenylated mRNAs,

sequences were inspected for the presence of putative polyadenylation signals. The signal

AAUAAA, which is found 10-35 bp upstream of the site of poly(A) addition and is highly

conserved and essential for polyadenylation in the majority of eukaryotic (especially mammalian)

genes, was identified in only one of the candidate band sequences (007, 45 bp upstream from the

poly(A) tail). In other studies, a perfect copy of this signal was found in less than half of plants

examined, and at variable distances from the poly(A) addition site, which suggested that

polyadenylation in plants may depend on a different mechanism than that in animals (Wahle and

Keller 1992). 9ne or more copies of the signal (C/G)AUAA1•3, which is often found in plants

(Anderson and Beardall 1991), was identified at variable distances from the poly(A) tail in bands

DOe and DDS (Fig. 6).

Verification of the differential expression of cloned candidate bands by RT peR

An essential part of any DO experiment is to verify the expression patterns of candidate bands using

original RNA samples, to determine whether these bands truly represent mRNAs which are

differentially expressed in the experimental setup. Standard or reverse Northern blots are generally

used for this purpose (Liang and Pardee 1995). A semi-quantitative RT PCR verification strategy

was, however, preferred in this study for the following reasons: (i) reverse Northern blots would be

impractical, as the number of cloned bands equalled the number of RNA conditions, (ii) standard

Northern blots would require more RNA than what was available, even if membranes were stripped

and reprobed a number of times, and (iii) all of the candidate bands cloned in this study were short

(~351 bp) and AT-rich (57 to 70% A+T content). Probes generated from such bands are very likely

to fail in the detection of their corresponding mRNAs in Northern hybridizations, especially if these

mRNAs are of low abundance and total RNA is blotted (Liang et al. 1992, 1993).

Primer pairs that would specifically amplify each of the cloned bands (using cDNA generated with a

poly(dT) primer from the total RNA isolates analyzed by DO as templates) were subsequently
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designed (see Table 3 for sequences). To achieve optimal specificity for each of the cloned bands,

these primers were based on regions of candidate band sequences internal to the sequences of the

flanking DD primers (see Fig. 6). Each of the primer pairs yielded a single amplification product

from a cDNA expected to contain the candidate band in each case (selected from the original DD

profiles). All of these amplification products exhibited the expected size of the corresponding

cloned band (given in Table 3; result not shown). A primer pair that amplifies a 0.6 kb plant actin

fragment was used to generate an internal RT peR control (in a similar fashion as the Arabidopsis

actin-specific primers used by Penninckx et al. 1996, Gómez-Gómez et al. 1999).

RT peR verification results for each of the cloned candidate bands are given in Fig. 7. For half of

the eight candidate bands (DDa, DDe, DD3 and DD7) an amplification product of similar intensity

was obtained for each of the eight RNA conditions. This implied that these bands either (i) did not

represent differentially expressed mRNAs (i.e. were "false positives"), or (ii) that the 35-cycle RT

Pf'R protocol was not capable of differentiating the expression levels of mRNAs represented by

these bands due to the fact that amplification plateaus for these templates had been reached (see

Gause and Adamovicz 1995).

The DD5 and DD6 specific primer pairs yielded a single amplification product of similar intensity

for all RNA isolates from cultivar' Laetitia', and two bands (both of equal intensity in all four RNA

Table 3. "DO band specific" primers used in the RT peR verification of cloned candidate bands.

Band to be Forward primer Reverse primer Expected size of

amplified (5'~3') (5'~3') amplification
product (bp)

DDa GGGTGTATTTGGGATTTGGG TTATACTGGTTTGGCCCGTG 160

DOc GGCAATAATTGAGTGAGGAT TCACAAAGTCTGCCAAATTG 12?

DOe GGTCAGAGTAAATTATATGT ATTCAGGAGATCACATTAAG 151

003 ACTTACCCCAATTCATTCAT TCAATTCACAGAATAAACGG 225

004 AAGTAGTGGCCGTTCATAGA AGATAAGGGTCGCAGTTACA 111

DDS CTTCAAGACCAATGTATGTG ATGAAAACTGAGGGTACAAG 184

006 AGAAGTCAGTATTTACTGCC CACTATCAGATTAGACCACC 236

DO? TGTGTCTTGCTAGTTGTTGC CCTTGCTGCATACAATAACA 298

Actin control TCACACTTTCTACAATGAGCT GATATCCACATCACACTTCAT 60?
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Fig.7. Agarose gel electrophoresis of RT peR products generated with DO candidate band specific primers
(continued on next page).

RNA conditions: C = untreated control; W = wounding control; H = treatment with recombinant harpin;
B = treatment with P. s. pv. syringae NV bacteria.

Amplification products were generated and analyzed as described in Materials and Methods. Amplification products
corresponding to each of the cloned candidate bands are indicated with arrows. The larger (0.6 kb) set of bands on
each gel comprises the actin fragments amplified from each RNA condition as an internal control. Lanes CN and AN on
each gel represent "minus template" negative RT peR controls. These controls were generated by using one-tenth of an
RT reaction containing DEpe-treated water instead of RNA as the peR template, with either the relevant "DO band
specific" primer pair (CN) or the actin specific primer pair (AN). The sizes of 100 bp DNA ladder fragments are given in
bp.

The results shown here were generated with 2 !lg of each total RNA sample in the RT step. In duplicate experiments
using 5 !lg of total RNA per RT reaction, higher band intensities but similar expression patterns were obtained with all of
the primer pairs (not shown).
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Fig.7. Agarose gel electrophoresis of RT peR products generated with DD candidate band specific primers
(continued from previous page).

isolates and less intense than the 'Laetitia' bands) for cultivar 'Songold' . These results suggested

that genotypic heterogeneity exists between the two cultivars in the mRNAs represented by these

bands. However, differences in the expression levels of these mRNAs could not be detected

between different cultivars and/or treatments.
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The results obtained for bands DOc and 004 indicated that these bands were derived from mRNAs

that are differentially expressed between the two cultivars as a result of the different experimental

treatments. For both of these bands, the relative amounts of RT peR product obtained for each of

the eight RNA samples correlated with the original DO pattern (compare Figs. 3 and 7).

BLAST searches

DO primers have been demonstrated to bind with several mismatches during the DO peR (Liang

and Pardee 1992, Haag and Raman 1994). For this reason, the arbitrary DO primer sequences were

deleted from the consensus sequences of cloned candidate bands before these sequences were

subjected to BLAST similarity searches against sequence databases. Anchored primer sequences

were also deleted, as search engines were set to filter out repeated and/or low complexity regions

(such as poly(A) tracts). Despite the fact that the differential expression of bands DDa, DOe, DD3,

DDS, DD6 and DD7 could not be verified by RT peR, these bands were included in sequence

similarity searches (see Discussion).

A comprehensive BLASTN search, in which the shortened nucleotide sequence of each candidate

band (i.e. after deletion of the DO primer sequences) was compared to all non-redundant nucleotide

sequence databases, was performed as a first approach (Table 4). Hits reflecting statistically

significant sequence similarities (i.e. with E-values ~0.1) were only obtained for bands DDc, DD3

and 007. From these results, a possible identity could only be assigned to band DD3. The

5' -terminal half of this band consistently showed a high degree of similarity (84 to 88% identity for

different plants) with a 3' -region of the rbeS gene, which encodes the small subunit of the highly

abundant photosynthesis enzyme ribulose-l,5-bisphosphate carboxylase/oxygenase (Rulsisf'O;

Anderson and Beardall 1991). The two statistically significant hits for DDc (both involving

nucleotides 137 to 157 of the shortened DOc sequence), as well as the only statistically significant

hit for DD7 (involving nucleotides 286-307 of the shortened DD7 sequence) were with Drosophila

melanogaster genomic scaffolds (sets of contigs that are ordered, oriented and positioned with

respect to each other; Myers et al. 2000), but the regions of similarity were not associated with any

sequence of known function. A different region of 007 (nucleotides 105-123 of the shortened

sequence) consistently matched a coding region of human coagulation factor VIII sequences (7 hits

out of 87, all with E = 2.3).
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Table 4. Results of BLASTN searches: candidate DO band nucleotide sequences compared with non-redundant nucleotide sequence databases."

Candidate
No. E-value ranqe" No. hits

Comments:of with
band hits Min. Max. E ::;;0.1

hits with significant E values or possible significance in the context of plant-pathogen interactions

DDa 11 1.3 4.9 0 Six of the 11 hits (E = 1.3 or 4.9) were with uncharacterized plant sequences: 2 with Arabidopsis thaliana BAC clones, 3 with
chromosome 4 of A. tha/iana, and 1 with the complete Zea mays chloroplast genome.

Both significant hits involved the last 19 nucleotides" of the DOc sequence and gave identical bit scores (42.1)d In both cases 100%

DDc 38 0.068 4.2 2 identity was obtained with Drosophila me/anogaster sequences: nucleotides 102 194 to 102 214 of the complete genomic scaffold
142000013386046 sequence [AE003583] and nucleotides 6775 to 6795 of the chromosome 2L DNA sequence P1 DS01020
(0139) [AC004276]. In neither case was the region of similarity associated with any sequence of known function.

Twelve of the 43 hits (E = 1.1 or 4.2, all involving nucleotides 71 to 88 or 89 of the DOe sequence) were with exon 6 of plant
catalase sequences (A. thaliana [AF021937, U43147, X64271]; Raphanus sativus [AF248491, AF031318]; He/ianthus annuus

DOe 43 1.1 4.2 0 [AF243517], Brassica juncea [AF104451, AF104452]; Nicotiana tabacum [U03473, U07627 = both "salicylic acid binding
catalases"], N. plumbaginifolia [Z36976] and N. sylvestris [U07626]). Four of the remaining hits (E = 4.2, all involving nucleotides
82 to 99) were with a coding region of eukaryotic initiation factor 5 (eIF-5) of Homo sapiens [NM_001969, U49436] and Rattus
norvegicus [L 11651, NM_020075].

Seventy-nine hits (53 with E < 0.1 and 26 with E > 0.1, bit scores ranging from 72 to 38) with genes encoding the small subunit of
003 105 1 e-10 1.9 64 ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). Almost all of these hits involved regions within 5'-terminal 100

nucleotides of the 261 bp 003 sequence.

Only one hit with a plant sequence (an uncharacterized A. thaliana genomic BAC sequence) was obtained. Two of the remaining 31
DD4 32 0.25 3.9 0 hits were with D. melanogaster genomic scaffold sequences and the other 29 with uncharacterized human sequences. None of

these were associated with sequences of known function.

Hits were obtained with uncharacterized/non-coding sequences from A. thaliana (1), human (8), Saccharomyces cerevisiae (2),
005 16 1.5 5.8 0 Caenorhabditis elegans (2),Cochliobo/us heterostropus (1) and Mus musculus (1). The only hit corresponding to a known coding

sequence was with a Dictyostelium discoideum vacuolar proton ATPase subunit [U38803] (E = 5.8).

The only four hits with plant sequences were with uncharacterized A. tha/iana sequences. Of the remaining hits, only three were of

006 37 0.13 8.2 0
interest (E = 8.2 for all three). They corresponded to the 3'-untranslated regions (UTRs) of an Ar1emia franciscana partial ubiquitin
mRNA [L 19056], a hamster insulin tumor cell helix-loop-helix transcription factor mRNA [S80870] and a Mesocricetus aureus
(golden hamster) cy1ochrome P450 IIC mRNA [X63022].

Twenty-six of the 87 hits, including the only one with an E-value < 0.1, were with D. melanogaster genomic scaffold sequences. All
of these involved nucleotides 208 to 226 of the 007 sequence, except the significant hit, which involved nucleotides 286 to 307 of

007 87 0.038 9.3 1 the 322 bp 007 sequence. None of these hits were with sequences to which a known function has been ascribed. Of the other
hits, seven (E = 2.3, involving nucleotides 105-123) were with human coagulation factor VIII coding sequences [K01740, M14113,
M88646, M90707, NM_019863, NM_000132 and X01179].

-

• Data was retrieved on 22 October 2000, when NCBI database nr = 712 155 sequences or 2 383 860 932 letters (nucleotides). Candidate bands shown by RT PCR to correspond to differentially
expressed mRNAs are indicated in boldface. Accession numbers of sequences of interest with which similarity was scored, are given in [square brackets].

b Hits were not evenly distributed over the reported E-range. Most of the hits were clustered around one or two E-values in the range, one of which normally was the highest one.

C DO primer sequences were deleted from cloned DO sequences prior to BLAST searches. Numbers of nucleotides referred to in the discussion of BLAST results do therefore not correspond directly to
the numbering in Fig. 6. Instead, nucleotide 1 of a sequence referred to here corresponds to nucleotide 14 of the same sequence in Fig. 6, and the "last" nucleotide of this "shortened sequence" to the
16th nucleotide from last in Fig. 6.

d Bit scores are derived from raw alignment scores and have been normalized with respect to the scoring system. They may thus be used to compare alignment scores from different searches. The
higher the score, the better the alignment.

__..
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01
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Two consistent (yet statistically non-significant) matches with coding sequences of known function

were obtained for two different sections of OOe: nucleotides 71 to 88 or 89 showed 100% identity

with a region in the sixth exon of several plant catalase genes (12 out of the 43 hits), whereas

nucleotides 82 to 99 matched a stretch of nucleotides in a 3' -region of the eukaryotic (translation)

initiation factor 5 (eIF-5) transcript with 100% identity (4 hits).

In an attempt to obtain a larger number of statistically significant matches, a similarity search was

conducted against a nucleotide database containing only plant sequences. In this case, all GenBank

Viridiplantae (higher plant) ONA sequences were searched with the TBLASTX algorithm. This

algorithm (which compares all six translation frames of a nucleotide sequence against the six-frame

translations of each sequence in a nucleotide database) was deemed more applicable for similarity

searches with 00 products, as they theoretically represent expressed sequences (W. Hide, personal

communication). The results of this search session are summarized in Table 5. Although the smaller

size of the plant sequence database yielded a marked increase in the number of statistically

significant hits, the usefulness of these search results was restricted by the fact that the majority of

sequences in the database have not yet been characterized in terms of coding regions/motifs of

known function. Nevertheless, matches with coding regions of known plant defense-related genes

were obtained for DDe, 004, and OD7. The similarity of003 with rbcS was also confirmed in the

TBLASTX search.

Another attempt was made to correlate the cloned sequences with genes of known function. In this

case, a BLASTN search against the well-characterized Baylor College of Medicine Human Genome

Sequencing Center Human Transcript Database was performed. This nucleotide database is much

smaller than either of the abovementioned ones (19 242 sequences or 35 825 453 nucleotides on 22

October 2000), yet statistically significant matches were only obtained for DOe, 004 and DD7. A

single significant hit (out of 39, E = 0.064) for DOe yielded the same match with human eIF-5

[U49436] as in the original BLASTN search. Likewise, the four statistically significant hits for OD7

(out of 19, all with E = 0.035) corresponded to four of the previous matches with human

coagulation factor VIII sequences [KOI740, M14113, M90707 and XOI179]. Two statistically

significant matches (out of 15, both with E = 0.060) were obtained for 004. Both involved

nucleotides 125 to 142 of the 004 sequence, and showed 100% identity with a stretch of

nucleotides the 5' -coding region of two human members of the inhibitors of apoptosis protein (lAP)

family [L49431 and U45879, respectively] (see Fig. 8).
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Table 5. Results of TBLASTX searches: candidate DD band nucleotide sequences compared against all higher plant nucleotide sequences. a

No. of E-value ranqe" No. hits Sequences of known function with which statistically significant similarity was
Accession E of hitDO band with obtained

hits"
E < 0.1 no. (bit score)"

Min. Max. Organism Gene Part of gene

DDa 100+ 0.028 0.94 25 Lupinus albus L-asparaginase Exon 4 (of 4) L19141 0.039 (35.0)
Betula pendula Phenylalanine ammonia lyase Promoter region AJ278116 0.100 (33.6)

DOc 100+ 3 e-5 0.077 32 Glycine max 4-CQumarate:CoA ligase Intron 1 (of 5) AF002257 0.022 (35.9)
Canavaila lineata Aspartate aminotransferase 2 3'-untranslated region (UTR) AJ001360 0.077 (34.0)

DOe 100+ 0.016 1.3 2 Nicotiana glutinosa Virus resistance (N) gene Exon 2 (of 5) U15605 0.016 (36.3)

003 100+ 1 e-16 2 e -14 100+ Glycine max Rubisco small subunit (rbcS) Exon 3 (of 3) Various" See E- range
(85-78)

Dioscorea tokoro Phosphoglucose isomerase 5'-flanking (promoter) region AB16716 0.002 (39.1)
Arabidopsis thaliana Shaggy-like kinase gamma 5'-flanking region Y12710 0.008 (37.3)
Capsicum annuum Thionin Intron X95363 0.011 (37.3)

ILupinus albus 1-aminocyclopropane-1-car- !

004 100+ 7 e-4 0.28 49 boxylate synthase 4 (ACS4) 3'-UTR AF119410 0.020 (36.3)
Oryza sativa p-amylase Intron 4 (of 6) L10346 0.041 (35.0)
Brassica rapa S-Iocus glycoprotein 5'-flanking region 088192 0.041 (35.0)
Brassica napus Disease resistance gene (RPM1) 3'-UTR (shown in Fig. 8) AF105140 0.078 (34.0)
Cucurbita pepo Aspartic endopeptidase Coding region AB002695 0.098 (34.0)

Nicotiana tabacum - Cryptic constitutive AF133844 0.016 (37.7)
Zea mays Zein promoter E01145 0.022 (37.3)

u " (fluory2) Exon 2 (of 2) L34340 0.022 (37.3)"u " V01478 0.022 (37.3)005 100+ 7 e-4 0.28 78 "" " (ZSF4C2) X55723 0.078 (35.4)"
" " V01480 0.078 (35.4)"

Chiamydomonas Flagellar outer arm dynein
Intron 12 (of 21) L26049 0.078 (35.4)

reinhartii ATPase heavy chain, a gene

006 100+ 0.005 8.1 3 Triticum aestivum Viviparous transcription factor End of intron 5 plus start of AJ400713 0.005 (40.5)(vp1B) exon 6 (of 6)

007 100+ 0.003 1.1 13 Iris hollandica Ribosome inactivating type 1 Coding region of mature U78041 0.024 (38.6)protein (RIP) peptide
'-- - --- - -- -----

a Searches were performed on 22 October 2000, when the GenBank Viridiplantae nucleotide database = 823 875 sequences or 632 276 766 letters (nucleotides).

b The search engine was set to report the 100 most significant hits with E < 10. Where 100+ is listed in this column, the number of hits with an E < 10 (default value) hits exceeded 100.

e E-value range for the 100 reported hits. Hits were not evenly distributed over the entire E-range, but were typically clustered around a limited number of E-values in the range.

d Bit scores are derived from raw alignment scores and have been normalized with respect to the scoring system. They may thus be used to compare alignment scores from different searches. The
higher the score, the better the alignment.

e The 100 most significant hits were all with roeS-associated clones of Glycine max. Accession numbers are therefore not reported.

......
01.......
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A. TBLASTX match with the 3'-UTR of the Brassiea napus disease resistance gene RPM1 (2781 nucleotides = 927 amino acids)

DD4 DNA: 1 ... 29 94 ... 177
CGT TCA TA.G AT'F TAG MT GTA CTC TAT TTT TTG CAC ATG TAT GTT TAT ATG TTT CAT T.C~ Gee "AAG

DD4 RF +1: R s, * I 'Ir N V L Y F L H M Y V Y M F Ii 'SO A K
+ + +- I I I + I + I I -I' I I

RPM1 RF +1: K N M L I N V L F F V I S Y F Y N F * S I K

RPM1 mRNA: ... 3937 4002 ...

ALIGNMENT PARAMETERS: Bit score = 34.0 E = 0.078 % similarity = 14/22 (62%) % identity = 9/22 (40%)

B. BLASTN matches with coding region of two Homo sapiens members of the inhibitor of apoptosis protein (lAP) family

i. Homo sapiens TNFR2-TRAF singalling complex protein c-IAP1 (1857 nucleotides = 619 amino acids) [L49431]

DD4 DNA: 1 ... 125 142 ... 177
AAATGAAGTATGACTTTT
I I I I I I I I I I I I I I I I I I
A A ATG A AGT ATG ACT T T T

c-IAP10RF: 1 ... 113 130 ... 1857

ALIGNMENT PARAMETERS: % similarity = 18/18 (100%) % identity = 18/18 (100%)Bit score = 36.2 E = 0.060

ii. Homo sapiens inhibitor of apoptosis protein 2 (1857 nucleotides = 619 amino acids) [U45879]

DD4 DNA: 1 ... 125 142 ... 177
A A,A TG A AGT' ATG ACT T T T
I I I I I I I I I I I I I I I I I I
A A ATG A AGT ATG ACT T T T

H-IAP2 ORF: 1 ... 113 130 ... 1857

ALIGNMENT PARAMETERS: E = 0.060 % similarity = 18/18 (100%) % identity = 18/18 (100%)Bit score = 36.2

Fig. 8. Sequence alignments for three statistically significant matches retrieved for band DD4 with in BLAST sequence similarity searches.

Nucleotide sequences are numbered in the 5'~3' direction. Blue numbers indicate the region of DD4 involved in each alignment. Although DD primer sequences were omitted
for search purposes, nucleotide numbers correspond those of the complete DD4 sequence given in Fig. 6. Stretches of similar nucleotides retrieved from sequences in the
databases are shown in red. Amino acids derived from the query and target sequences in the TBLASTX search are indicated with their one-letter abbreviations. Horizontal
lines between aligned sequences indicate identical nucleotides/amino acids, whereas a + in the TBLASTX alignment indicates amino acids with similar properties. An * in the
TBLASTX alignment denotes a stop codon. Abbreviations: 3'-UTR = 3'-untranslated region, RF = translation reading frame.
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CX>
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DISCUSSION

Several cDNA fragments were differentially amplified from actively growing shoot tips of two plum

cultivars that were inoculated with either the bacterial canker pathogen, Pseudomonas syringae pv.

syringae, or a purified preparation of biologically active recombinant harpinpssNvprotein, or as

controls, wounded or not treated. Differential display was performed 24 hours after treatment to

ascertain whether early induced gene expression differences could be detected between the

moderately resistant cultivar 'Laetitia' (representing an incompatible interaction with the pathogen)

and the highly susceptible, compatible cv. 'Songold' (see Birch et al. 1999).

Plant treatments and DD profiles

The differential display technique lends itself to the analysis of differential gene expression patterns

in complex sample sets such as the one generated in this study (Liang ..and Pardee 1992, 1995).

Highly reproducible arbitrarily-primed cDNA profiles were generated from the set of eight mRNA

conditions with this technique. Treatment-related variation displayed in these profiles was, however,

somewhat obscured by the large (and unexpected) degree of genotypic variation between the two

plum cultivars.

Published reports on the induction of defense-related mechanisms in response to high inocula (> 2 x

108 colony forming units (cfu)/mL) of pathogenic bacteria and/or harpin treatment (some of which

included a 24 hour post-inoculation time-point; e.g. Bestwick et al. 1997, Wang and Liu 1999, Xie

and Chen 2000), led us to expect some pertinent differences in the DD profiles generated from

harpin- and/or bacterium-treated (compared to other) shoots in the current study. In most of the

variable positions no distinction could, however, be made between the effects of wounding, harpin

treatment or bacterial inoculation. This may have been attributable to one, or a combination of three

factors.

Firstly, the limited number of DD primer combinations used in the study may not have been capable

of displaying all of the harpin- and/or P. s. pv. syringae NV -induced mRNAs. More of these

mRNAs may therefore have been detected if more primer combinations had been tested.

Secondly, although the pathogenicity of the P. s. pv. syringae NV culture used for the inoculation of

plum trees was confirmed by of means an HR test in tobacco, the conditions under which trees were

maintained may have favoured epiphytic survival of the bacterium, rather than pathogenicity. (P.
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syringae is regarded as a weak pathogen, that only causes disease when its host is stressed, Roos et

al. 1993. )

Finally, the concentration of harp in used for the treatment plum shoots may have been too low. This

is, however, unlikely, as the concentration of harpinpssNvused in this study was much higher (5 to

340 times) than the concentration of harpins derived from P. s. pv. syringae 61 or Erwinia

amylovora Ea321 reported previously to induce defense-related gene expression in Arabidopsis and

tobacco cell cultures and/or intact plants (Gopolan et al. 1996, Ádám et al. 1997, Desikan et al.

1998, 1999, Xie and Chen 2000).

Unfortunately, no assay (such as the HR test) was available to assess whether the treatments applied

in this study did in fact lead to the induction of defense responses in experimental trees. Such an

assay will be invaluable in future molecular studies of this pathosystem.

Verification of DD results

Eight differentially amplified plum cDNA fragments were successfully re-amplified, cloned and

sequenced. They ranged from 177 to 351 bp in size (including DD primer sequences; average size

244 bp, or 215 bp without primer sequences), which compared well with pathogen-induced plant

cDNAs isolated in other studies by DD (Truesdell and Dickman 1997, Seehaus and Tenhaken 1998)

and suppressive subtractive hybridization (Birch et al. 1999).

An RT PCR based strategy was employed in this study to verify the expression patterns of all eight

of the cloned cDNAs, as sufficient quantities of RNA were not available to achieve this with a

Northern hybridization approach (see Truesdell 1997, Seehaus and Tenhaken 1998). The differential

amplification patterns of bands DDc and DD4 were successfully verified with the semi-quantitative

RT PCR protocol used. However, in the other six cases, the results obtained with the 35-cycle

protocol were not conclusive. No differences in the expression levels of DDa, DDe, DD3, DDS,

DD6 and DD7 could be detected, and the protocol was not able to distinguish whether these bands

were indeed "false positives", or whether differences in the expression levels of the mRNAs

represented by these bands were masked by differences in their amplification efficiencies and the

plateau-effect characteristic of RT PCR protocols with a high number (>30) amplification cycles

(Gause and Adamovicz 1995). More conclusive results may have been obtained had the RT PCR

protocol been optimized empirically for each band with respect to template concentration and the
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number of cycles that would have ensured a linear relationship between template and amplification

product concentration (Foley et al. 1993).

The abovementioned results suggest that the superior sensitivity and speed ofRT peR (compared to

Northern hybridization) can only be fully exploited in the verification of DD results if the technique

is applied in a fully quantitative manner. The optimization of conditions for each individual

template is a cumbersome process, which has discouraged the routine use of RT peR in DD studies

up to now. The advent of "real-time" peR technology has, however, simplified the development and

application of quantitative (RT) Pf'R techniques.

BLAST similarity search results

The sequences of all eight cDNAs cloned in this study were subjected to BLAST sequence

similarity searches for the following reasons: (i) our verification strategy did not prove conclusively

that any of these cDNAs were "false positives", and (ii) inducible plant defense responses, which are

known to display different temporal patterns, were only monitored at a single time-point in the

current study. (A cloned defense-related cDNA that was not shown to be differentially expressed

between cultivars and/or treatments at 24 hours post treatment, may exhibit differential expression

at an earlier/later stage in this particular pathosystem.) The data from BLAST and RT peR results

were therefore interpreted collectively for each of the cloned bands.

DD3

Of all the cloned DD bands, the greatest sequence similarity with a gene of known function

(reflected in the lowest E-values and highest bit scores) was obtained for DD3. This band matched

the rbeS gene of several plant species in both the BLASTN and TBLASTX searches. RT peR

showed DD3 not to be differentially expressed, a result which appeared to correlate with the fact

that the rbeS-encoded small subunit of the photosynthesis enzyme ribulose-l,5-bisphosphate

carboxylase/oxygenase (Rulsisf'O) is highly and constitutively expressed during light periods

(Anderson and Beardall 1991). It is interesting to note that a rapid, systemic decrease in the levels of

rbeS expression was observed by Kombrink and Hahlbrock (1990) in fungus-infected or

elicitor-treated potato leaves. The timing of this repression (which lasted past 24 hours

post-inoculation) correlated with the transcriptional activation of defense-related genes such as the

phenylpropanoid biosynthetic enzymes phenylalanine-ammonia lyase (PAL) and -l-cournarate.Co A

ligase (4eL). It was subsequently argued that the induction of a massive, multi-component defense
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response required the repression of other cellular functions to ensure metabolic balance, and that the

small subunit of RuBiseO was apparently dispensable in pathogen defense (Kombrink and

Hahlbrock 1990). It is possible that rbcS may playa similar role in the pathosystem investigated

here, but that sub-optimal RT peR conditions resulted in the failure to observe these expression

patterns in the current study.

DDeandDD7

Differential expression of two of the three other bands (DOe and 007), for which matches with

known plant defense-related genes were obtained, could also not be verified.

The consistent match between the DOe sequence and the sixth exon of several plant catalase genes

obtained in the first BLASTN search was initially viewed with interest, as catalases have been

implicated in the establishment of a positive feedback loop for the production of the reactive oxygen

intermediate H202 during plant-defense responses (Ryals et al. 1995, Schneider et al. 1996, Lamb

and Dixon 1997). These hits were, however, not statistically significant in the BLASTN search, and

were not retrieved among the 100 best hits for DOe with plant DNA sequences in the TBLASTX

search.

A different part of DOe (nucleotides 112 to 150 of the shortened sequence) was matched with

statistical significance to one sequence of known function in the TBLASTX search, namely the

Nicotiana glutinosa disease resistance gene N. This tobacco R gene has previously been shown to

confer pathogen-specific resistance in tobacco to most strains of tobacco mosaic virus (TMV), with

the TMV replicase gene being implicated as the corresponding avr gene (Whitham et al. 1994). The

"non-differential" expression pattern observed for DOe by RT peR correlates with the notion that

resistance genes are expressed at low levels in uninfected plants and are not greatly induced upon

pathogen infection (Michelmore 1995, Hammond-Kosack and Jones 1997). If DOe therefore

represents a Prunus salicina N gene homologue that is present in both cvs. 'Laetitia' and 'Songold' ,

the difference in susceptibility between these cultivars to the bacterial canker pathogen can only be

explained if this R gene does not play a role in the interaction between Prunus species and the

bacterial canker pathogen. This implies that (i) a corresponding avr gene is not carried by P. s. pv.

syringae, (ii) the moderate resistance shown by cv. 'Laetitia' resistance to the pathogen is not avr-R

gene mediated, and/or (iii) the putative N homologue may playa role in Prunus resistance against

other pathogens.
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A statistically significant match with a gene generally associated with plant defense against viral

pathogens was also retrieved for DD7: the highly expressed ribosome-inactivating protein (RIP)

encoding gene of Iris hollandica. A RIP was previously demonstrated to be the most abundant

protein in Iris bulbs (Van Damme et al. 1997), and the expression of RIPs are not expected to form

part of the inducible defense response against P. s. pv. syringae infection in Prunus species. This

suggests that the RT PCR protocol appropriately demonstrated DD7 to be a "false positive" in the

context of this experiment.

DDcandDD4

The differential amplification of DDc and DD4 were verified by RT PCR. Unfortunately, no

statistically significant matches with the coding regions of genes with known function were

retrieved for DDc in any of the BLAST searches. Intensive searches of well-characterized,

organism-specific databases (e.g. those that exclusively contain sequences derived from model

organisms such as Escherichia coli, Caenorhabditis elegans or Drosophila melanogaster) were not

undertaken in this study, but may yield useful results in this regard.

DD4 was matched with statistical significance to non-coding regions of several genes that may be

involved in plant resistance (see Table 4). Matches with introns and/or non-coding, 5' -flanking

regions of genes (including promoter areas; also compare with results for DDa and DDS) may,

however, not be extrapolated to the possible involvement of such genes in the experimental system,

as cloned DD bands are supposed to represent mRNA transcripts. In contrast, 3' -untranslated

regions (3'-UTRs) of expressed genes are commonly cloned during DD analyses when anchored

oligo-dT primers are used for cDNA synthesis (Haag and Raman 1994, Galindo et al. 1997).

Two different regions of DD4 were matched with the 3' -UTRs of genes with known function.

Nucleotides 29-85 (of the shortened sequence) matched a region in the 3'-UTR of the Lupinus albus

ACS4 gene, which encodes l-aminocyclopropane-l-carboxylate synthase (ACC synthase), the final

and rate-limiting enzyme in the biosynthetic pathway of the endogenous signalling molecule

ethylene (Taiz and Zeiger 1991). Although this match seemed promising with regard to the

objectives of this study, the expression pattern of DD4 (down-regulation in treated samples relative

to untreated controls, see Fig. 7) did not correlate with previous reports on the induction of ACC

synthase expression in response to wounding and pathogen infection (Taiz and Zeiger 1991).

Another factor that suggested the statistically significant similarity with ACS4 to be biologically
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non-significant, was the fact that the match was derived from an alignment between the -1 reading

frame translation product of DD4 and the +3 reading frame translation product of ACS4.

The most exciting results of this study were the statistically significant matches of DD4 with the

3'-UTR of the Brassica napus disease resistance gene RPM1 and the 5'-coding region of two human

lAPs (depicted in Fig. 8). RPM1 is a homologue of the Arabidopsis R gene which confers resistance

to P. syringae strains carrying the corresponding, non-homologous avrRpm1 or avrB genes (Grant

et al. 1995). Both of the lAPs retrieved in the DD4 similarity search (members of a protein family

originally identified in baculoviruses; Clem and Miller 1994) have been proposed to suppress

apoptosis in healthy mammalian cells (Rothe et al. 1995, Liston et al. 1996).

Despite the fact that the interaction between the systemic pathogen P. s. pv. syringae NV and the

resistant cv. 'Laetitia' does not lead to a visible HR (even when bacterial inocula exceeded 108

cfu/mL; Klement 1982), both of the abovementioned matches for DD4 suggest a role for

hypersensitive cell death (which is now commonly accepted to represent a form of programmed cell

death or PCD; Heath 1998) in this pathosystem. In the case of RPM1, rapid degradation of an

epitope-tagged RPM1 gene (over-expressed in transgenic Arabidopsis plants) coincided with the

onset of the HR caused by incompatible P. syringae bacteria (as late as 22 hours post-infection in

some interactions). This degradation was not observed in response to wounding or inoculation with

non-HR inducing compatible bacteria. It was suggested that the down-regulation of RPM1 (by

which transduction of the bacterially-delivered Avr signal will be interrupted) may constitute one

way in which the plant is able to control the extent of cell death and the overall resistance response

at the site of infection (Boyes et al. 1998).

The expression patterns observed for DD4 by RT PCR may be correlated with such a role in PCD

for the mRNA represented by DD4. The highest levels of DD4 were observed in the untreated

controls of both cultivars (consistent with the constitutive expression of R genes in uninfected

plants; Michelmore 1995, Hammond-Kosack and Jones 1997). Slightly reduced levels in the treated

'Songold' samples and very low levels in the three treated 'Laetitia' samples indicate a more

effective "desuppression" of PCD in cv. 'Laetitia', and may reflect the resistance shown by this

cultivar, but not by cv. 'Songold' . The same argument holds for a possible relation between DD4

and lAPs. The differential expression of DD4 between 'Laetitia' and 'Songold' samples was seen

more clearly when the amount of total RNA used for cDNA synthesis was raised from 2 ug (shown

in Fig. 7) to 5 ug (result not shown). The decrease in DD4 expression in the 'Laetitia' wounding
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control was, however, puzzling with regard to a relation with either RPM I or lAPs, as wounding is

presumed not to induce hypersensitive cell death (Baron and Zambryski 1995).

The work presented here has produced some promising preliminary results with respect to the

molecular dissection of the Prunus defense response to P. s. pv. syringae. More work is, however,

needed to confirm that the sequence similarities between genes of known function and the relatively

short cloned DD fragments retrieved in BLAST searches are of biological significance in this

pathosystem. Future endeavours towards this goal will include: (i) the development of a quantitative

RT PCR verification strategy and re-assessment of the expression patterns of cDNAs cloned in this

study, (ii) the application of the 5'-RACE technique (Frohman et al. 1988) to obtain full-length

sequences of the mRNAs represented by cloned bands of interest, (iii) repetition of BLAST searches

with these full-length sequences, (iv) assessment (by RT PCR) of the temporal expression patterns

of cloned bands in an experimental setup similar to the one used in this study and (v) the

development of a strategy to correlate the temporal expression patterns of these mRNAs with

protein levels in the pathosystem at the corresponding time intervals. The knowledge gained from

these continued studies will be applied in the selection of commercial stone fruit cultivars which are

resistant to the bacterial canker pathogen.
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CHAPTER 6

CONCLUSIONS

The research presented in this dissertation had two broad objectives: (i) to clone,

sequence and express the Pseudomonas syringae pv. syringae NV harpin encoding

(hrpZpSSNV)gene, and (ii) to establish a molecular system in which the recombinant

HrpZpssNvprotein could be applied to identify genes involved in the interaction between the

bacterial stone fruit pathogen and a stone fruit host (Prunus salicina). The first objective

was fully met. To fulfill of the second objective, a complex technique had to be established

and applied to a poorly characterized pathosystem. Success was hampered by several

pitfalls, in spite of which promising preliminary results were obtained.

To conclude this dissertation, the achievements of this study, as well as the pitfalls and

proposals for future success in investigations of this nature are outlined below.

6.1 ACHIEVEMENTS

The salient achievements of the current study were the following:

1. The P. s. pv. syringae NV hrpZpSSNVnucleotide and deduced HrpZpssNvamino acid

sequences were described and compared to the hrpZ and HrpZ sequences of other

phytopathogenic P. syringae strains.

2. A recombinant system, which may be used for the production of biologically active P. s.

pv. syringae harpin protein, was established. The well-documented ability of this

protein (and other harpins) to induce localized and systemic defense responses in a

variety of plant species renders it a valuable and accessible tool for local (South

African) investigations into a variety of pathosystems involving necrogenic phyto-

pathogens.

3. Progress towards the molecular dissection of the poorly characterized P. s. pv.

syringae-Prunus pathosystem has been made.
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6.2 PITFALLS AND PROPOSALS FOR FUTURE SUCCESS

Progress in the second phase of the study was hampered by several factors which were

discussed in Chapter 5. The brief discussions that follow are aimed at (i) extending the

usefulness of the preliminary results obtained in the current study, and (ii) benefitting

continued molecular studies of this nature:

(ij Assessment of plant responses to experimental treatment:

A disadvantage of the P. s. pv. syringae-Prunus salicina pathosystem investigated in this

study was that no assay was available to assess whether experimental treatments

(wounding, infiltration with harpinpssNvprotein or inoculation with P. s. pv. syringae NV)

indeed induced defense-related responses in either the resistant or the susceptible plum

cultivar. This was compounded by two factors. Firstly, it was not possible to ascertain

whether inoculation with the P. s. pv. syringae NV culture (which was confirmed to be

pathogenic on a non-host, tobacco) would establish a pathogenic or epiphytic bacterial

population in experimental plants. Secondly, although a relatively high concentration of

harpinpssNv(compared to that of harpins infiltrated into other plants in previously published

studies) was used in the current study, it was not possible to determine whether it would

be adequate to elicit a response in plum trees.

It was hoped that this study would yield a DD fragment that could be used as a "marker"

for the induction of plant defense responses (at least at 24 hours post-inoculation) in

future studies. This was unfortunately not achieved.

Future studies of this nature may therefore benefit from the use of "model" plants such as

tobacco or Arabidopsis for three reasons: (i) these plants were employed in many

published studies in combination with harpin-producing pathogens and purified

preparations of harpin proteins, (ii) a visible hypersensitive response (HR) develops in

response to harpin inoculations in many cultivars/ecotypes of these plants, and (iii) much

progress has been made with the genetic characterization of A. thaliana and, to a lesser

extent, some Nicotiana species, and a great deal of sequence information is available for

these plants in internationally accessible databases.
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(ii) Verification of DO results:

Reasons for the employment of a semi-quantitative reverse transcriptase polymerase

chain reaction (RT peR) strategy for the verification of DO results were explained in detail

in previous chapters and will not be repeated here. Although this strategy was considered

to be the most appropriate at the time, the expression patterns of many of the cloned DO

bands could not be verified conclusively. Some of these cDNAs showed preliminary

sequence similarity with known plant defense-related genes, and may yet be

demonstrated to be differentially expressed in this experimental system once an

optimized, quantitative verification protocol is applied.

Most Northern hybridization-based verification protocols do not include an amplification

step* and are therefore easier than RT peR-based protocols to adapt for quantitative

applications. Advances in Northern hybridization technology offer some possibilities for the

development of a highly sensitive Northern hybridization verification protocol for future

studies of this nature". This may, for example, be achieved through the use of high

specific activity radiolabelled riboprobes and high sensitivity membranes. However, the

speed and sensitivity of RT peR still render this technique the most attractive for the

routine verification of DO results. Access to "real-time" peR technology offers the

possibility optimizing protocols for individual templates easily and quickly to yield fully

quantitative results (without the use of radio-active labels), and promises to extend the

usefulness of the DO system established in this study significantly.

(iii) BLAST sequence similarity searches:

Sequence data derived from cloned DO fragments are generally of limited use in

sequence similarity searches, as they are normally short and do not comprise the coding

regions of the mRNAs from which they were derived. Additionally, sequence similarity

searches with short fragments frequently yield matches that are (i) of statistical, but not

biological significance, (ii) not statistically significant (but may be of biological

significance), or (iii) of neither statistical nor biological significance.

The BLAST results obtained in this study, although promising, must therefore be regarded

* An exception is the reverse Northern hybridization technique combined with the use of amplified RNA (see
section 4.3.3).

t Highly sensitive protocols are not only required for the detection of low-abundance transcripts, but are
imperative when RNA availability is limited (e.g. in a study such as this where seasonal plants were used).
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as preliminary until they can be confirmed with full-length cDNA sequences*.

(iv) Confirming biological significance within a particular system:

Once full-length cDNAs have been cloned and statistically significant sequence similarities

have been confirmed, the biological significance of corresponding mRNAs may be

assessed within the experimental system. This may be achieved in one, or a combination

of the following ways:

a. An RT peR (or Northern hybridization) strategy may be developed to assess the

temporal expression patterns of individual mRNAs in the experimental system. In

studies of this nature, such data will predict whether a particular mRNA is expressed in

early or late defense responses. Should a sequence similarity match with a known

defense-related gene be available, the response may be compared with published

data on other or related pathosystems.

b. Protocols may be developed to measure the levels of protein derived from a particular

mRNA at different time-points in the experimental system, and correlate these with the

temporal expression patterns of the mRNA. The stability of transcripts and their relative

importance in a particular defense response may be assessed in this way.

c. mRNAs may be expressed in transgenic plants to assess their biological functions in a

particular pathosystem in vivo.

6.3 CONCLUDING REMARKS

This dissertation is the first report documenting resistance mechanisms of stone fruit trees

to bacterial canker on a molecular level. It builds on the internationally recognized

contributions to the field of bacterial fruit tree diseases made by Prof. Martin J. Hattingh

(formerly Head of the Department of Plant Pathology and Dean of Agriculture of

Stellenbosch University), Dr. Isabel M.M. Roos (formerly Head of the Plant Biotechnology

and Pathology Section of Infruitec) and Dr. E. Lucienne Mansvelt (co-promoter of this

disse rtatio n).

* Full-length cDNAs corresponding to cloned DD fragments may be obtained by using the 5'-RACE technique,
or through the screening of a Prunus salicina cDNA library (should such a library become available).
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In spite of certain technical shortcomings, this study has led to the identification of several

Prunus genes previously implicated by other research groups in plant defense and

disease resistance. This confirms that the approach followed here is appropriate and

holds particular promise for future studies of this nature. In the long term, the collective

knowledge gained from these projects will be applied in the design of programmes for the

establishment of commercial cultivars which are resistant to the major South African stone

fruit pathogens.
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