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Chapter 1:
General Introduction.

1.1 Introduction.

The constraints imposed by a rooted existence have resulted in the evolution of a highly
sensitive and coordinated defence response mechanism among higher plants. Throughout the
duration of their life cycle plants are continuously subjected to a vast array of stresses, both
environmental - temperature fluctuations, drought and wind damage for example, and
biological - primarily pathogen attack. The distinction between both types of stress may be
made on the premise that environmental stresses are imposed by abiotic agents while
biological stresses are imposed by living organisms or by agents derived therefrom, such as
fungal elicitors. This chapter is primarily concerned with providing a review of recent
literature concerning that aspect of the plant defence response invoked by biological stresses.
Analogies and comparisons between the two types of induction will, where appropriate, be
made. Since, however, the plants' response to physical damage shares many features in
common with the biologically-induced response, for the purposes of this review a discussion
of the wound response will be incorporated into discussions on pathogen-induced defence

responses.
1.2 The Plant Defence Mechanism:

The ability of a plant to perceive and respond to stress stimuli is dependent on the presence of
both a constitutive and an inducible defence mechanism. Some form of physical barrier must
be in place to prevent or, at least, reduce the extent of physical damage sustained by the plant,
limiting pathogen invasion. In plants, as in animals, this physical barrier is provided by
modifications of the exposed surface of the organism. Plant morphology itself may be

modified to minimise the risk of damage, while structural modifications of exposed surfaces



e.g. the formation of the cuticle on exposed leaf surfaces, provide a physical constraint to

pathogen penetration or mechanical damage.

Inducible plant defence mechanisms comprise those concerning structural alterations in cell
and tissue morphology and those concerning modulation of defence-related gene expression
with a resulting alteration in the protein complement of affected cells. Common to both is the
induction of the phenylpropanoid pathway, resulting in the accumulation of compounds
facilitating structural modification of cell architecture and of chemicals directly involved in

the biological aspect of the defence response, acting directly on the invading organism.
1.2.1 Structural alterations in cell and tissue morphology.

Lignin, defined as "a complex polymer formed by the random condensation of
phenylpropanoid units" (Collinge and Slusarenko, 1987), is an integral component of
secondary cell walls of vascular plants. Its accumulation occurs in an enhanced manner
following challenge by various plant pathogenic fungi, viruses, nematodes and elicitors (Bell,
1981; Vance et al., 1980), and is a component of the wound response (Lipetz, 1970; Vance ef
al., 1980). Similarly, callose, a 8-1,3-glucan, accumulates in cell walls in response to a
number of chemical, physical and biological stresses including pathogen attack (Bell, 1981,
Jahnen and Hahlbrock, 1988). Its formation is brought about by a reaction catalysed by the
membrane-bound enzyme callose synthase, otherwise referred to as 1,3-B-glucan synthase or
glucan synthase II (GS-1I). This enzyme has been isolated and characterised from a number
of species (Dhugga and Ray, 1994; Pedersen ef al., 1993), and is thought to consist of
between six and nine subunits. Attempts to purify callose synthase from pea tissue resulted in
the copurification of two polypeptides of 50 and 70 kDa, which likely form a catalytic
complex upon activation (Dhugga and Ray, 1994). Other forms of cell wall modification
include oxidative cross-linking of cell wall polymers brought about by the action of cell wall
peroxidases (section 1.3.4), and the accumulation of a number of cell wall proteins referred to

as proline-, glycine- and hydroxyproline-rich proteins (section 1.3.4). Taken together, these



forms of cell wall modification provide a means of physically reinforcing the cells' integrity,

providing an enhanced barrier to further damage or pathogen invasion.
1.2.2 The phenomenon of dedifferentiation.

The wound stimulus is itself a potent initiator of mitotic activity and most of the cells in the
vicinity of the wound, excluding, of course, those sufficiently injured to die, respond by
dividing one or more times. This programme of cell division gives rise, in a number of cases,
to a wound periderm, a visible manifestation of the phenomenon of dedifferentiation. All
cellular processes which result in the repression of cell type-specific gene expression may be
considered to contribute to the process refered to as cellular dedifferentiation. This
phenomenon pertains to all cases wherein division cycle arrested cell types undergo a
'disorganisation’ phase and become 're-organised' with a consequential reactivation of the cell
cycle. Essentially, therefore, dedifferentiation may be considered as the process via which
cells become re-programmed in their committment to differentiation; one set of cell type-
specific genes becomes repressed with a concomitant expression of genes driving cell
differentiation towards a different tissue specificity. The undifferentiated state is therefore
that state which all dedifferentiating cells go towards. Since in the majority of cases the point
at which a cell is fully undifferentiated is difficult to determine, dedifferentiation can be seen
as the complex of cellular events by which a cell arrives at such a state and the maintenance of

this state may also be deemed as an aspect of the dedifferentiation process.
1.2.3 Modifications in plant biochemistry.
1.2.3.1 Phenylpropanocid metabolism.

The phenylpropanoid pathway is that sequence of biological reactions leading from L-
phenylalanine to 4-coumaroyl CoA (the 'core' reactions of the pathway), and includes all
branch pathways derived from these core steps, leading to the production of lignin, suberin
and other wall-bound phenolics, flavonoids and UV protectants, phytoalexins and a number of

other compounds involved both in plant defence and development (Hahlbrock and Scheel,




1989). Studies of phenylpropanoid metabolism have been primarily concerned with analysis
and characterisation of enzymes involved in two of the three core reactions of the pathway,
the first and key enzyme being phenylalanine ammonia lyase (PAL) catalysing the conversion
of L-phenylalanine to cinnamic acid, and the enzyme catalysing the final step in this core
sequence, the conversion of 4-coumaric acid to 4-coumaroyl CoA, 4-coumaroyl CoA ligase
(4CL). Substantial information has also been accumulated concerning the enzyme chalcone
synthase (CHS), the enzyme catalysing the first committed step in flavonoid production.
Further discussion regarding these enzymes and their regulation will be presented in section

1.3.2.
1.2.3.2 Pathogenesis-related (PR) proteins.

Defined by van Loon (1990) as "proteins encoded by the host plant but induced by various
pathogens as well as under stress situations similar to those provoked by pathogens", PR
proteins were initially described in 1970 by Gianinazzi and co-workers, and van Loon and van
Kammen in tobacco cultivars reacting hypersensitively to TMV. These proteins were
characterised by their low molecular weight, solubility at low pH and resistance to proteolytic
degradation. Subsequently basic counterparts of these acidic proteins were isolated, and PR

proteins are now generally assumed to be ubiquitous (van Loon, 1985).

Initial characterisation of the tobacco PR proteins was made on the basis of electrophoretic
and immunological properties, and resulted in the determination of five PR groups (van Loon
et al., 1987). Recent developments, however, have revealed shortcomings in this system of
nomenclature and necessitated a review of PR protein classification criteria (Linthorst, 1991;
Somssich, 1994). PR protein groups 1-5 remain classified on the basis of size, sequence
homology and function. Proteins of the PR-1 group possess an, as yet, unidentified function,
while members of PR-2 possess B-1,3-glucanase activity and PR-3 proteins chitinase activity
(Linthorst, 1991). Members of the PR-5 group, including that PR-5 protein referred to as
osmotin, demonstrate DNA sequence homology to the sweet-tasting thaumatin proteins of the

african shrub Thaumatococcus daniellii. The classification of PR-6 has recently been




allocated to the well-characterised group of defence-related proteins showing proteinase
inhibitor activity, PR-7 to proteases similar to the P69 protein of tomato (Vera and Conjero,
1988), and PR-10 to the intracellular PR (IPR) protein family described initially by Walter et
al. (1990). The wunI (Logemamn et al., 1988) and winl and 2 (Stanford ef al., 1990) proteins
have also now been incorporated into the PR 'super group' of proteins (Somssich, 1994). A
more detailed description of PR protein nomenclature, characterisation and function may be
found in Linthorst (1991), while the role of PR proteins in plant defence is discussed by
Bowles (1990), Dixon and Harrison (1990), Stintzi er al. (1993) and Collinge and Slusarenko
(1987).

1.3 Regulation of defence-related gene expression.
1.3.1 Changes in gene expression as a consequence of the dedifferentiation process.

Having defined the phenomenon of dedifferentiation in terms of cell type-specific gene
expression (section 1.2.2) it becomes apparent that this phenomenon is manifest in virtually
all aspects of plant development. Any process which involves the committment of cells to
one particular cell or tissue type i.e. the unidirectional process of differentiation has intrinsic
within its nature an aspect of dedifferentiation. Thus studies of these cellular processes may

provide an insight into those aspects of the process pertaining to dedifferentiation.

While the processes of cell and tissue differentiation are fundamental to our understanding of
plant growth and development, molecular studies in this area appear to be rare. Structural
studies, however, have generated quite large amounts of information regarding thé study of
development with results indicating that during development each cell determines its position
relative to others and then differentiates accordingly. This therefore implies that cells have
the ability to communicate with each other, and that this communication is fundamental to

plant development (Verbecke, 1992).

The dedifferentiation process itself is manifest at all cellular levels and may be seen to

introduce an inherent genetic instability, especially in tissue culture material (Hirochika,




1993; Kikuchi et al., 1987). A large number of physiological and cytological perturbations
have been reported in cells and tissues undergoing dedifferentiation (Yeoman and Street,
1977). Changes have been observed in gross protein profile (Grosset et al., 1990b; Wozniak
and Partridge, 1988; Harikrishna et al., 1991, 1992; Bonham-Smith et al., 1988; Fleck er al.,
1979, 1980) and gene expression (Guerri ef al., 1982; Grosset et al., 1990a; Kelly et al., 1990;
Marty et al., 1993; Neale et al., 1990; Fujita et al., 1994). Plastids revert to proplastids and a
number of other ultrastructural alterations have also been reported (Goldberg ef al., 1986;
Harjkrishna et al., 1991, 1992; Lipetz, 1970) the culmination of which is the loss of

photosynthetic capacity and the reversion to heterotrophic growth (Harikrishna et al., 1992).

Dedifferentiation occurs in explants placed into culture as the first step in the expression of
totipotency, a property of plant cells which allows the regeneration of whole plants from
cultured cells (Davidson et al., 1976). Thus such cell populations provide a potentially
enriched source of dedifferentiation-related gene expression. During protoplast isolation and
in culture cells undergo fundamental changes in protein synthesis (Fleck et al., 1979). Indeed
it has been estimated that 50-70% of total RNA sequence complexity in soybean suspension
cultured cells is contained as poly (A)* (Silflow et al., 1979), a dramatic increase over that of
cells in planta. Genes expressed in such systems may, broadly speaking, be grouped into
three main groups: (i) those induced rapidly during culture initiation prior to the reactivation
of DNA replication and cell division, (ii) those involved in mitotic division, and (iii) those
whose induction appears to occur independently of cell division. Most work to date on these
systems has concentrated on analysis of gene expression during mid- to late-log stages of
suspension culture growth. Little work has centred on the characterisation of genes induced
early during culture initiation and on those aspects of culture initiation which are sufficient to
cause induction of these genes. Investigations into induced changes in gene expression during
and immediately following protoplast isolation have provided a limited amount of
information concerning this. The isolation of protoplasts (essentially wall-less cells), by its
nature je. the separation of cells from an organised tissue into a population of wall-less

independent cells, results in a spectrum of cellular modifications similar to those observed




during early dedifferentiation. Indeed protoplasts may themselves be considered as

undergoing a dedifferentiation response, the stimulus being the isolation procedure.

Fleck et al. (1979) showed that changes in protein synthesis were detectable as soon as
protoplasts were incubated in culture medium. These alterations in protein pattern were
subsequently observed to occur not as a result of changes at the level of transcription, but
probably due to a change in transcript population (Fleck et al., 1980). Such alterations in
protein synthesis correlate with a shift in the transcript population (Grosset et al., 1990a).
Comparing transcript populations from freshly isolated protoplasts and mechanically
damaged leaf material revealed that it is the wound stimulus that appears to be the essential

event in the induction of dedifferentiation in this system (Grosset et al., 1990a).

Characterisation of genes induced during this early induction phase in cell suspension culture
specifically has been limited. However, Criqui and colleagues (1992) report the isolation and
characterisation of three cDNAs from transcripts that accumulate to very high levels within
the first 6 h of protoplast culture, prior to the onset of cell division. These encode a novel
type I trypsin inhibitor, a novel anionic peroxidase and a clone of, as yet, unidentified
function. The level of expression of these three genes was found to decrease at the onset of
cell division and led the authors to suppose that the activation of these genes corresponds not
only to a specific adaptation to the culture environment but also to a sequence of events
connected with the 're-programming' of gene expression in the dividing cell. Similarly, Marty
et al. (1993) reported the isolation of two 'early genes' expressed in freshly isolated
protoplasts - a cytoplasmic thioredoxin (Marty and Meyer, 1991) and a clone encoding a
tumor-related protein. After 48 h in culture transcripts encoding both these proteins was still
detectable at relatively high levels. Summarising their results the authors state that (i)
dedifferentiation begins during protoplast isolation and (ii) wounding alone is sufficient to

induce dedifferentiation.

Those genes concerned with cell division and the reactivation of DNA replication isolated

from cell suspension systems comprise, among others, a number of cyclins (Hirth ez al., 1992)




including the proliferating cell nuclear antigen (PCNA) (Kodama et al., 1994) and kinases
(Jonak et al., 1993; Wilson et al., 1993). A novel S-phase-specific clone, ¢yc07, has also been

isolated from Catharanthus roseus (periwinkle) (Ito et al., 1991).

A number of cDNA clones have been isolated, the expression of whose corresponding genes
appears to occur independently of DNA replication in both protoplast and callus-derived
suspension cultures. Included among these types of genes are a number involved in plant
defence. A number of PR proteins have been detected in tobacco protoplast-derived cell
suspensions (Grosset ef al., 1990b). Immunodetection revealed the presence of chitinases, a
B-1,3-glucanase, and osmotin after four days in culture. Having illustrated this increase in PR
protein accumulation with time in culture, further investigation at the mRNA level indicated
that transcripts encoding similar PR proteins were detected following only 6 h in culture
(Grosset et al., 1990a). Following a further 6 h the transcript population was. observed to be

similar to that observed in callus material.

Coinciding with the induction of defence-related protein gene expression, a marked increase
in enzyme activities associated with the phenylpropanoid pathway may also be observed
(Funk and Brodelius, 1992; Pletsch ef al., 1993; Sudibyo and Anderson, 1993). Suspension
cultures have been found to be an enriched source of, for example, enzymes involved in

lignification (Eberhardt et al., 1993) and flavonoid biosynthesis (Bokern et al., 1991).

1.3.2 Modulation of expression of genes encoding enzymes of the phenylpropanoid

pathway.
1.3.2.1 Phenylalanine ammonia lyase (PAL).

PAL is a tetrameric enzyme (Bolwell et al., 1985) catalysing the removal of an amino group
from the amino acid L-phenylalanine. Although present constitutively, in varying amounts,
throughout development, PAL activity increases rapidly in response to a number of stress
stimuli, correlated with increased transcription of the corresponding genes (Chappell and

Hahlbrock, 1984). In response to pathogen attack leading to a hypersensitive response, PAL




transcript accumulates rapidly in the tissue surrounding hypersensitive cell death at fungal
infection sites in parsley (Schmelzer et al., 1989), in response to pathogen invasion in
soybean (Esnault ef al., 1987), and in response to bacterial infection of french bean (Jakobeck
and Lindgren, 1993). PAL transcript also accumulates in response to elicitor stimulation of
suspension cultures of parsley (Hahlbrock et al., 1991), alfalfa (Gowri et al., 1991) and bean
(Cramer et al., 1985; Ellis et al., 1989), being cultivar-specific in the latter case (Ellis et al.,
1989; Shufflebottom et al., 1989). Wounding and mechanical damage have reported to cause
an induction in PAL transcript levels at and close to the wound site (Lawton and Lamb,

1987), as has uv irradiation (Chappell and Hahlbrock, 1984; Hahlbrock and Scheel, 1989).

PAL has been shown to be encoded by multi-gene families in a number of species (parsley:
Lois et al., 1989; bean: Cramer et al., 1989; rice: Minami et al., 1989; Arabidopsis: Ohl et al.,
1990; potato: Joos and Hahlbrock, 1992), data correlating with the isolation of three different
PAL isoforms from bean cell suspension cultures, each differing in pI and Km values from
the others (Bolwell et al., 1985) and with data demonstrating that the bean PAL-2 and PAL-3
genes encode different isoforms of the protein (Liang ef al., 1989). Members of the PAL gene
family have been shown to exhibit differential tissue-specific expression (Shufflebottom et
al., 1993; Lois and Hahlbrock, 1992; Liang et al, 1989) and to accumulate rapidly in
response to uv irradiation, wounding, elicitation and pathogen challenge (Hahlbrock and
Scheel, 1989). In parsley, where at least four members of the PAL gene family have been
identified (Lois et al., 1989) the expression of three of these PAL genes (PAL-1, PAL-2 and
PAL-3) have been studied in detail in response to a number of stimulation events (Lois and
Hahlbrock, 1992). All were found to be highly expressed in root tissues and during certain
stages of leaf development, while PAL-3 was preferentially activated in wounded leaves.
PAL-2 was shown to be primarily responsible for the high constitutive levels of expression
detected in roots. Each gene was found to respond to uv itradiation and elicitor-treatment.
There are three classes of PAL genes within the bean genome that exhibit differential
regulation in response to environmental stimuli and during development (Cramer et al.,

1989). All are induced by wounding; however only PAL-1 and PAL-2 are induced in




response to fungal elicitor. PAL-2 transcript was found to accumulate in shoots, petals and
light-treated hypocotyls, while PAL-3 transcript was detected predominantly in fungal-
infected hypocotyls. The tissue- and cell-specific nature of expression of the bean PAL genes
has recently been investigated in transgenic tobacco (Shuflebottom ez al., 1993). The PAL-2
promoter was found to direct reporter gene (gus) expression in developing xylem and in a
narrow zone of cells immediately surrounding necrotic lesions produced during the
hypersensitive reaction of tobacco to TMV. GUS activity as a consequence of PAL-3
promoter activity was detected in pigmented petal tissue, specifically in the epidermal layer.
Expression of the gus gene under the control of this promoter during the hypersensitive
response was localised to large halos surrounding the necrotic tissue, expanding to cover the
whole explant by 24 h post-elicitation. Both promoters were active in pollen, root tips and

stem.
1.3.22  4-coumarate:CoA ligase (4CL).

The enzyme 4CL plays a key role in linking general phenylpropanoid metabolism to the end
products of specific branch biosynthetic pathways, as it is the enzyme catalysing the final step
in the 'core' phenylpropanoid pathway (Hahlbrock and Scheel, 1989). 4CL exists as a
monomeric enzyme in parsley, occurring as two isoforms, each encoded by a single-copy
gene (Douglas et al., 1987). Both genes are expressed at similar relative rates in
unstimulated, uv-irradiated or elicitor-treated parsley cells (Douglas er al., 1987), and
transcript accumulates rapidly at sites of infection (Schmelzer er al., 1988; Esnalt et al.,

1987).
1.3.2.3  Chaleone synthase (CHS).

CHS, a key enzyme of flavonoid biosynthesis (Hahlbrock and Grisebach, 1989), catalyses the

stepwise condensation of three acetate residues from malonyl CoA with coumaroyl CoA.

Most non-legume species contain one or two CHS genes per haploid genome (Herrmann et

al., 1988) while CHS exists as multi-gene families in bean (Ryder et al., 1987), soybean

(Wingender et al., 1989) and petunia (Koes et al., 1989). The induction of CHS gene
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expression in parsley is light-dependent (Bruns et al., 1986; Schmelzer et al., 1988), being
stimulated by uv irradiation, although a slight modulatory effect by blue light has been
observed, with red light also exerting a small, but measurable, effect via phytochrome (Bruns
et al., 1986). This uv-induced increase in CHS enzyme activity arises as a consequence of de
novo transcription of the CHS gene (Chappell and Hahlbrock, 1984). uv irradiation has also
been demonstrated to induce expression of CHS genes in Arabidopsis (Feinbaum and
Ausubel, 1988), where transcript accumulation preceedes anthocyanin accumulation, and in
soybean (Wiegender ef al., 1989), petunia (van Tunen ef al., 1988), bean (Ryder ef al., 1987),
Antirrhinum (Lipphardt ef al., 1988) and tobacco (Kaulen et al., 1986). In the case of parsley
this light-induction of transcript accumulation has been localised to the epidermal cells of
leaves (Schmelzer ef al., 1988). In mustard seedlings, however, CHS gene induction is not
dependent on uv irradiation, although this response is developmentally regulated with uv-
dependent CHS induction being observed during later stages of development (Hahlbrock and
Sceheel, 1989). Developmental regulation of expression of this gene is also reported for
petunia (Koes et al., 1989) and bean (Schmid et al., 1990). Pathogen- and elicitor-mediated
induction of CHS gene expression has been reported (Schmelzer ef al., 1989; Ryder et al.,
1987; Wingender et al., 1989; Ellis ef al., 1989), and is not dependent on the development of
the hypersensitive response (Jakobek and Lindgren, 1993). Petunia and parsley CHS genes,
however, do not display this response (Koes ef al., 1989). Induction in response to both
elicitation and developmental stimuli leads to the differential expression of members of the
CHS gene family (Koes et al., 1989; Wiegender et al., 1909; Ellis et al., 1989; Ryder er al.,
1987).

1.3.4 Induction of PR protein gene expression.

In addition to displaying developmental regulation (Eyal and Fluhr, 1991; Cutt and Klessig,
1992; Lotan and Fluhr, 1989), expression of genes encoding PR proteins is also modulated in
response to a number of environmental stimuli. PR proteins accumulate in pathogen-infected
tissue (Casacuberta ef al., 1992; Brederode and Linthorst, 1991; van Loon, 1985; reviewed in
Collinge and Slusarenko, 1987) and in response to exogenously supplied elicitor (Somssich et
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al., 1986; Marineau et al., 1987; Roby et al., 1991). Chemical agents, including jasmonic
acid, its methyl derivative and octadecanoid precursors (Farmer et al., 1992; Farmer and
Ryan, 1992), B-amino-butyric acid (Cohen et al., 1994), and salicylic acid and its acetyl
derivative, aspirin (Antoniw and White, 1980; Hennig et al., 1993; Malamy, 1990) also
induce PR protein accumulation to relatively high levels. Ethylene and abscissic acid both
induce PR gene expression (Eyal er al., 1993). Auxin and cytokinin together have been
reported to repress both chitinase and giucanase gene expression (Shinshi et dl., 1987;~
Mohnen et al., 1985). Physical stimulation by wounding also results in the induction of PR
gene expression (Warner et al., 1992). Thus induction of PR gene expression occurs as a
consequence of both exogenous e.g. wounding, pathogen attack and elicitation stimulation,
and endogenous stimulation, phytohormones, salicylic acid, jasmonic acid and its derivatives
for example. Also included in these endogenous PR protein-inducing factors is the 18 amino
acid peptide, systemin (Pearce et al., 1991; McGurl et al., 1992) which has been found to
induce PI synthesis in tomato and potato leaves, and has been proposed as a long distance -
wound signal (McGurl et al., 1994). These endogenous agents comprise components of
signal transduction pathways transforming an external stimulation event into a response
characterised by changes in gene expression. Investigations into the means by which these
stimuli modulate PR gene expression have concentrated on explorations of the effect of
salicylic acid, ethylene and jasmonic acid on PR gene expression primarily and thus shall be

discussed further below.

Exposure of plants to the above stimuli may not only give rise to a local accumulation of PR
proteins, but may also cause the accumulation of such proteins at sites distant from the site of
initial stimulation. This systemic accumulation of PR proteins is correlated with a systemic
induction of transcription of the corresponding PR genes (Ward et al., 1991) and acts to
protect the plant from subsequent exposure to the same or a different pathogenic stimulus. In
this way the unstimulated regions of the plant become 'primed', possessing a basal level of PR
proteins which further enhances the plants defence mechanism. This phenomenon is referred

to as systemic acquired resistance (SAR) (Ryals et al., 1994).
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1.3.4.1  Salicylic acid and the regulation of the plant defence response.

Salicylic acid has been implicated in systemic signal transduction in the plant defence
response to pathogen attack (Malamy, 1990; Métraux, 1990) and its induction of 'classical'
(Antoniw and White, 1986) and intracellular (Crowell et al., 1992) PR protein gene
expression is well documented, with particular emphasis being given to its induction of
expression of the tobacco PR1a gene (Ohshima et al., 1990; van de Rhee et al., 1990; Uknes
et al., 1993). In contrast, accumulation of tomato PR proteins (proteinase inhibitors I and II)

is repressed in the presence of salicylic acid (Doherty et al., 1988).

Having been identified as 'calorigen’, an endogenous regulator of heat production in the Arum
lily (Raskin et al., 1987), salicylic acid has also been widely implicated in the development of
systemic acquired resistance (SAR) (Ward et al., 1991; Raskin et al., 1992; Malamy and
Klessig, 1992). Exposure of plants to salicylic acid, or indeed to its derivative aspirin, has
been shown to result in the rapid expression of PR genes considered to be molecular markers
of SAR (Ward et al., 1991). Indeed work by Gaffney and colleagues (1993) clearly
demonstrated that salicylic acid is indeed essential for the development of SAR. In an
experiment utilising transgenic tobacco plants into which the Pseudmonas putida nahG gene,
encoding the enzyme salicylic acid hydroxylase, had been introduced under the control of the
CaMV 35S promoter, Gaffney et al. (1993) were able to demonstrate that plants depleted in
salicylic acid were defective in their ability to respond to TMV infection through the
development of an SAR response. Salicylic acid hydroxylase converts salicylic acid into
catechol which is unable to induce PR protein gene expression. It was proposed (Ward et al.,
1991) that salicylic acid accumulated during the plant defence response as a consequence of
phenylpropanoid metabolism. Subsequent work by Yalpani and colleagues (1993) has shown
that this is indeed at least one of the sources of salicylic acid biosynthesis employed by the
plant in response to pathogen attack. While not excluding the possibility that salicylic acid
may be synthesised via some other route(s) Yalpani ef al. (1993) demonstrate the synthesis of
salicylic acid directly from frams-cinnamic acid, an intermediate of the phenylpropanoid
pathway via benzoic acid, a reaction catalysed by the putative cytochrome P450 benzoic acid
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2-hydroxylase. This latter enzyme has itself been found to accumulate in response to
pathogen infection (Leon et al., 1993). Once synthesised, salicylic acid is rapidly conjugated
into its glucoside (Eneydi et al., 1992; Hennig et al., 1993) in which state it becomes unable
to cause induction of PR protein gene expression. Ryals (1994) observes the likelihood that
this salicylic acid conjugate may function as a storage form which may be hydrolysed as
needed within the cell in response to various stimuli, or that this modification of the bioactive
agent such that is rendered inactive is a prerequisite for the appropriate targeting of the
conjugate for catabolism. Either way it is clear that salicylic acid turnover and the regulation
of endogenous salicylic acid levels are important aspects of the regulation of the plant defence
response by this chemical. The role of salicylic acid in SAR and the consequences of
exposure to this chemical are, as previously discussed, well documented, illustrating the
ability of salicylic acid to stimulate the accumulation of a range of defence-related proteins.
The exact nature of those mechanisms involved in bringing about this response remains, as

yet, unclear.

Salicylic acid, it has been proposed, operates via an ethylene-dependent pathway (Eyal et al.,
1992; Raz and Fluhr, 1992), unlike the fungal elicitor xylanase which operates via an
ethylene-independent mechanism (Raz and Fluhr, 1992). Calcium has recently been found to
be a component of the transduction pathway leading to this ethylene-dependent stimulation of
PR protein gene expression (Raz and Fluhr, 1992). Ethylene responsiveness has, in this case,
been shown to be dependent on and mediated by phosphorylation events (Raz and Fluhr,
1993). Thus the signal transduction pathway leading from the salicylic acid stimulus to PR
protein gene expression may be seen to be, potentially, comprised, at least in part, of
phosphorylation cascades and ion fluxes, events previously documented as being important in
the regulation of plant gene expression in response to physiological stimuli (Bennett, 1991;

Carter et al., 1991) and elicitation (Dietrich et al., 1990; Felix et al., 1991).

Another hypothesis that exists concerning salicylic acid stimulation of plant defence
responses has been proposed by Klessigs group. Chen and co-workers (1993a) reported the
isolation of a 280 kDa salicylic acid binding protein (SABP) from tobacco which appears to
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be a complex containing a 57 kDa subunit. It was found that the inducibility of PR1 genes by
salicylic acid was directly proportional to the abundance of SABP in different organs. These
observations were consistent with a role for SABP in perceiving and transducing the salicylic
acid stimulus in plant defence. A further report from the same group (Chen et al., 1993b)
documented the isolation and characterisation of the cDNA encoding SABP. Based on
predicted amino acid similarity the SABP was identified as a catalase, an identity borne out
by protein sequencing and catalase assay experiments on SABP itself. Further, it was shown
that salicylic acid binding to SABP inhibited the catalase activity of that protein. In the
context of the plant defence response it is therefore postulated that the salicylic acid signal is
propagated via the active oxygen species H2O2 which may act as a secondary messenger to

activate defence-related gene expression (Chen et al., 1993).
1.3.4.2 Octadecanoid-derived signals.

A number of C1g8 unsaturated fatty acid-derived C12 compounds have been shown to possess
potent biological activities in plants in regulating developmental and environmental
responses. These C12 compounds include jasmonic acid and its methyl derivative, cucurbic
acid and traumatic acid. Of these the most extensively studied is jasmonic acid, and the role
of this compound and its derivatives in modulating the plant defence response will be briefly

discussed here.

Jasmonic acid is a naturally occurring compound identified in a diverse range of plant species
(Meyer et al., 1984) and its methyl ester has been shown to cause marked alterations in
protein profiles of treated material, causing the accumulation of a number of novel proteins in
excised barley leaves while simultaneously repressing synthesis of most pre-existing, control
proteins (Reinbothe et al., 1993). Control protein synthesis was found to be repressed as a
consequence of translational impairment, while novel proteins accumulated as a result, not of
changes in rates of transcription, but of some form of implied post-translational modification.
Expression of three genes encoding pathogen-inducible lipid transfer proteins is repressed

upon exposure to 10 um methyl jasmonate (Molina and Garcia-Olmedo, 1993) while de novo
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induction of genes encoding phenylpropanoid pathway enzymes is stimulated by jasmonic
acid, with a resultant accumulation of flavonoids and other pathway end products (Gundlach
et al., 1992). Both jasmonic acid and methyl jasmonate induce PI gene expression (Farmer
and Ryan, 1990; Farmer et al., 1992; Xu et al., 1993), as do a number of octadecanoid
precursors of jasmonic acid - linolenic acid, 13(S)-hydroperoxylinolenic acid and
phytodienoic acid (Farmer and Ryan, 1992). These results led the authors to speculate that
jasmonic acid and its octadecanoid precursors may participate in a lipid-based signalling
system activating PI gene expression in response to external stimuli, and to propose a model
by which this may occur (Farmer and Ryan, 1992). This model distinguishes between signals
arising as a consequence of wounding and herbivory i.e. systemin and those likely to be
produced by the plant as a result of signals arising from a wound stimulus are systemic in

nature, while those arising as a consequence of pathogen attack will be of a local nature.

The jasmonic acid biosynthetic pathway (Vick and Zimmerman, 1984) includes a
lipoxygenase-catalysed reaction converting linolenic acid into 13(S)-hydroperoxylinolenic
acid. This enzyme is itself induced following wounding (Hildebrand et al., 1988) and it has
been suggested that lipoxygenase may play a role in a general stress response (Bell and
Mullet, 1991). Inhibition of lipoxygenase activity results in a loss of wound-inducible pinll
gene expression (Pefia-Cortés ef al., 1993). Aspirin also inhibits proteinase inhibitor gene
expression in tomato (Doherty et al., 1988), and has been found to mediate this via the
inhibition of jasmonic acid accumulation normally observed after wounding (Albrecht ef al.,
1993) through blocking jasmonic acid biosynthesis (Pefia-Cortés et al., 1993). Levels of
endogenous jasmonic acid also increase in response to elicitation of cell suspension material
of a number of plant species in a rapid and transient manner (Gundlach et al., 1992).
Exposure of such material to methyl jasmonate has been found to enhance the response of
conditioned cells to low concentrations of fungal elicitor, enhancing elicitation of active.
oxygen species (Kauss ef al., 1994). A similar conditioning response had previously been
reported following preincubation of suspension cultured cells in the presence of either

salicylic acid or its derivative dichloroisonicotinic acid (Kauss ef al., 1992).
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1.3.4.3 IEthylene and other phytohormones.

An important mediator of the plant defence response is the phytohormone ethylene which
accumulates in response to wounding, pathogen attack and elicitation (Paradies et al., 1980;
Yang and Hoffman, 1984; Lotan and Fluhr, 1990). It has also been shown to induce a number
of defence-related and PR proteins (Ecker and Davis, 1987; Weiss ef al., 1991; Roby et adl.,
1991; Brederode et al., 1991; Eyal et al., 1992). While capable of inducing PR gene
expression directly, ethylene also serves to mediate perception of other stress stimuli e.g.
elicitors such as o-aminobutyric acid and salicylic acid (Eyal er al, 1992). Not all
pathogenesis-related responses are dependent on ethylene however, and thus ethylene-
independent and -dependent pathways exist mediating PR gene expression (Raz and Fluhr,

1993).

Abscissic acid is involved in the wound-induced expression of proteinase inhibitor genes in
potato and tomato (Pefia-Cortés et al., 1989; Xu ef al., 1993). Experiments have shown that
wounding results in increased levels of this phytohormone both in wounded and non-wounded
systemically induced leaves (Pefla-Cortés et al, 1989). However, the role of ABA in
mediating PI gene expression is apparently limited to the wound response. Tissue specific
expression remains unaffected in ABA-deficient mutants (Pefia-Cortés et al., 1991),
suggesting the action of two separate pathways regulating developmental and environmental
induction of PI gene expression. Two members of the PR-10 family are classified as ABA-
responsive proteins. ABR17 and ABR18 (Barratt et al., 1989) were initially isolated as novel
proteins accumulating in pea embryos in response to osmotic stress together with exogenous

10 uM ABA.

Further evidence for the involvement of plant hormones in modulating defence-related gene
expression comes again from observations based on expression of genes encoding members
of the PR-10 protein family. Phytohormone depletion results in the accumulation of SAM22
transcript (Crowell et al., 1992), while this is reversed upon addition of cytokinin to

cytokinin-starved or auxin to auxin-starved cells with SAM22 message levels decreasing
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dramatically within 4 h under these conditions. Other PR proteins whose accumulation is
modulated by the presence/absence of auxin and cytokinin are members of the PR-2 and PR-3
families. B-1,3-glucanase transcript levels accumulate in cultured tobacco tissues treated with
either auxin or cytokinin, while simultaneous exposure to both hormones results in
transcriptional inhibition of the corresponding gene (Mohnen er al., 1985). Similarly,
chitinase activity is blocked and transcription of the corresponding gene inhibited in the

presence of auxin and cytokinin (Shinshi ez al., 1987).
1.3.4.4  Signal transduction leading to PR gene expression.

The response of a number of plant species to wounding, pathogen attack and elicitation
involves the activation of PR genes and the accumulation of the respective proteins at the
local site of injury and systemically throughout the plant. At least two different pathways are
thought to be involved (Lotan and Fluhr, 1990). In the case of PI induction in response to
wounding the nature of the systemically propagated signal(s) mediating this response has
been the subject of some debate. Candidates include systemin, an 18 amino acid endogenous
polypeptide from tomato found to induce PI activity when supplied to young tomato leaves,
and to be transported away from the wound site following stimulation (Pearce et al., 1991), a
signal based on electrical activity (Wildon et al., 1992), and a hydraulic signal (Malone et al.,
1991). Evidence for the involvement of an electrical signal comes from observations that
mechanical damage to cotyledonary leaf tissue leads to electrical activity which is propagated
throughout the subject explant correlating with the systemic induction of pin activity (Wildon
et al., 1992). The involvement of some other phloem-mobile signal(s) appears to be excluded
by the observation that phloem translocation can be completely blocked, through the use of
cooling blocks, without effect on pin transcript accumulation or propagation of electrical
signals. Hydraulic signals, propagating changes in water pressure, are also transmitted from
wound sites in tomato (Malone, 1993) but cannot themselves induce PI synthesis (Malone e?
al., 1994b). Recent work, however, has shown that this hydraulic signal is an essential
requirement for the systemic induction of PIs by localised treatments (Malone et al., 1994a).
It was found that the presence of an endogenous Proteinase Inhibitor Inducing Factor (PIIF)
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was required locally for induction of PIs. Systemic induction of PIs occurred only when both
PIIF and a hydraulic signal are triggered at the treatment site, a criterion fulfilled by excision
of the leaf explant under leaf extract. Thus, the authors conclude, systemic wound signalling
involves a synergistic interaction between hydraulic signals and PIIF, and propose that PIIF is
distributed rapidly from wound sites by the mass flows associated with wound-induced
hydraulic signals. It thus appears from this study that hydraulic dispersal of elicitor-like

agents is one possible mechanism of systemic signalling in response to wounding in tomato.

As previously discussed salicylic acid has frequently been proposed to function as the
systemically transported signal causing induction of PR gene expression, especially PRI,
gene expression in response to pathogen attack. It plays an essential role in the induction and
maintenance of SAR (Ryals et al., 1994; Gaffney et al., 1993), although until recently the
exact nature of this role was unclear. Accumulation of SA under conditions of SAR led many
to propose that SA was itself being systemically transported and directly inducing PR gene
expression. Recent data has revealed, however, that SA is not the SAR-inducing systemically
translocated signal (Vernooij et al., 1994). In a series of grafting experiments using both
wild-type and transgenic (expressing nahG, a gene encoding salicylic acid hydroxylase) M.
tabacum cv Xanthi plants the authors found that, when wild type scions were grafted onto
transgenic root-stocks incapable of accumulating salicylic acid, non-transgenic scions were
rendered resistant to further infection following infection of the root stock by TMV. It thus
appears that the signal originating within the root stock in response to TMV infection and
propagated throughout the plant thereby inducing SAR is not salicylic acid. Scions of
reciprocal grafts, i.e. using a non-transgenic root stock and nahG-expressing scion, failed to
display SAR following similar treatment. Therefore, the authors conclude, the signal requires

the presence of salicylic acid in tissues distant from the infection site to induce SAR.

Analysis of cellular events occurring as a consequence of a defence-related stimulation event
have revealed changes in protein synthesis, kinase activity, ion fluxes and an oxidative burst
(Choi and Bostock, 1994; Viard et al., 1994; Raz and Fluhr, 1993; Niirnberger et al., 1994;
Vera-Estrella er al., 1994). Changes in the distribution of membrane-bound calcium,
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activated calmodulin and callose visualised by Thonat et al. (1993) as a consequence of
thigmomorphogenesis in Bryonica dioica suggest a rapid influx of calcium into the cytosol
and the involvement of this ion in signal transduction, data supported by observations made
by other workers (Choi and Bostock, 1994; Raz and Fluhr, 1992). Ca2*/H* influxes have
also been reported to occur in response to the binding of the fungal oligopeptide elicitor Pep-
13 to a specific, novel membrane-bound receptor in parsley (Niirnberger et al., 1994), as have
K*/Cl- effluxes, an oxidative burst, and activation of defence-related genes. In this study the
authors propose a model summarising current data concerning elicitor signal perception and

transduction in the parsley system (Niirnberger et al., 1994).
1.3.5 Factors affecting expression of genes encoding other defence-related proteins.

Cinnamyl acid dehydrogenase (CAD) which catalyses the formation of cinnamyl alcohols, the
direct precursors of lignin biosynthesis is encoded by a single gene (Walter ez al., 1988) and is
rapidly (within 1.5 h) and transiently activated in response to elicitation (Walter et al. 1988),
with a consequential increase in enzyme activity (Grand et al., 1987; Mitchell et al., 1994). It
has been suggested that this rapid elicitor stimulation of CAD may play a role in the
generation of secondary signals involved in the induction of the plant defense response
(Walter et al., 1988), since certain lignin precursors (dihydrodiconiferyl glucosides) have
been found to exhibit cytokinin-like activity in plant cells (Binns et al., 1987).Antisense
inhibition of CAD has been found to result in the production of a modified lignin in otherwise
normal plants (Halpin et al. 1994). The lignin complement of such plants was found to be

altered in chemical structure and composition.

Genes encoding a number of other enzymes involved in the lignin biosynthetic pathway
including S-adenosyl-L-methionine:caffeic acid 3-O-methyltransferase have been cloned and
characterised (Gowri et al, 1991; Jaeck er al, 1992). Expression of these genes is
developmentally regulated and elicitor-inducible, increases in enzyme activity correlating

with increased transcription.

20




During the plant defence response peroxidases are involved in the scavenging of hydroxyl
radicals produced as a consequence of the superoxide dismutase (SOD)-catalysed reaction
converting superoxide radicals into oxygen (Bowler ef al., 1989) and accumulate rapidly and
transiently following elicitation (Wingate et al., 1988). They are also thought to play a role in
the polymerisation of phenolic compounds to generate suberin, in the formation of lignin
precursors, and in the cross-linking of cell wall components such as HRGPs (Bowles, 1990).
While extracellular peroxidases are inactivated in response to elicitation, cellular forms of the
proteins are induced (Messner and Bell, 1994; Mitchell et al., 1994) with enzyme activity also
being induced following pathogen attack (Nickerson et al., 1993; Ludwig-Mueller et al.,
1994) and wounding (Mohan et al., 1993a). Some developmental regulation of gene

expression has also been observed (Mohan et al., 1993b, Sherf and Kolattukudy, 1993).

HRGPs are encoded by a small multi-gene family (Hood ef al., 1993) and referred to as
extensins (reviewed in Cassab and Varner, 1988; Kieliszewski and Lamport, 1994) in
dicotyledonous species. Accumulation of HRGP mRNA depends, to a large extent, on tissue-
specific factors, as well as on the physiological state of the plant. In general, HRGP mRNA
accumulates in meristematic tissue (José and Puigdomenach, 1993). Genes encoding such
proteins show elevated levels of expression in elicitor-treated material (Roby et al., 1985;
Bolwell et al., 1985; Wingate et al., 1988; Showalter et al., 1985). Transcripts encoding
HRGPs accumulate in response to wounding (Ludevid et al., 1990), ethylene (Showalter et
al., 1992; Tagu et al., 1992), and developmental stimuli (Ruiz-Avila ef al., 1992; Stiefel et al.,
1990) with induction arising as a consequence of transcriptional activation of the appropriate

genes (Lawton and Lamb, 1987).

Proline-rich proteins (PRPs) differ from extensins both in the sequence of the characteristic
repetitive motifs and in features of the expression of their genes. Such proteins have been
classified into a number of groups based on their amino acid sequences (José and
Puigdomenech, 1993). They have been immunolocalised to the cell wall (Marcus ef al., 1991;
Ye and Varner, 1991) and found to show profiles of developmental regulation of gene
expression specific for the different groups of PRPs. Some PRPs do show an induction of
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gene expression in response to wounding; in general, however, no induction has been

observed in response to ethylene, elicitation or fungal attack (José and Puigdomenach, 1993).

Despite being obviously distinct from PRPs, GRPs share many features in common with this
class of proteins. Both are localised to the cell wall, share many gene expression features, and
exhibit some amino acid sequence similarities. Like both HRGPs and PRPs, synthesis of
GRPs is also developmentally regulated. Interestingly, GRPs may be either repressed or
induced following wounding, depending on the specific gene being observed, and do not
appear to be strongly responsive to ethylene or ABA (José and Puigdomenach, 1991).
Expression of genes encoding GRPs has been correlated with the lignification process. In
both bean and soybean GRP-encoding genes were found to be expressed in all cells that were,
or were going to become, lignified (Ye and Varner, 1991). Both processes were subsequently

found to occur independently (Ryser and Keller, 1992; Keller ef al., 1989).

1.3.6 Analysis of regulatory elements determining specificity of defence-related gene

expression.

The transcription of genes by RNA polymerase II is regulated by cis-acting DNA sequences
which exert their effects on transcription through interactions with specific frans-acting
proteins. Specificity and inducibility of gene expression is therefore tightly regulated at the
level of transcription, although subsequent regulatory mechanisms may also operate for any
particular gene. The location of these cis-elements within the regulatory regions (for the
purposes of this discussion these regions will be referred to as 'the promoter') may be defined
on the basis of the ability of truncated promoter fragments to confer transcriptional activation
upon a reporter gene and through analysis of protein-DNA interactions. In the former case,
the promoter fragment is successively shortened by either 5' or 3' deletion, fused to a reporter
gene coding sequence and the construct assayed for reporter gene activity. In this way,
specific regions within the promoter may be defined that potentially harbour regulatory
elements important in the determination of specificity of gene expression. Analytical

approaches aimed at exploring protein-DNA interactions directly centre primarily on
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observations that protein-DNA complexes exhibit altered mobility through a polyacrylamide
matrix when compared to non-complexed DNA. Such gel shift or electrophoretic mobility
shift assays (EMSA's) are, however most effective when employed in conjunction with
deletion analysis, the DNA fragment being utilised in the EMSA's having been implicated in
transcription regulation. A further technique, DNA footprinting, also investigates protein-
DNA interactions through electrophoretic analysis. In this case, the experimental procedure is
based on the observation that DNA that is complexed with a protein will be 'protected' from
chemical or enzymatic cleavage. Thus, comparison of complexed and naked i.e. non-
complexed forms of the same DNA fragment following exposure to the cleavage agent -
generally DNasel - allows determination of protein-DNA interaction events since the ladder
of DNA fragments generated upon cleavage of the promoter will differ only at those regions
where protection has been afforded the DNA through DNA-protein interactions. A number of
modifications of this technique are also commonly used, including dimethyl sulphate (DMS)
protection assays - a technique based on the ability of a transcription factor to protect against
the methylation of guanine resudues within a DNA sequence by contacting those nucleotides
during DNA binding. Thus, in addition to delineating the DNA binding site of a protein
factor, this technique also allows the determination of the precise guanine residues within the

DNA sequence that interact with the protein.

Such methodology has been widely applied in the analysis of regulatory regions of genes
involved in the plant defence response. Deletion analysis has been employed in the analysis
of the PAL (Hashimoto et al., 1992; Levya ef al., 1992; Shufflebottom ef al., 1993), 4-CL
(Hauffe et al., 1993) and CHS (Wingender et al., 1990) promoters, for example, allowing the
delineation of sequence elements implicated in light- and developmental regulation of these
genes. DNA footprinting revealed a number of footprints, both constitutive and inducible,
within the bean PALI1 promoter (Lois et al., 1989). The inducible footprints corresponded to
DNA sequence designated boxes P (centered around position -181), A (-163) and L (-110) (da
Costa e Silva ef al., 1993), and a cDNA encoding a Box P Binding Factor (BPF-1) has been

isolated and characterised. Box P is conserved at similar positions relative to the start of
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transcription in a number of other defence-related genes (de Costa e Silva ef al., 1993), and
binding of BPF-1 to this sequence indicates a probable role in the regulation of expression of
other defence-related genes. Similar approaches have been employed in the analysis of
promoter regions of a growing number of PR~ and defence-related genes, the results of which

are comprehensively reviewed by Somssich (1994).
1.3.7 Regulatory features common to defence-related genes.

Through the use of approaches described above, a number of regulatory elements common to
defence-related gene promoters have been identified. The H-box (CCTACC) (Loake ef al.,
1992; Yu et al, 1993) is related  to a consensus sequence,
(T/A)CT(C/A)ACCTA(C/A)C(C/A), present in the promoter sequence of a number of genes
encoding enzymes of the phenylpropanoid pathway (Lois et al., 1989). Sequence motifs
exhibiting homology with this consensus have been found to play a role in mediating uv light-
induced gene expression (Schulze-Lefert et al., 1989; Wingender et al., 1990), to be involved
in regulating gene expression in response to environmental stimuli (Yu ef al., 1993; Dron et
al., 1988), and, in conjunction with a second regulatory element, to function in 4-CA-
induction of the parsley CHS15 gene (Loake et al., 1992). Similar sequences have also been
found in the bean PAL2 and PAL3 promoters (Shufflebottom et al., 1993), and defined as an
in vivo footprint in the 4CL-1 promoter in parsley protoplasts (Hauffe et al., 1991). In the
case of 4CL, this motif has been implicated in the repression of phloem-specific gene
expression (Hauffe ef al., 1993), while Levya et al. (1992) infer the ability of this sequence

element to mediate xylem-specific PAL gene expression.

The activity of this regulatory motif is modulated by its ability to interact in a sequence-
specific manner with certain nuclear proteins. Two such proteins, KAP-1 and KAP-2, have
been found to recognise conserved features in the H-box motif of the CHS15 gene (Yu ef al.,
1993). The binding activity of both these proteins has been shown to increase markedly in
bean in response to elicitor-treatment of bean cell suspension cultures (Yu et al., 1993).

Similarly, the appearance of a specific footprint mapping to the same sequence following uv
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irradiation or elicitor-treatment of parsley suspension cultured cells (Schulze-Lefert er al.,
1989) indicates a inducible DNA-protein interaction at this motif in response to specific
stimuli. Recently, a further H-box-binding protein has been isolated and characterised
(Sablowski er al., 1994). The authors demonstrate that tobacco and Anmtirrhinum petal-
specific proteins bind to H-box-like sequences within the promoters of a number of
phenylpropanoid pathway genes. These petal proteins were found to be serologically related
to Myb305, a flower-specific Myb protein (a trans-acting factor). Indeed, Grotewold et al.
(1994) have shown that these H-box-like seqgences conform to the consensus CCT/AACC, the
target site for binding of plant Myb homologues and classifies all sequence motifs containing

this consensus as Myb binding sites.

The consensus sequence CCA(A/C)C(A/T)AAC(A/T)CC, designated Box P by da Costa e
Silva et al. (1993) and PAL Box 1 by Hauffe er al. (1993), bears some similarity to the H-box
consensus sequence, and may, indeed, be considered to be a degenerate form of H-box
sequence. This sequence is conserved in a number of PAL promoters from bean, parsley and
Arabidopsis, and also in a number of other stress-inducible promoter sequences (Lois et al.,
1989; Ohl et al., 1990; da Costa e Silva et al., 1993; Dron et al., 1988). The nuclear protein
BPF-1 interacts specifically with this sequence (da Costa e Silva et al., 1993), and transcript
encoding this protein shown to accumulate rapidly in elicitor-treated parsley cells and around

sites of fungal infection on parsley leaves (da Costa e Silva et al., 1993).

The G-box motif CACGTG (Williams et al., 1992) first defined in the promoter of the light-
regulated ribulose bisphosphate carboxylase promoter (rbcS), has been implicated in the
regulation of defence-related gene expression in response to ethylene (Somssich, 1994),
intermediates of the phenylpropanoid pathway, namely CA and 4-CA (Loake et al., 1992),
and methyl jasmonate (Kim ef al., 1992). This motif is also found within the parsley CHS
box II sequence (Schuize-Lefert et al., 1989), where it is found to interact with at least one
nuclear protein in response to uv irradiation. A similar role for this sequence, i.e.. in the
mediation of uv-induced gene expression, has also been demonstrated for a number of other
CHS genes (Wingender et al., 1990; Lipphardt et al., 1988).
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