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Abstract
This study aimed to identify and investigate roles of some pathogenesis -related (PR) protein genes in

white and subterranean clovers during defence, development and symbiosis. Additionally, the data
obtained then enables a re- examination of the current definitions of the PR proteins, which are currently

interpreted to function almost exclusively in a defence role.
Investigation of heterologous and homologous gene systems characterised the structure and /or

regulation of a tobacco basic chitinase promoter- 13- glucuronidase (GUS) reporter gene fusion and two
Trifolium subterraneum PR protein genes.

Tobacco basic chitinase promoter activity in transgenic white clover was characterised during clover
defence, development and symbiosis. Transgene activity in Trifolium repens correlates with the tissue
specific and wound inducible activity of this promoter in its normal Nicotiana tobacum genetic

background. Trangene expression during lateral root and nodule formation revealed that these processes
differ both in some of the mechanisms required to initiate cell division, and in their ongoing

development after emergence from the root epidermis. Thus the basic chitinase promoter -GUS trangene
was shown to be a useful marker for the differences between root and nodule development.
A red- legged earth mite (RLEM; Halotydeus destructor)

cloned from

T.

-

induced protein gene, TsYprI0a, was

subterraneum (Broderick et al., 1997). Molecular characterisation revealed that YprlOa

is a member of a

multigene family with at least three members. YprlOa is induced in

a

pathogenesis -

related manner, shares sequence similarity with other PR proteins, and its encoded protein correlates
with putative chitinase actvity. This gene exhibits age- and tissue -dependent expression, where

transcript levels in seedling leaves increased with age. There is Iack of evidence that PR

Oa has activity

against RLEM however, if such activity exists, the intially lower transcript level in cotyledon tissue
indicates a potentially vulnerable growth phase for clover seedlings.

Screening of a

T.

subterraneum genomic library for two bean PR proteins, PvPRPJ and PvPR3, was

done with subsequent cloning, molecular and phylogenetic characterisation of a hybrid proline -rich

protein gene TsPRPI. Southern blot analysis showed that insufficient DNA sequence similarity exists
between PvPR3 and the

T.

subterraneum genome to enable cloning of a homologous gene. A homologue

of PvPRP1 was cloned and characterised. TsPRP1 exists as member of

a

small multigene family of at

least three members, and is phylogenetically related to a subset of the HyPRPs which include the PR
protein gene PvPRPI, and other genes expressed during reproduction and flowering. Phylogenetic
analysis and three dimensional structure predictions revealed that the HyPRPs consisted of two distinct

protein classes. I have classified these groups as the "true" HyPRPs and the lipid- tranfer protein-like
(LTP -like) proteins. TsPRPI is a PR protein, based on gene expression after ethephon treatment, and is
also expressed in an age and tissue depedent manner.

Thus, the genes investigated here are all regulated in a PR manner. However, age and tissue -

dependent regulation of all genes, proposed functional roles for TsPRPt and other true HyPRPs, and the
differential expression of the tobacco basic chitinase promoter-GUS fusion during lateral root and
nodule development provide some potential for roles of PR proteins in development and symbiosis.

íií
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Chapter 1 General Introduction
1.1

Plant pathogenesis -related proteins

"Pathogens find themselves in the presence of plants other than their hosts. Under such
circumstances, a pathogen fails in its efforts to initiate infection. What is it that renders a plant's

environment inhospitable to a pathogen except in the rare instance when the plant happens to be a
susceptible host ?" (Albersheim et al. 1969)

Pathogenesis-related (PR) proteins are

a

structurally and functionally varied group of proteins whose

expression is altered due to environmental stresses such as pathogenesis, wounding and other stress

related factors such as heat, osmotic stress or high levels of ultraviolet (UV) radiation. PR proteins form

part of plant active defence (see 1.2, Types of plant defence). Some PR proteins are enzymes capable of
the hydrolysis of components of microbial cell walls (chitinases and glucanases); production of
secondary metabolites such as phytoalexins and precursors of lignin biosynthesis (PAL, CHI, CHS and

other enzymes of the phenylpropanoid pathway (PPP; see 1.13)), or of functioning in a signal
transduction capacity (see 1.2.5, Defence signalling). Other PR proteins have potential roles as structural
cell wall proteins which may be covalently cross -linked into the cell wall

-

functioning as a means of

consolidating the cell wall thereby obstructing wall digestion and ingress of a pathogen (see 1.14,
Structural cell wall proteins).
The role of pathogenesis- related (PR) proteins in plant defence is

a

significant and continuing area of

research activity. PR proteins have been regarded as having roles only in plant defence due to a lack of
evidence of other possible roles. Indeed, many PR protein genes have been cloned and characterised due
to increased protein or transcript levels in infected or stressed plants (Ecker and Davis 1987; Hedrick et

al. 1988; Hughes and Dickerson 1989; Heitz et al. 1994). Chitinases are an excellent example of this

situation. Most chitinases were isolated from plants because of increased chitinase protein and/or mRNA
levels during plant stress. While a defence role is a reasonable and well- supported hypothesis, recent
data suggest that other roles exist for PR proteins such as chitinases in plants (Meeks-Wagner et al.
1989; Neale et al. 1990). The underlying hypothesis of this research is that some pathogenesis- related

proteins of clovers have roles in plant defence, development and root nodule formation.

1.2

Types of plant defence

Plant defence mechanisms can be classified into two groups: the passive, or preformed, and; the
active or inducible. Like many classification systems, this is a process of applying artificial criteria to a

spectrum of entities.

1.2.1

Passive plant defences

Passive defences encompass

a

broad range of structures and molecules formed in healthy plants. The

cuticle and secondary cell wall form physical barriers to ingress and spread of invading pathogens.

Thorns and hairs may act as obstacles to herbivores and penetrating pathogens. Constitutive PR- protein
1

and related protein expression, and the accumulation of products of the phenylpropanoid pathway both

contribute to preformed defences. Many PR proteins and the genes which encode them have been
characterised

-

some have been demonstrated to be anti -microbial in vitro (see 1.2.2, Active plant

defences below).

1.2.2

Active plant defences

Active defences of plants may include the induction of PR proteins (see 1.3, PR proteins), and

biosynthetic enzymes (PPP products including phytoalexins and lignin deposition (see 1.13, The
phenylpropanoid pathway)), the hypersensitive response (HR), systemic acquired resistance (SAR),
which requires signalling pathways to modulate changes in gene transcription, translation and/or changes
in stability of mRNA and protein production of genes involved (see 1.14.3.1, Hybrid PRPs).

1.2.3

Hypersensitive response (HR)

The hypersensitive response is a process of temporally and spatially defined rapid cell death coupled

with anti -microbial activity (such as phytoalexin and PR protein production) as a response to an
incompatible host-pathogen interaction (Klement 1982; Dixon and Lamb 1990; Koes et al. 1994). This
reaction is thought to limit the spread and growth of an infecting phytopathogen.

1.2.4

Systemic acquired resistance (SAR)

A related plant defence response is systemic acquired resistance (SAR). An HR will induce a non-

specific systemic immunity against a range of microorganisms (Ward et al. 1991b). SAR enables a plant
to react more quickly to a new infection after a previous HR. The SAR can last for weeks to months after

HR induction (Ward et al. 199 lb). A potential mechanism for SAR induction is via endogenous salicylic
acid (Malamy and Klessig 1992) acting as an inhibitor of endogenous catalase, thus raising H20, levels
with subsequent induction of PR protein genes (Neuenschwander et al. 1995). Evidence from tobacco,
demonstrating that H2O, does not function downstream of salicylic acid in pathogenesis -related signalling

pathways, conflicts with this proposed mechanism (Bi et at 1995).

1.2.5

Defence signalling

Defence responses may be mediated by various signals and pathways. These mechanisms may be

triggered by elicitors such as oligosaccharides, proteins and glycoproteins (Lyon et al.

1995).

Recognition of elicitors may be via specific protein receptors which trigger further, intracellular
responses (Benhamou 1996; Hahn 1996). Some defence responses act very quickly and do not involve de
novo synthesis of protein. The oxidative burst (see 1.11, Peroxidases and the oxidative burst) may be

enhanced by release of salicylic acid (SA) from SA-glycoconjugates, which inhibits breakdown of

activated oxygen species (AOS) such as hydrogen peroxide by inhibition of catalase. Catalase inhibition
allows AOS to accumulate, thereby promoting oxidative cross-Iinking of cell wall proteins and

polyphenols, lignin formation, and fatty acid oxidation

-

leading to activation of the jasmonic acid (JA)

signalling pathway (Farmer 1994). JA signalling is part of plant development, but can also trigger
2

wound and elicitor responses, leading to phytoalexin synthesis and induction of PR proteins such as

proteinase inhibitors (Creelman and Mullet 1995; Doares et al, 1995). Interestingly, SA has been shown
to inhibit the JA pathway-mediated induction of wound responses, whilst itself inducing a range of PRs.

Furthermore, the SAR state may be maintained by

a

large SA pool consisting of free and

glycoconjugated SA (Malamy and Klessig 1992; Bowling et al. 1994; Chen et al. 1995). The role of

ethylene in plant defence is unclear. Ethylene is an inducer of PR- proteins and defence responses (Ecker
and Davis 1987; Lyon et al. 1995; van Kan et al. 1995). However, Mauch et al. (1984) found that

ethylene is not required for glucanase and chitinase induction by fungal elicitors, but rather is a
symptom of the defence reaction.

1.3

Pathogenesis- related (PR) proteins

Plant PR proteins were initially discovered and studied in virus -infected tobacco during the late
1960s and the 1970s (Hedrick and Smith 1968; Gianinazzi et al. 1977; Antoniw et al. 1980, and

references therein). Antoniw (1980) suggested that "these proteins be called pathogenesis -related
proteins (PRs) and a unified system of nomenclature is proposed which groups similar proteins ". This
was the first use of the term pathogenesis-related, with an associated definition and nomenclature

system. Since the discovery and characterisation of the "b" proteins, the number and range of PRs

identified has greatly increased. Concurrently, the methods of PR discovery and characterisation have
improved. The PRs are an extensive range of proteins in structure, function, and regulation. It is logical
and useful to classify them into meaningful groups which allow comparison and contrast within and
between groups, adding further to our knowledge of PRs and their evolution.

1.3.1

Pathogenesis -related protein systematics

The PR proteins consist of eleven families of proteins (van Loon et al. 1994). These families are

grouped by (DNA and/or amino acid) sequence homology, electrophoretic mobility, serological
relationships, and/or enzymatic or biological activity (Table 1.1). This family structure has evolved from
the initial system of Antoniw (1980), which was expanded and redefined as new PRs were discovered

and characterised. Furthermore, the definition of the relationship of PRs classification relative to plant
gene nomenclature systems also has been done (Neuhaus et al. 1996; Price et al. 1996). An extension of
the system of Antoniw (1980), proposed by van Loon (1990), was to distinguish between PRs and

similar proteins whose induction is not indicative of a pathogenesis -related role (PR- like). This further
classification aimed to allow meaningful comparison and contrast within and between the PRs and PRlike classes.
Six families consist of enzymic proteins, ß- 1,3-glucanases (PR-2), chitinases (PR-3, -8 and -11),

endoproteinases (PR-7) and peroxidases (PR -9). Other families have antifungal properties (PR -1, -4 and
-5), are proteinase inhibitors (PR-6) or have "ribonuclease -like" primary structures (PR -10). Other PRs

exist which fulfill PR classification criteria, but which are not included within the eleven PR families
above. Such proteins are grouped within large structurally and /or functionally related classes of proteins,

3

which are not generally pathogenesis- related (see 1.3.2, PR proteins outside the system of Neuhaus et al.
(1996)).

PR family

Proposed function or biological activity
antifungal

1

Table

1.3.2

I

.

l

2

endo-f3-1,3-glucanase

3

endochitinase

4

antifungal

5

antifungal

6

proteinase inhibitors

7

endoproteinases

8

endochitinase

9

peroxidase

10

potential ribonuclease or chitinase

11

endochitinase

Plant pathogenesis -related protein families and proposed functions.

PR proteins outside the system of Neuhaus et al. (1996)

Certain proteins which fulfill PR classification criteria are not denoted as PRs by default, and are not
found within the 11 PR families. Such proteins are, for historical or practical reasons, classified within
the broader context of similar plant proteins. Enzymes of the phenylpropanoid pathway (see 1.13, The

phenylpropanoid pathway) are classified under their respective enzymic activities. Many PPP enzymes
are encoded by multigene families. Their biochemical properties exist within the context of a complex,

branched and compartmentalised biosynthetic pathway and so they are generally referred to via their

enzymic role. This does not preclude a PPP isoenzyme from being a PR protein, however such status
would not normally be reflected in the protein nomenclature. The cell wall proteins (see 1.14; Structural
cell wall proteins) have roles in plant development and defence, with similar proteins being exclusively

expressed in nodules (see 1.16.2, Signalling). In an analogous manner to the PPP enzymes, many cell
wall proteins are generally referred to under their structural classifications. Some cell wall proteins may

fulfill PRs classification criteria, however, they are ordinarily referred to as cell wall proteins. Indeed

certain cell wall proteins rich in tyrosine may interact with peroxidases during a defence response

-

resulting in a cell wall strengthening through oxidative cross -linking.

1.4

PR -1
The PR -1 family were the first PR proteins discovered. The PR-I proteins of tobacco were identified

due to their induction by TMV infection (Van Loon and Van Kammen 1970; Antoniw et al. 1980)
These proteins are approximately 15

- 17

kDa molecular mass, with unknown biological activity (Stintzi

et al. 1993). A proposed function of PR-1 proteins was one of anti -viral activity; this was based upon
4

correlation of PR -1 induction or expression and viral resistance observed in tobacco (Ahl and Gianinazzi
1982; Stintzi et al. 1993). This correlation was later broken when transgenic tobacco, expressing PR-la

or PR-lb constitutively, showed no enhanced viral resistance (Cutt et al. 1989; Linthorst et al. 1989).
Subsequently some PR -I proteins have been shown to possess antifungal activity (Lawton et al. 1993;

Niderman et al. 1993). Regulation of PR -1 proteins varies widely between family memebers, both in
subcellular localisation, as well as their accumulation locally or systemically (reviewed in Bowles 1990).

Glucanases (PR -2)

1.5

Plants possess enzymes which are capable of the hydrolysis of 3- 1,3- glucosyl linkages (EC 3.2.1.39),
(3- 1,3 -1,4-glucosyl

linkages (EC 3.2.1.73), and

3- 1,4- glucosyl

linkages (EC 3.2.1.4). The potential

function /s of these glucanases may be (tentatively) regarded as:

(3

-1,3 hydrolases in plant defence

through hydrolysis of microbial cell walls; 1- 1,3-1,4 hydrolases in plant cell wall metabolism in
graminaceous monocotyledons; and 13 -1,4 hydrolases in plant cellulosic and
Pincher 1995). It is the

3

(3- 1,3 -1,4- glucans (HVj

and

-1,3- glucanases which have been classified as PR proteins. That ß -1,3-

glucanases and chitinases are co- ordinately regulated under conditions such as a hypersensitive

response, and act synergistically, lends weight to the argument that these enzymes do play a role in plant
defence (Benhamou et al. 1990).
H0j and Fincher (1995) conclude that the ß -1,3 and P- 1,3 -1,4- glucanases share common ancestry,

and that the

3- 1,3 -1,4- glucanases

arose from the ß -1,3- glucanases during the appearance of the

graminaceous monocots. Furthermore, the mechanism by which this divergence took place is proposed
to be by a limited number of point mutations rather than by shuffling of functional domains. The

appearance of the
remodeling of

(3- 1,3- 1,4- glucanases

in the Graminaceae must be linked with the necessity for

3- 1,3- 1,4- glucan- containing cell walls.

The 3 -1,3- glucanases are grouped into

3

classes within the PR -2 family. The diversity of glucanase

members is analogous to that seen in the chitinase families PR -3 and PR -8, with acidic and basic
isoforms, and a separate group based on sequence homology (Ward et al. 1991a). A dramatic variation
of substrate specificities of the

3

-1,3- glucanases is evident when laminarin (largely unbranched

j3

-1,3-

glucan), and other, more extensively branched ß -1,3- glucans are used as substrates (Stintzi et al. 1993).
This was demonstrated in a more pathogenesis -related manner in the striking variation of activity of a
variety of

(3

-1,3- glucanases on Phytophthora megasperma cell wall preparations (cited in Stintzi et al.

1993). Like the chitinases, glucanases may release host- or pathogen- derived cell wall fragments during

infection, which can elicit further host defence responses (Stintzi et al. 1993).
A developmental role for the ß- 1,3 -1,4- glucanases is evident in pea stems where xyyloglucan

nonasaccharide fragments released by an auxin -inducible

(3- 1,3-

1,1- glucanase have an anti -auxin effect

(McDougall and Fry 1989; Fry et al. 1993; Wu et al. 1996). Thus a feedback regulation of stem
elongation (and cell wall remodeling) may be mediated by auxin, xyloglucan fragments and a specific
receptor for the xyloglucan fragment.
The delineation between developmental and pathogenesis -related glucanase proteins may not be as

clear as outlined above. The work of Beffa et al. (1993) and Pickett et al. (1995) indicate an ability of 35

1,3- glucanases of tobacco to compensate for the (antisense- mediated) shut down of a

gene by expressing a previously undetected

(3

3

-1,3- glucanase

-1,3- glucanase (see 1.15, Multigene families and genetic

redundancy).

1.6

Chitinases (PR -3, -8 and -11)

The plant chitinases are classified into three families. PR-3 consist of the basic and acidic isoforms of
type I and II chitinases. PR-8 chitinases are distinct from the PR-3 members due to possession of

differential substrate specificity and sequence differences. The PR -11 are type IV chitinases which are

distantly related to the PR -8. A recent revision of chitinase gene nomenclature and classification defines
the relationships between PR families, chitinase type, glycosyl hydrolase family numbers and chitinase

gene names (Neuhaus et al. 1996). Chitinases (EC 3.2.1.14) are, by definition, enzymes capable of the
hydrolysis of chitin (more specifically, hydrolysis of the

D-glucosamine)
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-1,4 linkages in the homopolymer of N- acetyl-

into shorter poly -glucosamine chains. Certain chitinases are capable of lysozyme

activity (EC 3.2.1.17; the ability to hydrolyse 13 -1,4 linkages between N- acetyl- D- glucosamíne and N-

acetylmuramic acid in peptidoglycan) (Boller et al. 1983; Jekel et at. 1991; Chang et al. 1992; Heitz et
al. 1994) (Fig. 1.1).

Plant chitinases are endochitinases, by comparison, bacterial chitinases are exochitinolytic (Roberts
and Selitrennikoff 1988). Bacterial chitinases remove chitobiose from the reducing end of chitin chains,

whereas plant chitinases produce chitobiose, chitotriose and chitotetraose during chitin hydrolysis.
(Roberts and Selitrennikoff 1988). Mechanistic study of plant chitinase catalysed hydrolysis have

demonstrated that two types of catalytic mechanisms exist - the type 18 and 19 glycosyl hydrolases (Iseli

er al. 1996). The type

19

glucosyl hydrolases have only been isolated from plants (Iseli et al. I996),

Phylogenetic analysis showed that these classes are closely related (Holm and Sander 1994), however the
differences in catalytic site protein sequences which are purportedly required to produce such different
catalytic mechanisms are not consistent with the phylogenetic work of Holm and co-workers (Iseli et al.
1996). It is acknowledged by Iseli et al (1996) that the two classes may have a common evolutionary

past, however, this would require quite specific, sequential, amino acid substitutions within the catalytic
site.

1.6.1.

Structural features of chitinases

The protein structure of plant chitinases varies considerably (Sahai and Manocha 1993; Beintema
1994). The structures involved may be described more simply by their apparent domain structure (Fig.
1.2). Basic chitinase enzymes possess all types of domain known to be present in chitinases and chitin

lectins. These are an N- terminal vacuolar targeting sequence which is cleaved off during processing of
the preprotein; a chitinase (catalytic) domain containing conserved disulphide bonds: a hinge or spacer

region consisting of

a

variable glycine- and proline -rich sequence which is found between the chitin -

binding and catalytic domains; and,

a hevein (chitin binding) domain. Hevein is a small

protein from

the latex of Hevea brasilensis (rubber tree), which has a defined three-dimensional structure containing

four disulfide bonds. Hevein binds sugars, especially N- acetyl -D-glucosamine, but has no known
6

Fig. 1.1

Comparative enzymic mechanisms of exochitinases, endochitinases and lysozyme.

Vertical arrows represent potential enzymic hydrolysis sites.
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Fig. 1.2 Comparison of domain structures of chitinases of the PR -3 and PR -8 classes.
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physiological role (Rodriguez-Romero et al. 1991). Acidic chitinases do not contain a hevein domain,
and thus do not bind chitin.
Chitin -binding proteins, or chitin- binding lectins (reviewed in Peumans and van Damme 1995), are

present in members of the Gramineae and Solanaceae, and generally consist of hevein domains only
Lectins bind glycoconjugates such as chitin, and are likely to hind to foreign carbohydrates. Such lectins
generally bind external surfaces of bacteria, fungi and exposed glycoconjugates within the intestinal tract
of plant predators (Peumans and van Damme 1995). The toxicity of lectins may be the result of ribosome

inactivation capability in insects and higher organisms, or by the reduction of the herbivore's ability to
digest and absorb nutrients (Peumans and van Damme 1995, and references therein). Lectins also

interfere with bacterial motility, and (alone or synergistically with chitinases) in the synthesis of fungal
hyphaI wall (Peumans and van Damme 1995).

There are similar structural features shared between some chitinases /chitinase genes such as chitinbinding domains, catalytic domains, X -ray crystallographic and intron structures (Beintema 1994).
Presence or absence of hevein and vacuolar targeting domains varies, even among closely related
enzymes from the same species. Stinging nettle agglutinin, a chitin binding lectin, consists of two
hevein domains and a chitinase domain which is cleaved off post -translationally (cited in Beintema
1994).

1.6.2

Functions of chitinases

Chitinases are induced by pathogenic interactions, environmental and chemical stresses, are
sometimes co- ordinately induced with glucanases, and are also developmentally regulated. Plants have
not been proven to possess a substrate for chitinases. As a consequence, it has been proposed that

chitinases exist in plants as an evolutionarily advantageous defence against chitin -walled pathogens

(such as phytopathogenic fungi) (Schmidt et al. 1994a). Roberts and Selittrennikov (1988) demonstrated
in vitro anti -fungal activity by reduced hyphal extension. Some plant chitinases only display antifungal

properties when present in combination with (3 -1,3- glucanases (Benhamou et al. 1990).

Correlation of chitinase expression with developmental changes in healthy plants (Meeks -Wagner et
al. 1989; Neale et al. 1990), or change in plant hormone levels (Memelink et al. 1987; Shinshi et al.

1987), raises the prospect that these proteins may have roles in plant development.

Recently, the hypothesis that chitinases may play a role in plant development has been supported by
the observation that a plant endochitinase can complement the temperature sensitive mutant tsl

I

in

carrot (de Jong et al. 1993). This mutant becomes arrested during embryo development under restrictive
temperature conditions. Further to this work, de Jong et al. (1993) have shown that the chitin -containing
Rhizobium Nod factor can mimic the effect of the endochitinase on Ist

1.

These results imply the possible

generation of plant-derived analogues of the Nod factors by the action of the chitinase

-

this is however,

limited by the lack of evidence for the existence of a plant- derived substrate for the endochitinase. Also
implied by this hypothesis is that the endochitinase, and the Nod factors, complement the tsl l mutation
via the same mechanism.
Circumstantial evidence for the presence of suitable substrates (of plant origin) for endochitinases
exists. However, this is indirect evidence obtained via the assumption that Rhizobium nod gene- products
7

NodA and NodB require a similar substrate to that required by endochitinase. Transgenic tobacco plants
containing nodA, and nodB genes are morphologically abnormal plants with misshapen leaves, reduced

growth and compact inflorescences (Schmidt et at 1988). Implied from these results is that suitable
plant- derived substrates exist for these enzymes, which produce growth, and/or development controlling
factors. Other experiments, using extract from N- acetyl[C14]glucosamine- labeled Lathyrus flowers, have

shown that labeled lipophilic compounds are present which migrate similarly with rhizobial lipooligosaccharides (Spaink 1993). Treatment of the flower extract with chitin -binding (probably PR -3)
chitinases prior to TLC analysis produces at least three new spots, suggesting that these compounds are
able to be hydrolysed by chitinase (Spaink 1993).

Interactions between chitinases and chitin -based developmental signalling

1.6.3

molecules
Evidence for potential developmental roles of chitinases comes from the investigation of the dg42
gene from Xenopus. This gene shares significant sequence homology to the Rhizobium chitin synthase

gene nodC (Spaink 1993). The transient expression of DG42 in early Xenopus embryogenesis (Semino
and Robbins 1995), and its "chitin oligosaccharide synthase" activity in vitro (Semino et al. 1996)

provides

a

potential role for chitinase in developmental signal regulation. Further data correlates

endogenous DG42 -like activity with early zebrafish embryogenesis (Semino et

a1.

1996). The data

regarding plant and vertebrate endogenous Nod factor homologs is correlative, and doubts have been
raised regarding the enzymic activity of DG42 (Meyer and Kreil 1996). The contradictory evidence of

Meyer et al. (1996) demonstrated that DG42 expression in early Xenopus embryos and rabbit and human
cell lines correlate with hyaluran (a polymer of N- acetylglucosamine and D- glucuronic acid) synthesis,

and that this product is not hydrolysable by chitinase, but is inhibited by hyaluronidase. Potential
explanations of these results may be: 1) that DG42 in vitro does not function in the same way as it does in
vivo, 2) DG42 is a subunit of a hyaluran synthase complex which, in isolation, may synthesise

oligochitin, 3) that DG42 produces oligochitin which can serve as a primer for hyaluronic acid synthesis

(Varki 1996). A recent review of this controversy suggests that the most likely role of DG42 is of the
synthesis of chitin oligomers in defined stages of the embryo and that such oligomers may act in roles
analogous to plant oligosaccharides and /or as a "primase" for hyaluran synthase (Varki 1996).

1.6.4

Chitinases in nodulation

As detailed later (see 1.16.3, Chitinases and nodulation signal molecules), plant chitinases are active

against the oligochitin backbone of Rhizobium Nod factor. Nod factors vary with respect to the chemical
substitutions along the backbone, and are differentially susceptible to hydrolysis by plant chitinases
(Staehelin et al. 1994b).

Whether legume-Rhizobium nodulation is regarded as a developmental process, an infection/defence-

related process, a hybrid between defence and development, or as a distinct and unrelated process, it can
he postulated that differential chitinase activity on Nod factor molecules may be part of a host-range

8

determinant step. The work of de long (1993), Schmidt (1988), Spaink (1993) and Semino (1995, 1996)

indicate that the interaction between chitinases, Nod or Nod -like factors in plant and vertebrate
development deserves further investigation.

PR -4

1.7

The PR -4 are small (13

-

15 kDa), acidic proteins which are localised extracellularly, and are

serologically interrelated (Stintzi et al. 1993). Members of this family have been isolated from TMVinfected tobacco leaves (Stintzi et al. 1993) yet, like the PR -1, have apparent antifungal activity (Van
Loon 1982). The primary structures of two PR-4 members have structural similarity to that of the Cterminal sequence of hevein (see 1.6.1, Stuctural features of chitinases).

Thaumatin -like proteins (PR -5)

1.8

The thaumatin -like (TL.) proteins are similar to an intensely sweet-tasting

protein from

Thauniatoccocus daniellii, which have antifungal properties (Stintzi et al. 1993 and references therein).

Similar proteins are also known as osmotins, and have homology to bifunctional inhibitors of trypsin
and cc-amylase. Osmotins were initially isolated through research of osmotic stress -induced proteins, and
are found in mono- and dicotyledonous plants. TL proteins are induced by virus infection in tobacco, but

their induction is inhibited by salicylic acid (Bowles 1990).

1.9

Proteinase inhibitors (PR -6)

Proteinase inhibitors (PIs) are expressed in plants either locally or systemically by wounding (Ryan
1988) or infection (Bowles 1990), and systematically in tomato by pectic polysaccharides (Ward et al.
1991 b;

Farmer 1994). Abscisic acid is also a systemic inducer of PIs (Bowles 1990). PIs act by inhibiting

digestive enzymes, thus working as anti-feedants. Enhanced resistance to insect larvae was demonstrated
in transgenic plants expressing PIs constitutively. PIs are particularly apparent as multigene families in
the Solanaceae, accumulating to high Ievels in storage organs and seeds (Bowles 1990).

1.10

Endoproteinases (PR -7)

A plant- derived endoproteinase is inducible in tomato by viral infection (Vera and Conejero 1988).

This protein has a basic isoelectric point (pI 8.5 - 9.0) and is 69 kDa molecular mass. Vera et al. (1988)

suggest that this protein may promote degeneration of chloroplasts in infected plants.

1.11

Peroxidases (PR -9) and the oxidative burst

Peroxidases are integral to maintaining the complex redox balance of plant cells (reviewed in Foyer
et al. 1994). Activated oxygen species (AOS) such as hydrogen peroxide, are produced as by products of

biological redox reactions. Plants must protect cellular components from the deleterious effects of
oxidative damage to membranes, nucleic acids, proteins and photosynthetic apparatus (Foyer et al.

9

1994). AOS and peroxidases have potential roles in plant pathogenesis including lignin production

(Boudet et al. 1995)(see

1.1 3,

The phenylpropanoid pathway), cross -linking of cell wall proteins (Fry

1982; Cooper and Varner 1984; Bradley et al. 1992; Waffenschmidt et al. 1993; Boudet et al. 1995;

Brady et al. 1996), lipid peroxidation, phytoalexin production (see 1.13, The phenylpropanoid pathway),

defence signalling (see 1.2.2, Active defence), and in the hypersensitive response (Baker and Orlandi
1995; Tenhaken et al. 1995; Mehdy et al. 1996). The concept of the "oxidative burst" has been linked to

plant cellular perception of an elicitor, with subsequent signalling cascades leading to the release of
AOS (Chandra and Low 1995; Neuenschwander et al. 1995; Mehdy et al. 1996). An oxidative burst, as

proposed, does not require de novo synthesis of proteins /enzymes, but may consolidate plant cell walls
via oxidative cross -linking of cell wall components, directly kill pathogens, activate host defence-related

genes and even down-regulate host defence -related genes (reviewed in Mehdy et al. 1996).

1.12

"Ribonuclease- like" proteins (PR -10)

The PR -10 proteins, or intracellular pathogenesis -related proteins (IPRs), are small acidic

polypeptides of 17 -19 kDa which lack secretion signal sequences, and are induced by a variety of
defence -related stimuli (von Heijne 1985). No function has been ascribed to the IPRs, although

Broderick (1995) and Broderick et al. (1997) reported possible chitinase/lysozyme activity for

a red -

legged earth mite inducible PR10 -like protein of subterranean clover, and Moiseyev (1994) reported a
ribonuclease isolated from Panax ginseng that is 60 -70% similar to two parsley IPRs. IPRs have been

induced by pathogen, fungal elicitor, wounding and other stresses (Fristensky et al. 1988; Chaing and
Hadwiger 1990; Matton et al. 1990; van de Locht et al. 1990; Walter et al. 1990; Awade et al. 1991;

Linthorst 1991; Crowell et al. 1992; Warner et al. 1992; Moiseyev et al. 1994).

1.13

The phenylpropanoid pathway

Many plant secondary metabolites are derived from the phenylpropanoid pathway (PPP). The PPP

produces a diverse array of compounds including: flavonoids (Koes et al. 1994; Dakora 1995) (including
isoflavones, athocyanins, tlavonols and flavanones), tannins, polyphenols and lignin precursors
(Boudet et al. 1995), and alkaloids. Functions or activities that PPP -derived compounds perform have
been proposed and/or determined. Flavonoid compounds (reviewed in Rolfe (1988), Roa (1990)) and

Koes et al. (1994)) form part of the early communication between legumes and Rhizobium sp. (as both
inducers and/or inhibitors of nodulation genes) (Dixon et al. 1992; Dakora 1995), and in plant-microbe

signalling generally (Rolfe 1988; Phillips 1992) (see 1.16, Nodulation and biological nitrogen fixation),
function in protection from ultraviolet (UV) radiation by absorption of UV radiation, act as insect
deterrents and insecticides (Dakora 1995), as animal hormones causing infertility in livestock and
wildlife (Dakora 1995), and have a role in plant sexual reproduction (Koes et aL 1994; Dakora 1995).

Anthocyanins are pigments which are present in floral and other aerial tissues

-

attracting (and even

discouraging) insect and bird pollinators by bright colouring and fluorescence produced by UV
absorption (Koes et al. 1994; Dakora I995). Isoflavones are purported to possess anti- microbial activity,
thus inhibiting the capability of phytopathogens to grow and spread within the plant (Koes et al. 1994).
10

Tannins (polymers of leucoanthocyanidins) are astringent- tasting compounds whose function /s in plants

are not well defined. Tannins appear to add strength to plant tissues, inhibit germination, have
biological activity in inhibition of protein kinases by (poly)phenolics (Polya and Wang 1996) and may

act as a feeding deterrent to herbivores (Harbome 1979). The initial defence response is so fast that no
de novo synthesis of enzymes can occur, but an increase in enzyme activity allows production of

polyphenolics for antimicrobial toxicity and cell wall strengthening by esterification leading to cross

linking forming lignin-like polymers (Nicholson and Hanunerschmidt 1992). Lignin precursors,
cinnamyl alcohols, are polymerised to form lignin by the action of peroxidase and AOS (Nicholson and
Hammerschmidt 1992; Boudet et al. 1995). Alkaloid compounds are toxic or poisonous to various
herbivores, reducing the capacity of a feeding herbivore to continue eating plant tissue. In summary,
products of the PPP have potential roles in plant development, reproduction, symbiosis, and defence

against microbial and herbivore attack.

1.14

Structural cell wall proteins of plants

The plant cell wall, or extracellular matrix, is a complex mixture of many macromolecules;
carbohydrates, polysaccharides and structural proteins form the major constituents, The organisation of

interconnections between structural polymers such as cellulose fibres, polysaccharides such as suberin,
and structural proteins is poorly understood (Kolattukudy 1984). The importance of the cell wall in
plants is best illustrated by the functions the cell wall does: playing a central role in plant

morphogenesis, being a physical barrier against the ingress and spread of plant pathogens, and as the

interface between cells - through which cells must communicate. Thus it can be seen that structural cell
wall proteins function either in plant development and defence, or, passively enable these processes to

take place.
A common feature of structural proteins, such as collagen and silk fibroin, is that the amino acids

glycine or (hydroxy)prolíne are frequently found to be major constituents. It is evident that this is true
for the structural cell wall proteins of plants. The majority of structural cell wall proteins of plants may
be classified into three classes: hydroxyproline -rich glycoproteins (HRGPs) glycine -rich proteins (GRPs)

and proline -rich proteins (PRPs) (reviewed in Cassab and Varner (1988), Keller (1993), Showalter

(1993), Jose and Puigdomenech (1993)).

1.14.1

Hydroxyproline -rich glycoproteins

HRGPs contain a high proportion of the modified amino acid hydroxyproline (Hyp). Hyp residues are

modified by the post -translational processing of the proline residues within the protein. The primary
structure of HRGPs is one of a series of repeat sequences, the most common repeat motif being Ser(Hyp)4. This repeat is often part of a larger repeat sequence. For reviews see Showalter and Varner

(1989), Showalter and Rumeau (1990) and Kieliszewski and Lamport (1994).
Further sub -classes of HRGPs are lectins (observed only in the Solanaceae), arabinogalactan proteins
(AGPs) and extensins. Lectins and AGPs can be solubilised from the cell wall by extraction with salts,

whereas extensins are insoluble and therefore are tightly bound to the wall. Hydrolysis of the tomato cell
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wall with acid /protease treatment produces glycopeptides containing various sugars and amino acids

-

the majority of the latter being serine (Ser), Hyp, threonine, lysine and tyrosine. Peptide products of

partial hydrolysis reactions of cell wall material contained large amounts of the Ser- (Hyp)4 repeat
(Lamport 1977). An unusual constituent of the hydrolysate was a tyrosine derivative, isodityrosine,
consisting of two tyrosine residues covalently cross- linked by a diphenyl ether bridge (Brady et al.
1996). It is proposed that this cross -linking may be a result of an oxidation reaction catalysed by a

peroxidase -like enzyme (Bradley et al. 1992; Brady et al. 1996).
The structure of extensin genes indicate the absence of introns within the coding regions. Introns are

present in the 3' untranslated sequence of extensin genes from carrot (Chen and Varner 1985), maize
and related species (Steifel et al. 1990; Raz et at. 1992), and graminaceous species. An intron is present
in 5' untranslated sequence of Chlamydmonas. reinhardtii extensin (Woessner and Goodenough 1989).

Intions in the

3' non -coding

region of proline -rich cell wall protein genes of tomato (Salts et al. 1992)

and alfalfa (Deutch and Winicov 1995) have been identified, and are possibly present in maize (Jose Estanyol et al. 1992). Introns in non- coding regions are rare in both plant and animal systems. Known
5' intron containing genes include the polyubiquítín genes of humans, chickens, sunflower, maize and

Arabidopsis, and the hsp83 gene in Drosophila. Although there has been no function determined for

such introns, there is potential for a role in gene regulation (Jose and Puigdomenech 1993).
Localisation of extensins has been observed via in situ hybridization, and immunological methods
including tissue printing, and immunoelectron microscopy (reviewed in Jose and Puigdomenech (1993)).
Some HRGPs are localised to the sclerid cells of the soybean seed coat, as well as other cell types in

maize such as those in vascular tissue

-

which correlate with load-bearing or stress - bearing cells. Other

cell types such as maize silk and leaves also have localised HRGPs. The interface between maize and

mycorrhizal fungí was found to accumulate HRGP in much the same way as observed in other fungal
infections (Jose and Puigdomenech 1993). Extensins are regulated in plants by numerous stimuli

including wounding, fungal or viral infection, endogenous and fungal elicitors, heat shock, ethylene, cell

culturing and development (Jose and Puigdomenech 1993; Showalter 1993). A potential functional role
for HRGPs, other than in a structural role, may be in the agglutination of bacteria

-

thus preventing their

spread within the plant (referenced in Jose and Puigdomenech 1993).

1.14.2

Glycine rich proteins

Glycine rich proteins (GRPs) of this class typically contain high numbers of glycine residues,

arranged in repeats such as (Gly -X)n where X is often glycine (Condit and Meagher 1986). GRPs
contain amino- terminal extensions which resemble typical signal peptides (Bowles 1990). In petunia,
GRPs are developmentally regulated where transcript levels are high in young leaf and stem tissues, and

are rapidly inducible by wounding (Condit and Meagher 1987). Expression of GRP in bean is similar to
that of petunia, however, transcript levels in roots was determined to be constitutively high irrespective
of age in bean (KeIIer et al. 1988). Total cell wall protein of some plants contains up to 47% glycine
(Jose and Puigdomenech 1993). GRPs are an obvious source of cell wall associated glycine. Cell wall
GRPs are developmentally and stress

induced (Showalter 1993). Immunolocalisation studies

demonstrate that GRPs are predominantly associated with walls of the vascular cells (Jose and
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Puigdomenech 1993; Showalter 1993). Furthermore, GRPs seem to be associated with cells which are
destined to become lignified, which has lead to the suggestion that they may serve as nucleation sites for

lignification (possibly through tyrosine catalysing oxidative polymerisation (Showalter 1993)). It has
been suggested that GRPs are synthesised in xylem parenchyma cells (referenced in Jose and

Puigdomenech (1993)).
The GRPs are often cloned using probes for PRPs due to the complementary base -pairing of the
glycine and proline codons. GRPs and PRPs are co- localised to the cell wall. Some GRPs have no signal

sequence for transport out of the cytoplasm, and are therefore likely to be localised to the cytoplasm.
Such proteins also have repetitive glycine -rich sequences which differ from the cell wall GRPs.

1.14.3

Proline -rich proteins

Proline -rich proteins (PRPs) of plants have a proposed structural role in the plant cell wall (Cassab
and Varner 1988), giving strength and flexibility to cell walls (Cosgrove 1993). Immunological methods
show that soybean PRP is localised in the cell wall (Ye et al. 1991; Ye and Varner 1991). Cell-type

specific expression of has been extensively characterised in soybean and PRPs are observed in the
epidermis, cortex, endodermis, phloem, xylem and pith parenchyma (Keller 1993). PRPs can contain

hydroxyproline however, so the distinction between the HRGPs and PRPs tends to rely on the repeat
motif structures of the proteins_ The amino acid structure of PRPs consist of many repeats of proline -rich
amino acid sequences, (eg PPVYK in soybean PRP (Hong et al. 1987)), many of which are conserved at
the nucleotide level as well as the amino acid level. The Ser- (Hyp)4 of HRGPs contrasts with the
common Pro-Pro -Val-X -Lys motif of PRPs. The DNA sequence conservation is suggested to be evidence

indicating the mechanism through which these repeats appear (Raz et al. 1992; Schmidt et al. 1994b).
Schmidt (1994) examined PRPs of two soybean varieties and found that they differed in size. It was

demonstrated that the size differential between proteins was the result of gain or loss of discrete repeat
motifs. This data indicates that PRPs can tolerate gain or loss of entire repeat units, and thus it is
possible that the secondary structure and function of PRPs may be disrupted by gain or loss of partial
repeats (Schmidt et al. 1994b). It has been suggested that the increasing amount of sequence data of
HRGPs and PRPs shows that these groups are quite similar and should be merged into a larger family of

proteins (Keller 1993).
PRPs are expressed in response to wounding, light, cell culture, fungal elicitors and infection,
ethylene and other endogenous elicitors. Several nodulins of legumes are PRPs, and tend to be

developmentally regulated (Showalter 1993) (see 1.16, Nodulation and biological nitrogen fixation).

1.14.3.1

Hybrid proline rich proteins

A class of PRPs has recently been identified which has an unusual domain structure. The hybrid or

chimaeric PRPs (HyPRPs) have been isolated from

a

range of plants, both monocots and Bicots. The

major domains of HyPRPs consist of an N- terminal proline -rich domain consisting of varying numbers
of repeat motifs, and a C- terminal cysteine-rich, hydrophobic domain

- some

containing potential N-

glycosylation sites (Sheng et al_ 1991). Generally, HyPRPs are not extensively similar to each other at
the amino acid sequence level, however, the domain structures and their properties appear to be
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conserved. A short domain between the N-terminal signal sequence and the proline -rich domain of both
ZmHyPRP (Jose -Estanyol et al. 1992) and PvPRPI (Sheng et al. 1991) is also evident (Jose and

Puigdomenech 1993). A notable feature within the HyPRPs is the similarity between the hydrophobic
domains of LeTPRP -Fl, ZmHyPRP and Dc2.15, and of these to a short hydrophobic seed protein from
soybean (Odani et al. 1987). Soybean hydrophobic protein is related to a larger family of proteins

(Henrissat et al. 1988) which has a role in defence, storage, and a potential role in transport (Jose and
Puigdomenech 1993).

lntrons have been identified in the 3' untranslated region of tomato and alfalfa HyPRP genes (Salts et
al. 1992; Deutch and Winicov 1995). Whilst this is uncommon generally, it is relatively more common in

PRP and HRGP genes (Chen and Vamer 1985; Showalter and Varner 1989; Steifel et al. 1990). HyPRPs
are expressed developmentally in a broad range

of tissues, and may be induced by various stresses such

as cold (Castonguay et al. 1994), salt (Deutch and Winicov 1995), fungal elicitor and wounding (Sheng

et at 1991).
One of the HyPRPs has been demonstrated to be a PR, PvPRPI from bean is regulated under biphasic

kinetics after wounding or fungal elicitor treatment (Sheng et al. 1991). Furthermore, the initial negative
regulation is due to specific binding of a redox- dependent regulatory protein which, under reducing
conditions, may destabilise the PvPRPI mRNA. The binding site for this regulatory protein has been

determined to be a 27 base

1J -rich

sequence

in

the 3' untranslated region (Zhang et al. 1993; Zhang and

Mehdy 1994).

1.15

Multigene families and genetic redundancy

The identification of multigene families, and individual genes with classical pathogenesis -related

induction kinetics, raises the possibility that multigene families might exist in order to allow
compartmentalised expression of proteins for a range of purposes. Pickett and Meeks-Wagner (1995)

examined genetic redundancy in plants and the underlying, positive and negative, selection mechanisms
operating to promote and restrict gene duplication.
An example of genetic redundancy discussed in Pickett and Meeks-Wagner (1995) relates to 0-1,3-

glucanases in tobacco. Beffa et al. (1993) produced transgeníc plants which were transformed with an
anti -sense ß -1,3- glucanase construct. In lines with a 20 -fold reduction of accumulated ß- 1,3- glucanase

enzyme relative to wild-type, no significant changes in growth, development or susceptibility to fungal
pathogenesis was observed. Moreover, enzymic activity assays revealed significant levels of ß-1,3glucanase activity not detectable with an anti- ß-1,3- glucanase antibody. The previously undetected ¡3-1,3 -

glucanase enzyme was not expressed in wild -type plants. Pickett and Meeks -Wagner (1995) suggest that

through unknown mechanisms, a plant can regulate
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-1,3- glucanase activity via an "informational

network ", and in this case provided compensatory glucanase expression of an otherwise inactive gene.
Another example of PR protein multigene families is the genes which encode phenylpropanoid

pathway (PPP) enzymes. The PPP produces

a

vast range of phenolic compounds (Polya and Wang 1996).

Many compounds are produced in a spatially and temporally defined manner (Lawson et al. 1996;
Djordjevic et al. 1997). Legumes require a range of PPP products for normal development and
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defence, however, they also require the synthesis of flavonoids for specific chemical signalling during

pre- and post- infection during legume- Rhizobium nodulation

(Djordjevic et al.

1987). Such

specialisation has led to the requirement for compartmentalisation of PPP synthesis and differential
regulation of multiple copies of PPP enzymes such as chalcone synthase (CHS) and phenylalanine
ammonia lyase (PAL) (Dixon et al. 1992; Arioli et al. 1994; Howles et al. 1994; Koes et al. 1994;
Howles et al. 1995). Furthermore, clustering of genes such as CHS (Ariofí et al. 1994) may act to limit

expression of genes adjacent to an active gene (Naora et al. 1994). This mechanism is however, unlikely
to be responsible for the compensatory expression of glucanase in tobacco. For such a mechanism to be

active, evidence of clustering of glucanases genes and/or suppression of gene transcription would be
expected.

1.16

Nodulation and biological nitrogen fixation

1.16.1

Rhizobium-legume symbiosis

The process of infection and nodulation of legumes by bacteria of the genera Rhizobium,

Bradyrhizobium, and Azorhizobium (collectively referred to as the rhizobia), is a complex and closely
regulated interaction (reviewed in Hirsch 1992; Spaink 1995; van Rhijn and Vanderleyden 1995).
Nodulation is a multi -step process involving molecular communication between legume and rhizobia,

resulting in temporal and spatial modulation of nodulation- specific gene activity in both host and

symbiont, followed by infection, nodule development, and biological nitrogen fixation.

1.16.2

Signalling

Molecular communication between the host plant and the symbiotic bacterium initiates the process of
infection. Potential host plant roots exude amino acid, carbohydrate and flavonoid compounds to which
the bacterium is chemotactically attracted (Spaink and Lugtenberg 1994; van Rhijn and Vanderleyden
1995; Heidstra and Bisseling 1996). Flavonoids also act to induce bacterial genes (nod genes) which

synthesise and secrete lipooligosaccharide signal molecules (Nod- factors) (Spaink and Lugtenberg
1994). The structure and synthesis of Nod -factors has been the subject of much research (reviewed in

Denarie and Debelle 1996). The generic structure of Nod -factors consists of an oligochitin backbone of
three to six N-acetylglucosamine residues; an N- linked C16 to C20 fatty acid of one to four unsaturated
bonds at the non-reducing terminal of the backbone; and an N-acetate at the non -reducing end of the

backbone. The length and saturation of the fatty -acid chain varies within and between Rhizobium
strains. Other substitutions including sulfation and acetylation, vary within and between strains, and
may be present either N- or 0-linked at the non -reducing end, or 0-linked at the reducing end (Denarie

and

Debelle

1996).

Nod -factors

(referred

to

as

lipo -chitooligosaccharide

(LCO)

or

chito-

lipooligosaccharide (CLOS) by various research groups), when applied at picomolar concentrations, first
induce root-hair curling, then cortical cell division, and induction of plant early nodulin (ENOD)
proteins in leguminous plant roots (Gloudemans and Bisseling 1989; Denarie and Debelle 1996). The

ENOD proteins have some similarities with the proline -rich proteins (see 1.14, Structural cell wall
proteins).
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Chitinases and nodulation signal molecules

1.16.3

Leguminous plants which form symbiotic N- fixing nodules do so following infection by Rhizobium
species. The infection process is well documented. Nodulation provides a unique opportunity for the

investigation of the inter- relatedness of plant defence and development. Chitinases are present in the
roots of many plants at constitutively high levels. The chitin -based Nod signal molecule provides a

potential substrate for chitinases, and perhaps, a potential involvement of chitinases in the outcome of
Rhizobium infection.

Experimental evidence has shown that certain purified signal molecules have higher root -hair
curling ability than others (Staehelin et al. 1994b)

-

indicating that the structural differences between

molecules play a crucial role in the determination of their functional activity. Another determinant
affecting Nod factor biological activity includes the stability of the molecule in the rhizosphere.

Staehelin et al. (1994), have shown that the stability of Nod factor in the presence of both purified root

chitinases, and the intact roots of the host plant, is inversely correlated with their biological activities.
Possible implications of this finding are that chitinases may play a role in plant morphogenesis and
cell division (alluded to with respect to the carrot tsl

l

mutant rescued by addition of chitinase or Nod

signal (de Jong et al. 1993)). Further evidence which relates chitinases, Nod factor analogues and,
enzymes which synthesise Nod-like factors is detailed in 1.6.2 Functions of chitinases. Thus chitinases
may act in

plant morphogenesis by releasing endogenous mitotically and /or developmentally

determinant (Nod -like) factor/s and,
the vicinity

1.16.4

by

determining the stability of such (Nod or Nod -like) factor/s in

of the plant.
Root hair curling and cortical cell division

Nod factors induce deformation or curling of emerging root hairs in the zone of root elongation (Fig.
1.3). Root hair curling causes the formation of "shepherd's crooks" or "shepherd's purses ", at low

frequency, enabling capture of rhizobia in a pocket of root hair cell wall (Newcomb et al. 1979; Kijne et
al. 1992). Entrapped rhizobia infect root hairs via invagination of the cell wall, forming the infection

thread. During the process of infection, cortical cells begin cell division and form a nodule primordium

(van Rhíjn and Vanderleyden 1995).

1.16.5

Infection and nodule formation

The nuclei of cortical cells lying ahead of the infection thread migrate to the center of the cell, and

microtubules rearrange to form a pre-infection thread. This process is akin to cells preparing for mitosis,
however, the cells involved do not divide as they become arrested in

G5

phase (Yang et al. 1994). The

cylindrical infection thread extends through several cell layers, carrying the multiplying Rhizobium
toward the inner root cortex. Several cells ahead of the infection thread, anticlinal cortical cell divisions

occur, foretelling the position of the nodule. The infection thread branches and finally releases the

rhizobia, enveloped in plant membranes, into cells within the nodule. However, the infection of root
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Fig. 1.3

Diagrammatic representation of root-hair curling in clover induced by Rhizobium

signalling interactions.
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hairs, and any subsequent nodulation resultant from that infection is quite rare. Only very few root hairs
become infected, with a fraction of those infected giving rise to nodules (Hirsch 1992).

1.16.6

Nodule structure and function

Legume -nodules are structurally and developmentally distinct from lateral roots. In contrast to lateral
roots, nodules have peripheral rather than central vasculature, no root cap, are formed only at zones of
growing root hairs, and are derived from cortical rather than pericycle cells (Hirsch 1992; Yang et al.
1994). Hirsch (1992) reviewed data regarding nodulation and pseudonodules in legumes and non-

legumes, and found that in special cases of Rhizobium mutants, temperature shifts, and engineered
bacterial strains carrying Rhizobium genes, nodule -like structures are produced which resemble lateral
roots more closely than nodules. Primarily, root -like structures contained a central vasculature. Hirsch
(1992) concludes that the origin of nodules, relative to lateral roots cannot he judged until a deeper

understanding of the signals involved in lateral root development is gained. Furthermore, a hypothesis
was proposed that the initiation of lateral roots and nodules share the expression of many genes, but that
differences in their development may result from the developmental cues being derived from different
sources (Hirsch 1992). It is possible that the signal molecules involved in both processes are similar,

such as oligosaccharides or glycolipids (Hirsch 1992). Possible mechanisms by which Rhizobium may
affect root development is through altering plant hormone balance - either through interfering with

hormone transport (Hirsch et al. 1989; Hirsch et al. 1993), through excretion of hormone analogues
(Long and Cooper 1988), or through inducing changed hormone production within the plant (Hirsch et
al. 1993). Recent results from Mathesius et al. (1998) support the hypothesis that Nod factors perturb

auxin flow in roots during nodulation and that endogenous flavonoids could mediate this response.

1.16.7

Incompatable Rhizobium-legume infections

If successful nodulation is a rare event amongst many Rhizobium infections, then the cessation or
abortion of nodulation is an integral part of the legume -Rhizobium interaction. Potential involvement of
plant defence or pathogenesis -related mechanisms in nodulation has been investigated, with limited

evidence of defence -related responses from the host plant. Djordjevic et al. (1988) found that Siratro
defence mechanisms inhibited nodulation of

a

poorly penetrating NGR234 mutant, whilst Vasse et al.

(1993) observed potential defence reactions against late infection of alfalfa with a compatible bacterium
- the latter being

interpreted as an autoregulatory response. De Boer et al. (1995) investigated nodulation

failure in the cultivar- specific interaction between Trífolium subterraneum cv. Woogenellup and

Rhizobium leguminosarum by. trifolii strain ANU794. It was concluded that nodulation failure was not a
result of a hypersensitive response (HR), however, failure was correlated with increased cell wall bound
peroxidase activity during infection. Furthermore,

a

correlation was made between successful nodulation

and an early decrease in cell wall bound peroxidase activity during Rhizobium infection. It was proposed

that uncontrolled peroxidase activity early in Rhizobium-Iegume interaction may be a common
mechanism of restricting infection in this strain -cultivar interaction (de Boer 1995; de Boer and
Djordjevic 1995).
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Supporting evidence for a role of peroxidases in early nodulation comes from rip1, a Rhizobium-

induced peroxidase of Medicago trunculata which is thought to be localised to the cell wall (Cook et at
1995; Peng et al.

1996). Interestingly, all rip] expression is correlated with specific aspects of

Rhizobium-legume symbiosis (Peng et al. 1996). The role of peroxidase in nodulation has been proposed
to be that of strengthening the infection thread wall through oxidative cross -linking (de Boer 1995; de

Boer and Djordjevic 1995; Peng et al. 1996).

1.16.8

The PR proteins of clover

Clovers have agricultural importance in Australia because of their biological nitrogen fixation ability
in symbiosis with Rhizobium spp. The redlegged earth mite (RLEM; Halotydeus destructor) is a major

phytophagous arthropod pest on

T.

subterraneum pastures. T suhterraneum is a major forage crop in

Australia, and damage to pasture production by RLEMs has been valued at $200 million annually
(Ridsdill -Smith 1991). The RLEM is a pest which feeds on host plants by penetrating the plant cuticle
with a stylet -like mouth piece and sucking the cell contents into its body (Jiang and Ridsdill -Smith 1996).

Subterranean clover plants infested with RLEM form a silvery or whitish blemish along the main veins of
leaves which results from chlorophyll removal. This type of damage causes stress, seedling mortality,

reduced biomass and seed yield of pasture legumes (Gault and Ridsdill-Smith 1996). Broderick (1995)
and Broderick et al. (1997) conducted a survey of PR proteins of Trifolium subterranean cv. Karridale,
and demonstrated that RLEM feeding induces peroxidase, glucanase and chitinase activities in Trifolium

subterraneum. Karban and Carey (1984) showed that pre -infestation with RLEMs increased resistance to
subsequent RLEM challenge. Active defence roles for these enzymes against RLEM is unclear, however,
there is potential for activity against the alimentary canal of RLEM.
Plants such as subterranean clover must contend with a variety of pathogens, herbivores, symbionts,

and environmental stresses such as desiccation, acidic soils, and UV radiation

-

whilst attempting to

maintain growth and development. It is highly relevant then, to examine the roles that PR proteins play
in these phenomena.

1.17

Conclusion

That PR proteins might play a role or roles during clover -Rhizobium symbioses is not a new concept.
Peroxidases were demonstrated to be localised to the cell wall of aborted infection threads in Trifolium

subterraneum cv. Woogenellup - Rhizobium leguminosarum by. trifolium strain ANU794 interaction (de
Boer 1995; de Boer and Djordjevic 1995). Chitinases can attack the backbone of Nod factors, abolishing
biological activity (Staehelin et al. 1994a; Staehelin et al. 1994b; Staehelin et al. 1995; Staehelin et al.
1996). PR expression is induced or reduced in pathogenesis- related (and by implication, defence -related)

circumstances, and during changes in plant development. Bifunctional chitinase /lysozyme has the

biochemical ability to attack bacterial and chitinous cell walls, and the Nod factor of Rhizobium spp.,
whilst a basic chitinase gene expression is correlated with the transition of apical meristems from

vegetative to floral growth. Thus the biochemical ability, and the correlation of temporal and spatial
expression, of some PR proteins may reflect roles of some PR proteins in clover development and

symbiosis.
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Aims of this thesis
This thesis aims to identify and investigate the roles of some pathogenesis -related (PR) protein genes

of white and subterranean clovers in defence, development and symbiosis. This knowledge will then
enable re- examination and clarification of current definitions of pathogenesis -related proteins, which are

currently interpreted to function almost exclusively in

a

defence role.

Evidence of developmental regulation of PR protein genes indicates potential roles for PRs in plant
development. The use of a leguminous plant species to investigate PR proteins provides an excellent

opportunity, not available in typical model plant species such as Arabidopsis or tobacco, to investigate
the role and regulation of PR proteins in symbiotic infection. Examination of PR protein gene regulation

during symbiosis may: provide knowledge regarding PR protein gene function/s; allow comparative
studies of the development of lateral roots and nodules, and; determine the defence status of roots
undergoing (symbiotic) infection. Integral to the study of defence roles of PRs in clovers is the
assessment of

T.

subterraneum defence against arthropod pests such as redlegged earth mites and aphids

(3.2 and 4.2).

This investigation of the roles of PR protein genes in clovers has taken a range of approaches. In

Chapter

3

the tobacco basic chitinase promoter-GUS fusion is demonstrated to be regulated in similar

ways in both tobacco and white clover. The regulation of this construct is influenced by defence,

developmental

and

symbiotic cues. Comparative developmental studies using this

construct

demonstrates differences in the early development of lateral roots and Rhizobium- induced nodules.
Chapter 4 details the molecular characterisation of a PR protein gene of

T.

subterraneum, Ts- Ypr10a,

isolated due to the accumulation of its protein following RLEM attack and ethephon application. DNA
sequence data demonstrates similarity to the PR -10 family of pathogenesis- related proteins, whilst
northern blot analysis demonstrates induction kinetics consistent with a pathogenesis -related role.

Chapter

5

describes the cloning and molecular characterisation of a

T.

subterraneum hybrid profine-

rich protein (HyPRP) gene, TsPRPI. Gene induction kinetics suggest a pathogenesis -related role, whilst

phylogenetic analysis demonstrates that TsPRPI is homologous to

a

small number of developmentally

regulated HyPRPs. Furthermore, phylogenetic analysis of the HyPRPs, and other similar protein
sequences, reveals that this class of protein consists of two unrelated families of proteins. The two newly
defined classes of proteins are assigned putative functions based on secondary structural predictions,
known regulation of genes encoding them, and similarities to proteins of known function.
A

relevant pretext to this study is the method of original isolation of the genes investigated herein.

Two of the three genes investigated in this study were originally isolated using methods which did not
select for inherent pathogenesis-relatedness. Only subsequent characterisation demonstrated a
pathogenesis -relatedness role for these genes. Thus, this study avoids a bias toward the study of
"classically" isolated PRs, and as such may reveal a wider range of roles for these genes than for a set of
"classically" derived PRs.

Through the results obtained in this study, I will examine the roles of some PR proteins in clovers,
and, re- examine the use and interpretation of the current system of PR protein classification and

nomenclature. The PR protein classification system has been updated through expansion and
l9

redefinition, necessary due to (1), the large range of proteins identified since the term was first coined
and, (2) our rapid progression in the understanding and analysis of general plant (molecular) biology. I
will demonstrate that some proteins classified as PR proteins have potential for other roles in plant

development and symbiosis.
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Chapter 2

Materials and Methods

Chemicals and reagents

2.1
Agar

Difco laboratories, Detroit, MI

Agarose

Progen Industries, Darra, Queensland

Alpha 32P dATP

Amersham, Buckinghamshire, & Dupont

Ampicillin

Sigma, Castle Hill, NSW

ATP

Sigma, Castle Hill, NSW

ß- mercaptoethanol

Sigma, Castle Hill, NSW

BAP (6- benzylaminopurine)

Sigma, Castle Hill, NSW

BrijTM 5R

(polyoxyethylene (20) cetyl ether)

Ruger Chemical Co., ICI United States Inc.,
Delaware

Cefotaxime

Sigma, Castle Hill, NSW

DOC (sodium deoxycholate)

Sigma, Castle Hill, NSW

Deoxyribonucleoside 5' triphosphates

Pharmacia, North Ryde, NSW

X -ray developer and fixer

Agfa- Gevaert, Pyrnble, NSW

Ethidium bromide

Sigma, Castle Rill, NSW

Ficoll

Sigma, Castle Hill, NSW

Glycogen

Boehringer Mannheim, Castle Hill, NSW

HybondN+

Amersham, Buckinghamshire

Lysozyme

Sigma, Castle Hill, NSW

M9 mínmal media salts

Gihco BRL, Gaithersburg, MI

NAA (1- napthaleneacetic acid)

Sigma, Castle Hill, NSW

PEG

Sigma, Castle Hill, NSW

Phenol

Wako Pure Chemical Industries Ltd.

Polaroid film (type 667)

Polaroid Ltd., Hertfordshire

Polyvinylpyrrolidone

Sigma, Castle Hill, NSW

PPT (phosphínothricin)

Gift of CSIRO Div. Plant Industry, ACT

SDS (sodium dodecylsulphate)

Sigma, Castle Hill, NSW

Sephadex G50

Pharmacia, North Ryde, NSW

TimentinTM

Beecham Research Laboratories

Tris

Boehringer Mannheim, Castle Hill, NSW

Tryptone

Difco laboratories, Detroit, MI

X -ray film

Kodak, Rochester, NY

X -gluc (5- bromo-4- chloro-3- indolyl -glucuronide)

Jersey Lab Supply

Yeast extract

Difco laboratories, Detroit, MI
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2.1.1

General solutions

All solutions were prepared with water from a Millipore® reverse -osmosis unit unless otherwise

stated, with the exception of tissue culture solutions where MilliQ® (mQ) water was used. Solutions were

stored at room temperature unless stated otherwise.

Buffers
10X TE buffer:

Chemical

Concentration

Tris -HCI

100 mM

EDTA

10 mm

8.0

pH

l0X TBE buffer:
Chemical

Concentration

Tris base

0.89 M

Boric acid

0.89 M

EDTA

0.02 M

20x Salt sodium citrate (SSC) buffer:

Chemical

Concentration

NaCI

3.0 M

Sodium citrate

0.3 M

20x Salt sodium phosphate EDTA (SSPE) buffer:

Chemical

Concentration

NaCI

4.5 M

Sodium phosphate, pH 7.0

0.25 M

EDTA

0.025 M
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2.2

Bacterial material and methods

2.2.1

Strains and plasmids

Table 2.1 (A) Bacterial strains used in this study.
Strain

Characteristics

Reference

Escherichia coli
NM522

recA+, supE, thé, A(lac-proAB), hsd5, [F', proAB,

LE392

F-, hsdR514(rk,mk+), supE44, supF58, lacY1, or

A(lac1ZY)6, galK2, galT22, metBl, trpR55,

DH5a

supE44,

F80S1acZAM15, F',

thi-1,

(Murray et al. 1977)

7t,-

deoR, endAl, gyrA96, hsdR17(rk ,mk+), recAl ,

relAl,

(Gough and Murray
1983)

[acI9, lacZAM15]

A(lacZYA-argFV169),

(Bethesda

Research

Laboratories 1986)

/b-

Agrohacterium tumefaciens
AGLI

Carries a disarmed Ti plasmid

(Lazo etal. 1991)

Rhizobium leguminosarum by. trifolii

ANU843

Wild -type, Nod on clovers

(Rolfe et al. 1980)

ANU845

Sym- plasmid cured ANU843, Nod- on clovers

(Djordjevic et al. 1985)

ANU845(pRI4003)

Nod+ on clovers

(Innes et al. 1988)
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Table 2.2 (B) Plasmids used in this study.
Plasmid

Characteristics

Reference

pRI4003

32 kb nod/níf region of ANU 843

(Innes et al. 1988)

pTsPRP1-1

pBluescript

SK+ containing

fragment isolated from

a

a

15

kb

Nod restriction (this study)

Trifolium subterraneunt genomic

library clone homologous to PvPRPI-5' PvPRPI-3',

pTsPRP1-2

pBluescript SK+ containing a 6.1 kb EcoRI restriction
fragment

of

pTsPRPl -1

homologous

to

PvPRPI -5'

(this study)

and

PvPRPI -3'
pTsPRP1 -3

pBluescript SK+ containing a 1.9 kb EcoRV -BgIll internal (this study)
fragment of pTsPRPI -2, homologous to PvPRPI-3'

pTsPRPIAI

pBluescript SK+ containing an exonuclease III deletion of (this study)
TsPRPI -3 which has had the majority of the intron sequence
deleted

pTs- Ypr10a;1

pBluescript SK+ containing the 706 hp BantHI restriction (Broderick 1995)
fragments of Ts- Yprl0a;1 cDNA

pTs- Yprl0a;2

pBluescript SK+ with a HindIIl restriction fragment (Broderick 1995)
containing a genomic clone of Ts- Ypr10a; 2

pPvPRPl -3'

pGEM 3Z -f( +) containing the 3' 527 bp HinclliEcoRl (Sheng et al. 1991)

restriction fragment of the PvPRPI cDNA

pPvPRPl-5'

pGEM 3Z -f(+) containing the 5' 584 by Hinc11 restriction

(Sheng et al. 1991)

fragment of the PvPRPI cDNA
pPvPR3

pGEM 3Z -f( +) containing a cloned cDNA sequence PvPR3

pFB7 -1(3)

pBI101.3 containing 1764 bp fragment of tobacco basic (Neale et al. 1990)

(Sharma et al. 1992)

chitinase promoter FB7 -1(3) in the BamHL and HindIII sites
pCP001

Binary vector for Agrobacterium tumefaciens mediated plant

transformation containing tobacco basic chitinase promoter GUS -NOS construct
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(this study)

2.2.2

Media

Bacteriological media used in this study:
Bergersen's modified media (BMM) broth:
Chemical

Concentration

Na2HPO4.I2H20

360 mg.L-1

MgSO4.7H20

80 mg.L -1

Thiamine -HCI

1.0 mg.L -1

Biotin

0.1 mg.L -t

Monosodium glutamate

0.5 g.L-1

Mannitol

3.0 g.L-1

Yeast extract

0.5 g.L-1

Luria broth:
Chemical

Concentration
10

g.L't

Yeast extract

5

g.L1

NaCI

5

NaOH (1.0 M)

1

Tryptone

g.L't
mL L-1

Terrific broth:
Concentration

Chemical
Tryptone

12 g.L1

Yeast extract

24 g.L -1

4 mL.L -1

Glycerol

(12PO4 (0.17 M) and

K21-11PO4

100 mL.L1

(0.72 M) solution)

TY:
Chemical

Concentration

Tryptone

8

g.L-1

Yeast extract

5

g.L -I

NaCI

5

g.L-1
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M9 minimal media (supplemented):

Chemical

Concentration

Na2HPO4

30 g.L-1

KH2PO4

15

NH4C1

5

NaCI

2.5

CaCl2

15 mg.L-1

Glucose
MgSO4

2 g.L-1

(1

M)

Thiamine

2

mL.L-1

1

mg.L-1

Solid bacteriological media contained 15 g.L1 agar.

2.2.3

Rhizobium bacterial strain culture and inoculation

Rhizobium leguminosarunt by. trifolii strains ANU845(pRt4003) and ANU845 were grown overnight
in BMM broth and diluted to OD600 = 0.2 prior to spot or flood inoculation

roots were either flood inoculated by the application of

5

of plants. Transgenic plant

pL of Rhizobium culture to the growing root

tip, or spot inoculated by the method of Turgeon and Bauer (1986).

2.2.4

Rhizobium Nod factor

Nod factor from strain Rhizobium leguminosarum by. trifolii strain ANU843, purified by a BiobeadTM SM-2 (Bio -Rad) affinity method, was kindly supplied by Louise Roddam (Plant Microbe

Interactions Group, Research School of Biological Science, Australian National University, Canberra).

2.3

Plant Material

Clover
All plant experimental work was done using subterranean clover (Trifolium subterraneum cv.

Karridale; Cleanseeds, Bungendore NSW). RLEM populations were maintained by keeping trays of
mite- infested subterranean clovers in growth chambers for several weeks. The plants used in the RLEM

experiments were grown in a 17 °C, 9 h day, 10 °C night, with 70% relative humidity. The rest of the

experimental plants were grown in

a 12 h,

25 °C daylength, 18 °C night, with 50% relative humidity.

RLEM and ethephon experiments used 3 -6 week old plants.
Studies on the expression of Ypr10a mRNA levels in juvenile subterranean clovers were done using
seedlings at two and ten days after germination (Fig. 2.1). Seeds were surface sterilised, placed on

Fähraeus modified medium (Rolfe et al. 1980), vernalised overnight in the dark at 4 °C, then
germinated overnight in the dark at 28 'C. Germinated seed was sown in autoclaved standard potting
soil and grown in a growth cabinet as above. Seedling samples were dissected into aerial and root tissue
by cutting at the root -shoot boundary (defined by the abrupt broadening of tissue in the root -shoot

transition).
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Fig. 2.1

T.

subterraneum

seedlings at 2 and 10- days -old: (a) and (b) respectively.
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Bean and Tobacco
Bean (Phaseolus vulgaris cv. Green Wonder), transgenic (see 2.3.3, Tobacco transformation), and
wild -type tobacco (Nicotiana tabacum cv. Wisconsin 38) plants were glasshouse grown at 23 °C (day)
and 18

2.3.1

'C (night) without artificial light supplementation.
Plant treatment

PR- proteins were induced through attack by redlegged earth mites (RLEM), or with foliar spraying

of 0.01 M ethephon (2-chloroethylphosphonic acid). This breaks down to release equimolar amounts of
the plant hormone ethylene, hydrochloric acid and phosphoric acid (Yang 1969).
RNA for northern hybridisation analysis was prepared from three week old subterranean clover

plants which had foliar sprays of 0.01 M ethephon, or sterile deionised water as a non -induced control
(Fig. 2.2). Sampling of ethephon-sprayed plant tissue was done after zero, one and five days, with

samples prepared from 50 plants per treatment, and dissected into root and aerial tissue. Control (water

sprayed) plants were removed to an identical growth cabinet just prior to spraying.

2.3.2
(A)

Tissue culture media
Tobacco (Nicotiana tabacum cv. Wisconsin 38), was grown in tissue culture on MS plant

growth media (Murashíge and Skoog 1962).

(B)Subterranean clover used in tissue culture (other than during transformation) was grown on
Fähraeus media (Rolfe et al.

2.3.3

1

980).

Tobacco transformation

Transgenic tobacco plants were constructed using the leaf disc transformation method (Horsch et al.
1988). Leaves from tobacco plants (Nicotiana tabacum cv. Wisconsin 38) grown in sterile culture were

used for the leaf disc transformation. Fully expanded young leaves from the top half of the plant were

harvested and cut into rectangular shape (approximately

7

mm x 12 mus). Rectangles were cut such that

a section of the leaf mid -rib was contained in each. A single colony of Agrobacterium strain AGLI

containing the desired recombinant binary plasmid was grown overnight in L-hroth at 28 'C. The
culture was diluted 10 -fold in sterile water and transferred to a sterile petri dish. The leaf explants were
floated on the inoculum broth for 10 min. during which 3 -4 holes were punctured in each explant with a
sterile scalpel. The explants were placed between sheets of sterile filter paper for

1

min. to remove

excess inoculum broth. Explants were then placed upside -down on co- culture medium and petri dished

sealed with nescofilm. Explants were incubated at 25 'C, under 24

h

lighting regime (at an intensity of

350 -400 pE.m 2.s-1). After 2-3 d the explants were transferred to selection media and returned to

culture chamber for 5-7 d. The explants were then transferred to shoot inducing media and placed in
culture chamber for 2 -3 weeks. Emerging shoots from the explants were cut cleanly from the explants
and placed upright in root inducing media. Establishment of a root system required 4 -8 weeks.

The additions to MS solid media for the purposes of transformation are listed below:
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Fig. 2.2 Three -week -old

sterile deionised water.

T. subterraneum

plants which had foliar sprays of 0.01 M ethephon, or

Co- culture media:
6- Benzylaminopurine (BAP)

2.0 mg.L-1

I- Napthaleneacetic acid (NAA)

0.2 mg.L1

Selection media:
BAP

2.0 mg.L -t

NAA

0.2 mg.L -I

Phosphinothricin (PPT)

5-10

Cefotaxime/Timentin

mg.Ll

200

each

Shoot inducing media:
BAP

2.0 mg.L -1

PPT

10 mg.L1

Cefotaxime / Timentin

200 mg.L1 each

Root inducing media:
PPT

10 mg.L -I

Cefotaxime/Timentín

2.3.4

200 mg.L -1

White clover transformation

White clover (Trifolium repens cv. Haifa) was transformed by the method of Larkin et al. (1996).
The transformants used in this research were the result of transformations done by the laboratory of Dr
P. Larkin (CSIRO Division of Plant Industry, ACT).

2.3.5

Rooted leaf assays

Rooted leaf plantlets were generated by the method of Rolfe & McIver (1996) and enabled numerous

assays on clonal transgenic material to be undertaken. A typical rooted leaf plantlet is shown in Fig. 2.3.

2.3.6

Histochemical

13-

glucuronidase staining

The development of plant molecular biological tools such as the ability to produce transgenic plant
lines and the use of reporter genes such as UidA, which encodes the

1-

glucuronidase (GUS) enzyme,

allow the spatial and temporal expression of gene promoters to be determined. GUS enzyme activity was

localised by introduction of a colourless substrate which, in the presence of GUS activity, forms non -

diffusable coloured products (Jefferson et al. 1987).
Inoculated roots were histochemically stained for GUS enzyme activity by vacuum infiltration of 5bromo-4- chloro -3- indolyl-glucuronide (X -glue) substrate (Jefferson et al. 1987). Samples were placed in
100

mg.L1 X -gluc,

1

mM EDTA, 50 mM sodium phosphate buffer and a mixture of 0.5 mM ferri- and

ferro-cyanide, vacuum infiltrated on ice for 10 min., and then incubated at 37 °C for up to 24 h.
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Fig. 2.3

A typical rooted leaf plantlet derived from transgenic Trifolium repens containing a

tobacco basic chitinase- fi- glucuronìdase gene construct.
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2.4

Nucleic acid methods

2.4.1

Enzymes

Molecular biological enzymes, including restriction endonucleases and DNA-modifying enzymes,
were sourced from commercial suppliers Boehringer Mannheim, Promega, Progen Industries and

Pharmacia.

2.4.2

Reaction buffers

All restriction enzyme reactions were done using Boehringer Mannheim buffers (A, B, H, M and L)

according to supplied buffer compatibility charts. Special restriction endonucleases, and other DNA
modifying enzymes incompatible with the Boehrínger buffers, were used in the buffer supplied by the
enzyme manufacturer.

Large -scale plasmid preparation

2.4.3

E coli cells were incubated overnight at

37 °C under appropriate antibiotic selection. For low copy -

number plasrnids, spectinomycin was added to 100 mg.L -i when cell OD600 reached approximately 0.6.
Cells were pelleted by centrifugation in a Sorvall RC5 centrifuge using

a

GSA rotor at 5000 rpm for 10

min. Pelleted cells were resuspended in 9.5 mL cold STE (25% sucrose, 10 mM Tris -HCI pH 7.0 and
1

mM EDTA). Freshly prepared lysozyme (1.5 mL of a 20 mg.mL -1 solution) and

5

mL 0.5 M EDTA

pH 8.0 was added and mixed by swirling intermittently over 20 min. Then 15 mL of a Brij /DOC
solution (Brij 58 and 0.4% Na- deoxycholate in TE) was added and mixed thoroughly. The preparation
was then incubated for at least 20 min. at 4 °C, and then centrifuged in a Sorvall RC5 centrifuge using

an SS34 rotor at 15000 rpm for 60 min. The supernatant was decanted into a clean, chilled measuring

cylinder, where NaCI was added to 3% w/v and 50% PEG8000 to 25% v /v. The cylinder was then sealed
with plastic and gently inverted for mixing, prior to incubation at 4 C for at least 2 h. The DNA was
then pelleted by centrifugation in a Sorvall RC5 centrifuge using an SS34 rotor at 5000 rpm for 10 min.

The precipitate was dissolved in 5 mL TES (TE buffer with 100mM NaCI), prior to addition of 8.0 g
CsCI and 0.6 mL ethidium bromide (10 mg.mL -1). This was gently dissolved by inversion whilst

keeping the tube chilled with wet ice. The solution was then incubated for at least 30 min. at 4 °C, prior
to centrifugation in an SS34 rotor at 10000 rpm for 30 min, at 4 'C. The solution was decanted into a

50Ti polyallomer tube, and its density adjusted to 1.59 -1.61 g.mL -t. After heat sealing, the tube was

ultracentrifuged using

a Sorvall OTD75B

in

a

Ti50 rotor at 40000 rpm for 40 h at 18 "C. After

centrifugation, the lower band was removed via a 19 gauge needle and extracted 4 times against
isopropanol (saturated with

5

M NaCI), then twice against diethyl ether (saturated with TE). The

remaining solution was then dialysed against

2.4.4

3

changes of 2 L volumes of TE.

Small -scale plasmid preparation

A NaOH/SDS lysis method was used in the preparation of E. coli plasmid DNA from 1.5 mL of LB

previously inoculated and grown overnight at 37 "C. E. coli cells were centrifuged in an Eppendorf tube
for

1

min. at 14 000 rpm, then the pellet was resuspended in 100 uL of GTE buffer (Glucose 50 mM,
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Tris 25 mM, EDTA 10 mM), then 200 pL of fresh NaOH/SDS solution (NaOH 0.2 M/0.1% SDS) was

mixed with the cell suspension and incubated on ice for five min., then 150 ill. 4 °C potassium

acetate /glacial acetic acid solution (3.0 M potassium: 5.0 M acetate, pH 4.8) was added and mixed by
inversion. After five min. incubation at 4 °C, the tube was centrifuged at 14 000 rpm for five min.
400 p.L

of supernatant

was

added

to

a

fresh

Eppendorf tube

containing

1

mL

of

a

isopropanol /ammonium acetate mix (4:1 mixture of isopropanol and 7.5 M NH3COOH). After
immediate mixing, the tube was centrifuged for five min. at 14 000 rpm. The pelleted plasmid DNA was

washed with 70% ethanol and vacuum desiccated for three min. Dried plasmid DNA was resuspended in
50-100 pL TE buffer and stored at 4 °C.

2.4.5

Plasmid preparation of DNA sequencing template

Plasmid preparation for ABI PRISMTM dye- labeled sequencing or exonuclease deletion series was
done by the method recommended by ABI. A brief outline of this method is given here:
In a 50 mL screw -top tube, 10 mL of terrific broth (TB), supplemented with the appropriate

antibiotic, was inoculated with the E. coli cells and incubate overnight with rapid shaking (approx.
350 rpm) at 37 °C. Cells were pelleted by centrifugation in 1.5 mL Eppendorf tubes, with further 1.5 ml.

of cell culture then centrifuged in the same tube. This procedure was repeated in order to pellet the cells
from 4.5 mL of TB. The NaOH/SDS lysis procedure was done as in method 2.4.4, but used 200 qL GTE

buffer, followed by 300 pL NaOH solution, and 300 ttL potassium acetate. Precipitated solids were

pelleted via centrifugation for 10 min. at room temperature, and the supernatant transferred to a new
tube. RNase A was added to 20.tg.mL -1 and incubated for 20 min. at 37°C. Contents of each tube were

extracted with 400 µL chloroform/isoamyl- alcohol (24:1) twice via mixing layers by hand for 30 sec.
and centrifugation for one min. prior to transfer of the aqueous layer to a clean tube. Total DNA was
precipitated by the addition of an equal volume of isopropanol and immediate centrifugation for 10 min.
at room temperature. Pelleted DNA was washed with 70% ethanol and dried under vacuum for three

min. Dried DNA was dissolved in 32 pL mQ H2O, and precipitated by first adding 8.0 pL of 4 M NaCI,

then 40 pL of 13% PEG8000 was added prior to thorough mixing and incubation on ice for 20 ruin.
Supercoiled plasmid DNA was then pelleted by centrifugation for

15

min. at 4 'C. The supernatant was

removed and the pellet rinsed with 70% ethanol prior to drying under vacuum for three min. The

supercoiled plasmid DNA pellet was resuspended in 20 pL mQ H2O and stored at -20 °C until required.

2.4.6

Preparation of plant genomic DNA

Genomic DNA from leaves of Trifolium subterraneum cv. Karridale, or Phaseolus vulgaris cv. Green

Wonder, was isolated by the method of Rogers and Bendich (1988). Freshly sampled young leaf tissue
(0.5 -5.0 g) was used in each extraction. An additional phenol /chloroform /isoamyl alcohol extraction of

the genomic DNA preparation was done prior to use of the purified genomic DNA.
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2.4.7

Isolation of total RNA

Total RNA was from root tissue, aerial tissue, and whole plants using a hot phenol /LiCI extraction

procedure (Verwoerd et al. 1989). Each RNA sample was checked on

a

mini gel for purity and integrity,

and concentrations determined spectrophotometrically.

2.4.8

Ligation

Ligation of DNA fragments was done using Promega T4 DNA ligase according to manufacturers'

instructions, however, the volumes used for ligations were determined by the nature of the fragments to
be ligated. For "sticky ended" ligations involving compatible overhanging sequences, a total volume of

20 -30 FL was used. For plasmid manipulations requiring deletion of an internal fragment, a larger

volume was used to avoid intermolecular ligation. For intermolecular blunt-ended ligation, total reaction
volume was minimised. in general, control ligations with vector -only and insert only reagents, and,
three different insert-to- vector ratios at 3:1,

1:1

and 1:3 were setup.

Typical reaction contents of a compatible sticky -ended ligation:

Component

Amount

DNA/s

200 ng

µL

Ligase buffer

3

rATP (10 mM)

1.5

T4 ligase (4 U.pL-1)

1

mQ water

FL

FL

->30 p.L total volume

Addition of linkers to DNA fragments was treated in

a

different manner. If the DNA to he ligated to

linkers is not blunt- ended, a preliminary blunt -ending step using Klenow fragment (Pharntacia)

according to manufacturers' instructions. Briefly, two units of Klenow. in a mixture of A, C, G, T at
1

mM each, made up in the buffer supplied and incubated at 37 °C for 15 min. The reaction products

were extracted against phenol/chloroform/isoamylalcohol and precipitated. Linkering was then set up

according to the following method:

Component

Amount

DNA (approx.

5

30 FL

µg)

Linkers (1 Fg.FL-1)

1

FL

Ligase buffer (10x)

4 µL

rATP (10 mM)

2

FL

3

FL

T4 ligase (28 U.pL;

1)

The reaction was incubated at 4 °C overnight. Following the incubation, the reaction was

supplemented with 85 pL mQ,

15

FL restriction enzyme buffer and approximately 200 U of appropriate

restriction enzyme (made up to 150 FL total volume with mQ water) and incubated for at least 2 h at
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37 CC. The reaction products are then purified by a Progenius cleanup kit (Progen Industries) according
to manufacturers' instructions. Purified, linkered DNA was then ready for ligation into a new vector as

described above.

2.4.9

Thermal cycling reactions

Thermal cycling reaction were made up in the following manner:
Amount

Component
Mg -free buffer

9.0 µL

MgC12 (25 mM)

6.0

dNTPs (2.5 mM)

4.0 µL

Primers (20 pmol.pL -I)

2.5 pi-

Template DNA (total 20 ng)

x.x pL

mQ water

ItL,

-> 90 pL total

Reagents were mixed well in a 500 pL thin -walled tube, and overlaid with 40
The tube was then placed in an MI Research thermal cycler whilst it was in step

NL1

of pure mineral oil.

of the program listed

below. Addition of 10 pL of Taq DNA polymerase pre -mix (1 µL 10x Mg -free buffer, 9 pL mQ water,
1

U Taq polymerase) was done whilst the tube was in the thermal cycler.

The cycling program is based upon a regime of:
Step

Time /temperature
5

min. at 95 °C

at94

2.

1.5 min.

3.

1.5 min. at annealing temperature

°C

(determined by the formula below)
min.kb -1 of amplified DNA at 72 °C

4.

1

5.

return to step 2, 25 -30 times
min. at 72 °C

6.

15

7,

hold at 4 °C

Calculation of melting point (Tm) of oligonucleotides was done using the formula below. The
calculated temperature is likely to be approx. 5 °C higher than a suitable annealing temperature. Ideally
both oligonucleotide primers will have similar Tms, if this is not the case, the lower temperature will

dictate the suitable annealing temperature.

Tm( C)=4xn(G+C)+2xn(A+T)
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2.4.10

Oligonucleotide design and synthesis.

Oligonucleotide primers `M13 universal' and `M13 reverse' were obtained from Progen Industries.
Other oligonucleotide primers were synthesized by the Biomolecular Resource Facility (BRF), John
Curtin School of Medical Research, Australian National University. Oligonucleotides supplied by the
BRF were supplied either in purified and lypholized form or dissolved in ammonium hydroxide.

Table 2.3 Oligonucleotide primers used in this study.
Oligonucleotide

OligonucIeotide sequence (5' -> 3')

random hexamers

NNNNNG
NNNNNA
NNNNNT
NNNNNC

T3

ATTAACCCTCACTAAAG

long-T3

GCTCGGAATTAACCCTCACTAAAGG

T7

AATACGACTCACTATAG

long -T7

TTGTAATACGACTCACTATAGGGCG

del -CT

ATGGCTCAGAAGGCGCA

M13 universal

GTAAAACGACGGCCAGT

M13 reverse

CAGGAAACAGCTATGAC

2.4.11

Purification of oligonucleotides dissolved in ammonium hydroxide.

Oligonucleotides supplied dissolved in ammonium hydroxide were aliquoted into three 1.5 mL

Eppendorf tubes in approximately 500 µL volumes, and dried in a Speedvac centrifuge at room
temperature under vacuum. Each aliquot was then dissolved in 500 pL mQ water and dried as before.
Dried oligonucleotide pellet in the first tube was dissolved in 100 pL TE, then transferred to the second

and third tubes, successively dissolving dried oligonucleotide pellets. Each of the three tubes were
washed in this manner with two more 100 pL volumes

-

giving a total volume of 300 FL. Dissolved

oligonucleotide was centrifuged in an Eppendorf centrifuge for three minutes, supernatant was then

removed to a two Nunc `cryotubes' for storage at -20 °C.

A

1

-5 FL aliquot of dissolved oligonucleotide

was checked in a spectrophotometer for absorbance (A) at 260 nm. Concentration of the oligonucleotide

solution was determined using the following equation.

Concentration (pinol)

2.4.12

100 x A_>eo
(1.54(nA)+0.75(nC)+1.17(nG)+0.92(nT))

Electroporation of DNA into E. coli

The E. coli strain to be used for electroporation was heavily inoculated from a fresh plate into

5

mL

LB, then incubated for 6 h in a 37 °C shaking incubator at 350 rpm. An aliquot of 1.5 mL of cell culture
was centrifuged for

I

min., the supernatant discarded, and the cell pellet resuspended in 1.5 mL cold
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mQ water. This process was repeated two more times. Cells were finally resuspended in l00

mQ water. Washed cells were stored on ice until used, but were used within

15

p.1_,

of cold

min. of washing.

Electroporation was performed using the Gene Pulser apparatus (Bio -Rad). The DNA to be
electroporated was ethanol precipitated with addition of
with 70% ethanol (v /v), and dissolved in

10 p.L

1

p,L glycogen solution (20 pg.µL-I) and washed

of mQ water. The DNA was then mixed with the washed

cells and transferred into an electroporation cuvette (gap of 2 mm). The instrument was set to 25 mF

capacitance, 2500 V. Cells were pulsed once, which delivered a pulse of approximately 12.5 kV /cm.
Cells were transferred to

5

mL L broth preheated to 37 °C, and incubated for 30 min. (1 h for

tetracycline selected constructs), prior to plating on the appropriate selective media.

2.4.13

Trifolium subterraneum genomic library screening

Approximately 1.5 million (1.5 x 106)

A.

phage plaques of

subterraueum cv. Karridale

a Trifolium

genomic library (Arioli et al. 1994) was screened as described in Arioli et al. (1994). The methods of
Arioli et al. (1994) were based of those of Slightom and Drong (1988). A brief summary is presented
here:
Large LB agar plates (Nunc Bioassay plates 23 x 24 cm) containing

a

confluent lysis of E. coli

LE392 were screened via performing plaque lifts (2.4.14) and probing the filters produced.
Autoradiograph films were aligned with the corresponding LB agar plates. Regions of confluent lysis

corresponding to a hybridizing signal on both duplicate filters were removed via the use of a
disposable pipette tip as a sampling tool. Samples were placed into
stored for at least 4

h

1

1

mL

mL of phage storage buffer and

at 4 'C. Phage were then plated from these samples as for titration plating methods

(Slightom and Drong 1988). Plates with approximately 100 or more well separated plaques were
selected for further screening. Secondary and further screening was performed using standard size I.B
agar plates (85 mm round, Johns Scientific). Purification stopped when all plaques screened were
positively hybridizing. The plaque -pure samples were then amplified prior to analysis and cloning.

2.4.14

Southern blotting from bacterial colonies or phage plaques

Hybond -N+ membrane (Amersham) was cut to size and marked with orientation dots. The

membrane was then placed onto the media within the plate or petri dish, care was taken to exclude air
bubbles from under the membrane, and left there for 2 min. During this time the orientation dots were

duplicated onto the plastic (under)surface of the plate. The membrane was peeled off and placed onto
3MM paper prewetted with

1.5

M NaCl /0.5 M NaOH for

prewetted with 0.5 M tris pH 7.0/2.0 M NaC1 for
the DNA was crosslinked to the membrane with

15
a

15

min. It was then moved onto 3MM paper

min., rinsed briefly in 2x SSC, air dried and then

UV Stratalinker 1800 (Stratagene) set at 3000 joules

x100_ In the case of plaque transfers, the plates were chilled on ice for 5 min.

2.4.15

prior to transfer.

Southern blotting from agarose gels

The agarose gel containing DNA to be transferred was soaked in 0.25 M HCl on a gentle shaking

bath until the loading dye changed colour from blue to yellow (approx.
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15

min.), rinsed with distilled

water, then placed into a Posiblot apparatus (Stratagene). Special attention was paid to excluding air

bubbles between the agarose gel and the membrane. A modified version of the manufacturers' protocol
was used to directly link DNA in the gel to a positively charged membrane (Hybond -N+, Amersham).
This method uses a positive pressure transfer process to force the transfer solution through the agarose
gel and onto the membrane. Replacement of the recommended SSC buffer with 0.4 M NaOH allows

DNA to be covalently bound to the membrane without a requirement for subsequent fixing. Blots were

hybridised with a 32P- labeled probe prepared as described (2.4.18, Preparation of radioactive probes).

2.4.16

Northern blotting and hybridisation

RNA samples (10 µg), electrophoresed in 1.5% denaturing formaldehyde/agarose gels (Lehrach et
al. 1977) at 20 V for 16 h in a Pharmacia GNA 200 apparatus. RNA gels were washed twice in
10x SSC for 20 min. to remove formaldehyde, then stained with ethidium bromide prior to being

photographed on

a

1JV

transilluminator. The gels were then capillary blotted onto Hybond N+

(Amersham) overnight using the protocol supplied. Membranes were prehybridised in a hybridisation
oven (Hybaid) at 45 °C in a solution of 50% formamide, 5x SSPE (0.9 M NaCl, 0.05 M sodium

phosphate

pH 7.0,

0.005 M

EDTA),

2x Denhardt's

solution

(2% Ficoll

Mw 400 000,

2% polyvinylpyrrolidone Mw 400 000, 2% bovine serum albumin fraction V) and 0.1% SDS, with the

subsequent addition of 100 pg sonicated, denatured salmon sperm DNA. Denatured 32P- labeled probe
(2.4.19) was added to the prehybridisation solution and hybridisation was allowed to proceed overnight.

Following hybridisation, membranes were washed twice with 2x SSPE/0.1 %SDS at 45 °C for

15

min.,

with two washes of lx SSPE/0.1% SDS, and then two washes with 0.1x SSPE /0.1 %SDS. Blots were
imaged using a Molecular Dynamics Phosphorlmager. Loading control analysis of each blot was done
by stripping the Ts- YprlOa probe off the membrane, and then hybridisation with the wheat ribosomal

RNA clone Ta250.1 (Appels and Dvorak 1982).

2.4.17

Quantification of northern hybridisation transcripts

Imagequant software (Molecular Dynamics) was used to analyse autoradiographic images generated
by a Molecular Dynamics Phosphorlmager. For each northern blot autoradiograph, a rectangular object

was created and copied onto all bands of hybridisation. This method ensured that all bands were

quantified over the same area. The area under the rectangles was quantified, which represents the total
amount of radiation absorbed by the phosphorlmager screen over the rectangular area. The process was
done for northern blots probed with the loading control probe (Ta250.I (Appels and Dvorak 1982)) and

probed with the gene of interest. Each quantified transcript band was corrected for loading discrepancies
(as measured by the Ta250.1 blots).

For ethephon treated tissue samples, the transcript level represents the corrected ethephon treated

sample hybridisation minus the corrected water -sprayed control hybridisation expressed in relative units.
The figure obtained for each treatment represents the difference between the corrected treatment and
control hybridisation levels, expressed relative to that of aerial tissue at day zero.
The seedling northern blots were simply quantified by the Imagequant software, corrected for loading
discrepancies, and expressed relative to the level in aerial tissue at day two.
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2.4.18

Preparation of radioactive probes

DNA was radioactively labeled by random hexamer- primed synthesis. Template DNA to be labeled
was taken up in

11

µL mQ water and boiled for 5 min. The DNA was placed in wet ice for 5 min. prior

to the addition of the following solutions:

NaCI, 5 mM MgCl2,

1

3

pi

mM 2-mercaptoethanol),

buffer B (Boehringer: 10 mM tris -Cl pH 8.0, 100 mM

3µL GTC mix (dGTP, dCTP and dTTP

at 0.5 mM

each), 5 µL random hexamers (Table 2.3, 3.3 µg/5 mL), 5 µL 32P-ATP (3000 Ci.mmol-i) and
1

2

U.4LI Kienow fragment (Boehringer). The reaction was then incubated at 37 °C for

µL of
2-3 h.

Purification of DNA from reaction reagents was done via a Sephadex G -50 (Pharmacia) spin -column

procedure (Arioli et al. 1994).

2.4.19

Southern hybridization

Hybridisation was performed using a Hybaid oven, and Hybaid borosilicate hybridization tubes.
Hybond -N+ membranes with bound DNA were placed on a nylon mesh and then rolled prior to being

placed inside a hybridization tube. At least 10 mL 2x SSC was added to the tube, which was then sealed
and placed into the pre -heated Hybaid oven. With a balance tube in place, the rotor was switched on.

After approximately 10 min. the 2x SSC was replaced with

10

mL prehybrídization buffer (0.5% SDS,

6x SSC, 5% Denhardt's solution). Hybridisation involving plant genomic DNA-containing membranes

were treated with an altered prehybridisation solution

-

containing 10% dextran sulphate (Mw 500 000).

Genomic DNA hybridisations were incubated with the probe for at least 12 h. At this point, 20 mg of

carrier DNA (sonicated salmon -sperm DNA) was boiled for
for

5

5

min., and then quickly chilled on wet ice

min. The denatured carrier DNA was then added to the hybridization tube. Pre -hybridization was

performed for a minimum of

1

h

prior to addition of radiolabeled probe. The desired probe (as prepared

in 2.4.18), was added to a further 20 mg of carrier DNA (plus 25-50 counts per second of radiolabeled

lambda DNA for membranes containing lambda size standards), then boiled and chilled as above prior
to addition to the hybridisation tube. High stringency washes were done for IS min. at 65

0.2x SSC /0.1 % SDS. Low stringency

washes were

done as

for

'C

in

high stringency, but using

2x SSC /0.1% SDS.

2.4.20

Deprobing of filters

Removal of probe DNA from HybondN+ membranes was performed via the incubation of the

membrane in 0.4 M NaOH at 45 'C for 30 min., followed by 30 min. at 45 'C in wash solution

(0.Ix SSC, 0.1% (w/v) SDS and 0.2M tris -HCI, pH 7.5). Deprobing of membranes was confirmed

by

exposure to a PhosphorImager screen (Molecular Dynamics).

2.4.21

DNA sequencing

Nested exonuclease III deletion series (Hoheisel and Pohl 1986) subclones of DNA inserts were
sequenced using PRISMTM fluorescent dideoxy terminators or dye-primers (Applied Biosystems)
according to supplied methods. Electrophoresis of sequence reactions was performed by the
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Biomolecular Resource Facility (BRF), John Curtin School of Medical Research, Australian National
University on an Applied Biosystems 370A DNA Sequencing System.

2.5

Analysis of protein sequences

2.5.1

Protein sequence alignment

Sequence alignments were done using CLUSTAL W (1.5) (Thompson et al.

1994). Several

alignments were produced using different gap insertion and extension penalties, but without
substantially changing the output and without changing the estimated trees. The alignment obtained
using default settings was chosen for detailed analysis.

2.5.2

Phylogenetic tree building and tree searching

Protein sequence alignments of proline -rich and hydrophobic domains were used for the separate
phylogenetic analyses of each domain. Phylogenetic analyses were done using PAUP* (versions 4d52,
4d53 ß -test) analysis software (Swofford 1996). Trees were estimated using the neighbor joining

algorithm (mean character distances and

a

range of DNA distance models) and by cladistic parsimony

(unweighted parsimony and a range of transition /transversion weightings). Exact search using the
branch and bound algorithm was used for parsimony analysis of the smaller groups of taxa. Heuristic
search was used on the 33 -taxon HyPRP data set. For the fatter, the random -addition- sequence starting
tree technique gave no indication of an "island of trees" (Maddison 1991) effect.
Bootstrap tests (Felsenstein 1985) were used to assess the robustness of both neighbor -joining and

parsimony trees.

2.5.3

Three -dimensional structure prediction

Hydrophobic domain amino acid sequences of all HyPRP -like proteins were analysed by the
PredictProtein

service (URL http:// www.embl- heidelberg.de/predictprotein /) (Rost

1996). Results

consisted of predictions regarding the probable structures formed by amino acid residues within the
protein. A conservative subset of predicted protein structure was obtained for each protein sequence. The
conservative predictions use structures predicted at

7

or higher in

a 0 -9

range of "reliability ", where the

probability of 7 equates to an 82.2% reliable prediction (Rost 1996). Output from PredictProtein gives a

complete set of output data, a list of comparator proteins, and statistical limitations of the predictions
provided. Predicted structures were then manually aligned to maximise similarities between structures in

order to allow comparison of predicted structures. This form of analysis uses a variety of individual
analyses examining hydrophobicity, helical wheel analysis, sequence threading and similarity to known

protein structures.
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The research presented in this chapter has been published in the Australian Journal of Plant Physiology

(Pittock et al. 1997).

Chapter 3

Chitinase: GUS reporter transgenes in white

clover suggest a role for chitinase in plant development,
defence and symbiosis.

Summary
White clover was transformed with a tobacco basic chitinase promoter -GUS fusion. Histochemical

studies reported on the spatial and temporal regulation of this basic chitinase promoter during clover
development. Comparison of the spatial and temporal expression of the chitinase promoter -driven GUS
gene in tobacco to that in white clover indicates conservation of regulatory systems. This enabled

histochemical GUS staining to be used in white clover lines containing the tobacco basic chitinase
promoter -GUS transgene to report on various phenomenae. Firstly, and most importantly, on the genetic
signalling in the roots leading to meristematic expression of the construct during lateral root and nodule

development. Second, to gain an estimation of putative endogenous clover basic chitinase promoter

activity. The observed spatial and temporal regulation of the tobacco promoter correlates with previously

reported northern hybridisation analysis of developmental and wound-related basic chitinase expression
in tobacco. Wound-responsiveness of the transgene was rapid and localised following mechanical and

aphid (Aphididea) wounding. Developmental expression of the transgene during root morphogenesis

revealed strong expression in tap and lateral root meristems; but expression in lateral root meristems was
observed only after emergence through the tap root epidermis. No expression of the transgene was

detected in the pericycle or the dividing cells of the developing lateral root. Inoculation of the zone of
emerging root hairs with a nodulation- competent Rhizobium strain, ANU845(pRI4003), triggered

transient transgene expression between 2 to 4 h post -inoculation. No transgene expression was detectable
after inoculation with purified Nod factor from strain ANU843. Thus, the chitinase promoter -driven GUS

transgene can be used as a marker of some plant developmental changes. The results suggest that lateral
roots and nodules differ both in some of the mechanisms required to initiate cell division, and in their

ongoing development after emergence from the root epidermis.

3.1

Introduction

As outlined in Chapter

1,

chitinases have been of interest in plant disease research due their potential

for use as defence enzymes against chitin-walled pathogens such as phytopathogenic fungi. Evidence to
support this role has come from observed induction of chitinase activity and mRNA in stressed plants

(Hedrick et al. 1988), a co- induction with 13-1,3- glucanases (Boller 1987; Ward et al. 1991b), the release
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of fragments of pathogen cell wall which may act as elicitors of further host defence responses (Albersheim and
Darvill 1985), and in vitro studies demonstrating a synergistic effect on degradation of fungal hyphae by
chitinase and glucanase and immunolocalisation studies showing localisation of these enzymes to regions of
fungal presence (Mauch and Staehelin 1989; Benhamou et al. 1990; Schroeder et al. 1992; Benhamou et al.
1993).

Observations by Meeks- Wagner et al (1989) and Neale et al. (1990) that basic chitinase transcript is present
transiently in tobacco apical meristems, at elevated levels, during floral initiation, both in "thin cell layer" floral
induction and in whole plants induced for flowering suggest that chitinase may have the capacity to carry out a
role in early floral development. Furthermore, it was found that constitutive basic chitinase expression in

tobacco roots was decreased during the period of floral induction (Neale et al. 1990). This effect may result from
a

flowering- associated hormone flux inhibiting basic chitinase expression. That basic chitinase expression is

affected by the level of plant hormones auxin and cytokinin (Memelink et al 1987; Shinshi et al. 1987; Hughes
and Dickerson 1991), supports this role.

For a chitinase to carry out a role in development or symbiosis there must be a substrate which it can bind to
or hydrolyse. Much work has been done on the Rhizobium- legume interaction, and the Nod signal produced by
Rhizobium. The production of Nod factor occurs during Rhizobium signalling exchange with host legume roots.

Nod factor contains a short oligomeric chain of N -acetyl glucosamine (or oligochitin). Staehelin and co- workers
have demonstrated that legume root basic chitinases can degrade the oligochitin component of Nod factor

(Staehelin et al. 1994a; Staehelin et al. 1994b; Staehelin et al. 1996) and, that Nod factor induces root chitinases

(Staehelin et al. 1995). That chemical substitutions typical of Nod factors affected their stability in the presence

of chitinase raises the prospect that chitinase could be involved in a host -range determinant step in the
Rhizobium- legume interaction (Staehelin et al. 1994a; Staehelin et al. 1994b).

Common links between chitinase activity, a suitable chitinase substrate and plant development have become
apparent. De Jong et al. (1992, 1993) demonstrated that carrot somatic cell embryo mutants, stalled during
development, were rescued by addition of endochitinase or Nod factor molecules The correlation of enzyme and
substrate with rescue of a developmental mutant has great relevance to the hypothesis that PR proteins such as
chitinase are involved in plant development, however, no direct mechanistic link between these molecules, and
their function in this case, has been identified (Schmidt et al. 1994a). The existence of an endogenous substrate
for chitinase and this substrates similarity to Nod factor (Spaink 1993) further strengthens the case for a

developmental role for chitinases in plants (see 1.6.2, Chitinases in nodulation). Previous reports indicate the
targeting of basic chitinases to the vacuole or cell wall (Neale et al. 1990 and references therein).
The comparison of the lateral roots and nodules of leguminous plants reveals that they are structurally and
developmentally distinct organs (reviewed in Hirsch 1992). Other findings suggest that lateral roots and nodules

may develop at sites of incipient meristematic activity such as foci of lateral root formation. Experimental
evidence tends to support this theory whereby lateral root numbers are reduced in nodulated plants, but the total
number of roots and nodules remains the same. Likewise, removal of the main root tip enhances both lateral root
and nodule number. Hirsch (1992) suggests that it is likely that many of the genes that are expressed during

initiation of each structure are the same. However, a difference in developmental signalling exists whereby
lateral root initiation

is

triggered internally, whilst the induction of nodulation is signalled from the external

environment.
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This study reports on the investigation of the expression of a basic chitinase promoter in white
clovers and on the use of this construct as a marker for developmental differences between lateral roots

and Rhizobium- induced nodules.

3.2

Results

3.2.1

Promoter -GUS construct

The tobacco (Nicotiana tobacum cv. samsun) basic chitinase promoter contains 1764 hp of promoter

sequence derived from FB7 -1(3) (Table 2.2) (Neale et al. 1990). This had been PCR- engineered to allow

cloning into the HindIll and Ban/HI sites of the binary transformation vector pBI101.3 (Clontech). The
promoter -i- glucuronidase- nopaline synthetase terminator (promoter:GUS:NOS) cassette was excised
with EcoRI and HindIII, EcoRI linkers added, and cloned into

a

unique EcoRI site in the binary

transformation vector pTAB10 (Kahn et at. 1994) to create pCP001 (Table 2.2 and Fig. 3.1). This
permitted the use of the 35S:bar gene as the selectable marker which has been shown to be an order of

magnitude more efficient than nptl for white clover transformation (Larkin et al. 1996).

3.2.2

Defence related expression.

Following transformation into white clover (carried out by Dr P. Larkin, CSIRO, Canberra) and
tobacco (as described in 2.3.3 and 2.3.4), the chitinase:GUS:NOS transgenic plants were assayed for
GUS enzyme activity (as described in 2.3.6) to characterise the temporal and spatial regulation of the

expression of the tobacco basic chitinase promoter. All transformants were assessed for the relative

strength of their transgene expression and, since these plants were to be used for histochemical staining
experiments, the trangenic lines which readily stained for ß-glucuronidase activity were selected for

further study. Over 30 transformed tobacco lines and 17 white clover lines were generated prior to
assessment for transgene expression. Localised expression of the chitinase:GUS construct was observed
by GUS staining of leaf tissue following wounding due to sucking -insect feeding (Fig. 3.2). Mechanical

wounding of leaf, stem, root and floral tissue of white clover and tobacco induced GUS transgene

expression within 24 h.

3.2.3

Developmental expression in tobacco and white clover.

In order to examine and compare the normal expression pattern of the tobacco basic chitinase
promoter in tobacco and white clover, all tissues were examined for constitutive expression of the
promoter -GUS fusion. High levels of constitutive expression of the basic chitinase promoter-GUS fusion
were observed in root meristems of all main and emerged lateral root tips (Fig. 3.3 and 3.4 a). No

expression was observed, however, in lateral roots prior to emergence through the main root epidermal
cell layer (Fig. 3.3 c). No staining was observed in leaf, stem or floral tissue. Special care was taken to
assess transgene expression during floral initiation in white clover and tobacco, however no

histochemical expression was observed. This result differs from that of Neale et al. (1990), where basic
chitinase mRNA was detected at elevated levels in the shoot apical meristem during floral initiation.

Transgene expression in white clover plants was not readily detectable during the period of floral
40

Fig. 3.]

construct.

Schematic representation of the con stmction of the tobacco basic chitinase -GUS

pTAB10
11.15 Kb
Right Border

Left Border

35S

OCS 3'

gAR
Chitinase /GUS fusion EcoRI
tinkered and cloned into
EcoRI site of pTAB10

-

(3-glucuronidase

pB1101.3

EcoRl

Tobacco basic -chitinase
promotor cloned into Hindi!
and BamHI sites of pB1101.3
Híndlll

BamHI

Tobacco basic -chitinase promoter

Fig. 3.2 Transgenic white clover tissues histochemically stained for GI JS activity: (a) leaf after
5

days exposure to aphids; (b) and (c) insets showing detail of the damaged areas in (a).

Fig. 3.3

Transgenic white clover tissues histochemically stained for GUS activity: (a)

nninoculated main root tip showing staining of the meristematic zone; (b) uninoculated emerged
lateral root (LR) showing staining of the meristematic zone; (c) uninoculated root, pre -emergent

lateral roots lacking GUS activity (P).

Fig. 3.4 Transgenic white clover tissues histochemically stained for GUS activity: (a) strain

ANU845(pRI4003) inoculated roots, non -staining nodules, and emerged lateral root with stained
meristematic zone (N and LR respectively); (b) strain ANU845 flood inoculated root showing
staining in meristem and in some cells in the zone of cell elongation immediately above the
meristem; (c) strain ANU845(pRI4003) spot inoculated root, point of inoculation indicated
(arrow), inner cortical cells show transient GUS expression.

initiation and flowering (results not shown). This lack of expression prevented effective spot inoculation
experiments of roots during periods of floral initiation and flowering.

3.2.4

Expression during Rhizobium infection and symbiosis.

Expression of the chitinase promoter during Rhizobium nodulation and nitrogen fixation was assayed.
Rooted leaves (2.3.5) were flood inoculated (2.2.3) with strain ANU845(pRI4003) then sampled over a
period of I -14 d, the samples were histochemically stained for GUS activity. No staining in nodules or

nodule meristems was observed (Fig. 3.4 a). Staining of the main and emerged lateral root meristems was
as for the uninoculated roots (Fig. 3.4 a). Shorter time points were used in order to determine

if

expression from the chitinase promoter occurred earlier than 24 h during Rhizobium -white clover
interactions. Both spot (2.2.3) and flood inoculation was done using strains ANU845(pRI4003, nod`) and
ANU845 (control, nod) where roots were assayed for GUS activity after 0, 2, 4, 8, 16 and 24 h. Transient

expression of the GUS construct after ANU845(pR14003) inoculation was observed in the inner cortical
cell region of the inoculated roots between 2 and 4 h post-inoculation (PI). Roots flood inoculated with

strain ANU845(pRI4003) showed GUS staining extending over a greater zone above the tip (results not

shown), compared to the strain ANU845 flood inoculated control roots (Fig. 3,4 b). In contrast, roots spot
inoculated with ANU845(pRI4003) expressed GUS in the area of inoculation separate from the

meristematic GUS expression, during the period 2 -4 h PI (Fig. 3.4 c). Roots flood inoculated with strain
ANU845 showed some GUS activity in the zone of elongation in addition to the constitutive activity in
the root meristem. However, spot inoculation with purified Nod factor from strain ANU843 (2.2.4)

caused root hair curling, but did not affect GUS expression in the inoculated root. A comparison of the

results of a series of replicated experiments (each using

3

to 6 replicate rooted leaves per treatment),

examining basic chitinase expression in nodule and lateral root development, is summarised in Figure
3.5.

3.3

Discussion

3.3.1

Comparison of tobacco basic chitinase promoter:GUS fusion activity in

tobacco and white clover
The work presented here demonstrates that the tobacco basic chitinase promoter- GUS -NOS cassette

expressed in white clovers. Histochemical staining for GUS activity has shown that the FB7 -I(3)
promoter- driven GUS gene is developmentally expressed in the root meristem of the main and emerged
lateral roots in both transgenic white clover and tobacco plants. No GUS activity was observed in other,
healthy tissues of either species. This correlates with the results of Neale et al. (1990), where northern

blot analysis of healthy and wounded tobacco showed that high constitutive levels of basic chitinase
transcript were present in root tissue, but low levels were present elsewhere in the plant. Neale et al.
(1990) also observed basic chitinase mRNA induction by wounding in tobacco, which correlates with the

wounding observed in tissues of transgenic tobacco and clover. Furthermore, this work demonstrates that
the wound -induced basic chitinase promoter activity is highly localised. Thus, the correlation of spatial

and temporal regulatory systems of the tobacco promoter in tobacco to that seen in white clover suggests
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Pig. 3.5 Comparison of basic chitinase promoter transcriptional activity in nodule and lateral

root development. This summarises the results of many experiments done using Rhizobium
strains and Rhizobium-derived Nod factor to investigate root and nodule development. Zones of
transgene expression are indicated by blue shading.

non -expression

expression
in emerged
lateral roots

expression
within main tap
root meristem

in developing
and emerged
nodules 4 hrs
post Rhizobium
inoculation

transient
expression
0-4 hours
post Rhizobium
inoculation

a conservation of regulatory mechanisms. Consequently, histochemical GUS staining in these transgenic

clover lines could reflect the spatial and temporal regulatory regime of an endogenous basic chitinase in
clovers.

33.2

Supporting evidence for GUS activity data with tobacco northern blotting

data
Promoter- reporter gene fusions in plant systems have been shown to be prone to artifactual
expression (Taylor 1997, and references therein). Promoter -reporter gene fusion results must therefore
be further substantiated by additional analyses. Such concerns raised regarding the fidelity of promoter-

reporter gene fusions should be addressed with respect to the results obtained from the FB7-l(r)
promoter-GUS fusion in this work.
Additional data relating to FB7 -1

35

gene expression in its native genetic background exists in the

studies of Meeks-Wagner et al. (1989) and Neale et al. (1990). The GUS histochemical staining

observed in white clover and tobacco correlates with northern hybridisation analysis of developmental
and wound- related basic chitinase expression in tobacco. Meeks -Wagner et al. (1989) and Neale et al.
(1990) reported high basic chitinase naRNA levels in roots, transient expression in prefloral and floral
apices, low levels in basal leaf/internodes, and a dramatic increase in mRNA levels in wounded leaves.
No GUS activity staining was observed in the basal leaves /internodes, prefloral or floral tissues of

transgenic tobacco or clovers. This may be a result of the expression in these tissues being below the
detectable threshold for histochemical staining. Our observation of a decline in transgene activity in

roots during the transition to flowering also correlates with the decline in mRNA levels in tobacco roots
(Meeks -Wagner et al. 1989; Neale et at. 1990). Seasonal variation in cellular signals, as reported by the
FB7 -1(3) promoter-GUS fusion, raises questions as to the functions and/or effects of this variation. This
was problematic for rooted leaf experiments, but provides additional evidence to suggest that the

regulatory signalling of the tobacco basic chitinase promoter is conserved in white clover.

Whilst there is no evidence to suggest that an endogenous clover basic chitinase gene exists, the data
obtained in this study indicates that, if present, such

a

gene may be regulated similarly to the tobacco

gene. If the promoter -GUS fusion reporter gene data does reflect endogenous basic chitinase activity in

roots, then this may have a seasonal effect on rhizobial NOD factor stability in the rhizosphere, and thus
on nodulation success.

3.3.3

Comparative development of lateral roots and nodules in white clover

Use of the tobacco basic chitinase promoter gene construct in a legume has enabled the examination
of its regulation during root morphogenesis in white clovers. Absence of GUS staining in nodules,
despite its presence in the lateral root meristem, was unexpected. Hirsch (1992) has discussed whether a
nodule is a type of modified lateral root (a summary comparison of these root tissues are shown in Fig.
3.6). If this were the case, the nodule meristem may be expected to express basic chitinase at high levels

(and therefore express GUS at high levels). This was not the case, indicating that root nodules and

lateral roots use different developmental regimes during the early stages of their formation.
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Fig. 3.6

Summary comparison of the development of young nodule and root tissues (after

Scheres 1990).
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Absence of GUS staining in nodules led to an examination of a possible role for chitinase in the early
stages

of

Rhizobium- clover

signal

exchange.

species

Rhizobium

synthesise

and

secrete

lipooligosaccharide signal molecules (Nod factor) (Spaink and Lugtenberg 1994) which, when applied at
picomolar concentrations, first induces root-hair curling, then cortical cell division and induction of

plant early nodulin proteins in the roots of leguminous plants. The initiating step in the infection process
often leads to nodule formation and biological nitrogen fixation.

Transient GUS expression was observed in the zone of new root hairs of white clover inoculated with
the compatible Rhizobium strain 845(pRI4003), but not when inoculated with purified Nod factor from

strain ANU843 or with strain ANU845. Thus, the ability to trigger nodule development and basic

chitinase gene transcription is encoded within

a

32 kb DNA fragment of the Sym plasmid of strain

ANU843. Application of the Nod factor from strain ANU843, however, is not sufficient to trigger the
observed transient response from the transgene. Either (1) an additional genetic factor within the

pRI4003 plasmid is required for activation of transgene activity and nodulation, or (2) the added Nod
factor has failed to induce the initial steps of inner cortical cell division. The latter explanation is more
likely as it is hard to consistently demonstrate Nod factor-induced cortical cell division in white clover

roots. This difficulty may result from a requirement for the continuous production and release of Nod
factor from the colonising rhizobia to induce the appropriate signal transduction system in clovers.

Furthermore, the transient response in the zone of infectability, due to

a

compatible Rhizobium strain

and not to the Nod factor or Sym plasmid -cured strain, indicates that the phenomenon was not due to a

pathogenesis- related reaction to the presence of bacterial cells.

3.3.4

Cell cycle involvement in lateral root and nodule formation

The observations made using the chitinase -GUS transgene should be considered in the context of
comparative development of lateral roots and nodules. Lateral root formation is a two -stage process

where non -dividing pericycle cells in the G2 phase of the cell cycle (Blakely and Evans 1979) re -enter
the cell cycle and contribute to the formation of a primordium, after which a subset of cells within the
primordium becomes autonomous (i.e. become a root meristem) (Schiefelbein and Benfey 1991; Sussex
et al. 1995; Scheres et al. 1996). Plant cells in G2 phase require cytokinin to enable transition to mitosis

(M) through a hormonal checkpoint (John 1996; Zhang et al. 1996). In contrast, nodule primordia
develop from a subset of cortical cells in G1 which re -enter the cell cycle (Yang et al. 1994). Transition

from GI to M is believed to be controlled by oppositely oriented gradients of the morphogenìc factors:
Nod factor and stele factor (Yang et al. 1994). Autonomous primordium formation in lateral roots

occurs approximately 32

h

after initiation of cell division; however, the developing lateral resembles a

primary root, anatomically and histochemically, only after eight cell layers (Scheres et al. 1996).

Potential links exist between Nod factors, change in chitinase promoter activity, and the GI to M

transition. Nod factor has been proposed to have hormone transport inhibitor activity (Hirsch 1992;

Mathesius et al. 1998) which, may set up a localised hormone gradient. The localised change in
hormone levels may then promote the Gl to M transition and,

a

change in basic chitinase promoter

activity. This, in turn, would affect the amount of chitinase enzyme present, and thus affect the
hydrolytic activity on the Nod factor oligochitin component. Much of this area of research requires
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further, detailed study. The use of hormone-responsive promoters such as those used by Mathesius et al.
(1998) and Röhrig et al. (1996) are promising approaches towards understanding these processes.

3.4

Conclusion

A comparison of the expression of the basic chitinase during lateral root and nodule development is

shown in Fig. 3.5. Very early root and nodule development (prior to cell division) is different. Once cells
enter the cell cycle, the developmental pathways appear to be similar during further division and growth

through the root cortex. Emergence through the epidermis marks

a

point of developmental divergence

where a root cap is evident on lateral roots, but no recognisable cap exists on nodules. Use of the
chitinase -GUS transgene has enabled the demonstration of the differences in root and nodule

development at initiation of cell division and at the emergence through the root epidermis. The existence
of endogenous basic chitinase in white clover, and the regulation of such a gene remains to be fully
investigated.
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This chapter is based on my research. The work presented in this chapter was continued after that of

Kevin Broderick (1995). A research manuscript co- authored by KB and myself, and based on the TsYprlOa gene, has been published in the Australian Journal of Plant Physiology (Broderick et al. 1997).

Elements of the manuscript introduction and discussion, which relate to the protein induction and
characterisation, were originally submitted as a research manuscript by KB. However, the characteristics
of the originally isolated clones had to be re- examined and re- sequenced and the manuscript was

substantially re- written by me in order to update, add to, and correct the rejected manuscript of KB prior
to submission of a new paper which appeared as Broderick et al. (1997).

Chapter

Ts- Ypr10a: molecular

4

characterisation of a

redlegged earth mite and ethephon inducible pathogenesis-

related protein gene in Trifolium subterraneum.
Summary
One of the chief predators of subterranean clover (Trifolium .subterraneum) pastures is redlegged

earth mite (Halotydeus destructor; RLFM). Subterranean clover pathogenesis -related (PR) proteins
induced by RLEM attack and ethephon treatment were surveyed and a protein induced by RLEM

predation and treatment with ethephon was isolated and found to have a possible chitinase activity
(Broderick 1995). It was purified and the N- terminal amino acid sequence determined. Using a
degenerate oligonucleotide primer designed from this sequence, a corresponding eDNA fragment was
amplified by reverse transcriptase -PCR, then cloned, and used as a probe to screen filters of a

subterranean clover cv. Karridale genomic library which
and

a

I

had prepared (Broderick 1995). The eDNA

97% homologous genomic clone were sequenced and the deduced amino acid sequence revealed

an open reading frame of 157 amino acids capable of encoding a peptide of 16,478 Da. Significant

similarity (80 %) was found between this protein (Ts- PR10a) and an abscisic acid (ABA)- responsive
protein from Pisum sativum of unknown function which is an intracellular pathogenesis-related (1PR)

protein. The gene coding for Ts -PRIOa also has similarity to pea "disease response resistance genes"
and to PR- proteins from other plant species. Genomic Southern analysis indicates that the gene

encoding this protein is

a

analysis indicates that the

member of a multigene family with at least three members. Northern blot
T,s- YpriOa

mRNA, or homologous transcript, level is strongly induced by

ethephon treatment in both root and aerial tissues of three week old plants. The rapid induction kinetics
of Ts-YprlOa mRNA under ethephon treatment, its correlation with a putative chitinase activity, and
similarity to other PR- protein genes, suggests

a

pathogenesis-related role for Ts- Ypr10a. Furthermore,

low levels of Ts- Ypr10a mRNA in aerial tissue of young seedlings presents an opportunity to enhance

seedling resistance to RLEM damage

-

seedlings attacked by mites were less susceptible to subsequent
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mite attack when compared to plants that were attacked by mites for the first time. As many pre- infected

plants exhibit a non-specific host resistance to pathogens which includes systemic acquired resistance
(SAR), these PR- proteins are suspected of playing a role in this phenomenon (Metraux et al. 1989).

Introduction

4.1

The agricultural importance of clovers in Australia results from their biological nitrogen fixation
ability, and the resultant contribution to pasture improvement and as a quality protein source for

livestock. This work investigates a protein which is induced by a common pest on clover, the redlegged

earth mite (RLEM, Halotydeus destructor (Tucker)). The damage to clover production caused by
RLEMs has been estimated at $200 million annually (Ridsdill -Smith 1991). The RLEM is a pest which
feeds on host plants by penetrating the plant cuticle with a stylet -like mouth piece and sucking the cell

contents into its body (Jiang and Ridsdill -Smith 1996). RLEM infested subclover plants form a silvery or
whitish blemish along the main veins of leaves which results from chlorophyll removal. This type of

damage causes stress, seedling mortality, reduced biomass and seed yield of pasture legumes (Gault and
Ridsdill-Smith 1996). The experiments of Broderick (1995) were performed on whole plants. It is the
damage done to, and the reaction of, the aerial tissues of T. subterraneum which have significant bearing
on the extent

of damage to

T.

subterraneum pastures. The identification of an effective means of

prevention of RLEM damage to subterranean clover could bring significant benefits to Australian

agriculture. Hence, the identification of specific pathogenesis-related (PR) protein/s might provide this
means.
PR- proteins were first detected in TMV- infected tobacco plants and were characterised as a set of

low -molecular weight proteins, selectively extracted at low pH, resistant to proteases, and localised in the

intercellular spaces of leaves (van Loon 1985). Ethephon, an ethylene evolving compound, induces
similar responses in plants as those induced by pathogen infection (van Kan et al. 1995). PR- proteins
were originally grouped into five independent families of closely related proteins (van Loon et al. 1987)

but this nomenclature has now been revised (Neuhaus et

at 1996) (see

1.3, Pathogenesis -related

proteins). The biological activity is not known for all of the PR protein families.
The PR-10 family, whose members are small acidic polypeptides (17 -19 kDa) containing 155 -160
amino acids with no known function and lacking a secretion signal sequence, are intracellular

pathogenesis -related (IPR) proteins (von Heijne 1985). Recently, isolated IPRs from Lupinus albus L.
were shown to be mainly associated with the vascular system and are localised extracellularly. IPR
proteins are usually encoded by gene families, and have no significant similarity to the other PR protein
families of no known function (Fristensky et al. 1988).
A survey of the PR proteins of

T.

subterraneum cv. Karridale was done in order to identify and

characterise PR proteins (Broderick 1995). Broderick (1995) determined PR protein induction in

T.

subterraneum results from RLEM feeding and ethephon treatment.
In this chapter, details and evidence concerning the sequence, possible function, and the expression of
a PR protein of subterranean clover, which is induced by RLEM attack and ethephon treatment, are

presented. This protein, Ts- PRIOa, has a sequence similar to those found in other PR proteins which have
no known function. These include proteins seen in peas, kidney beans, soybean, potato, parsley
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and birch. In addition, it correlates to a protein band with chitinase /lysozyme activity (Broderick 1995),
and is an example of the intracellular pathogenesis -related (IPR) group of proteins. Ts -PRIOa has
potential use in the improvement of the RLEM resistance of clovers if, it can be demonstrated to be

effective as a deterrent of RLEM feeding and, it can be expressed in the most vulnerable clover tissues.

4.2

Results

4.2.1

Sequence of Ts- YprlOa

The

T.r- Ypr10a

cDNA, cloned as two BansHI fragments (Ts-Yprl Oa; I, Broderick 1995) (Table 2.2)

was sequenced. The YpriO nomenclature is consistent with the recommendations of van Loon et al.,

1994, where the Y designation indicates that a family of genes that are defined by sequence

conservation, not by a known function. The prIOa designation represents the sequence similarity with

other pr10 family members, and that there is more than one pr10 gene within the

T.

subterraneum

genome. Errors present in the original sequence of Broderick (1995) were corrected. The combined
706 bp sequence contains all except the initial 32 nucleotides, which code for an assumed initiating

methionine, followed by the amino acids GVFAFEDDFV as identified by the N- terminal sequencing of
the Ypr I Oa protein (Broderick 1995) (Fig. 4.1). The final 244 bp make up the 3' non -coding region and
the stop codon TGA is at nucleotide position 462. The predicted amino acid sequence comprises
157 amino acids and has a molecular weight of 16,478 Da. The protein is acidic in nature and has a

calculated isoelectric point (pI) value of 4.93. The amino acids cysteine, tryptophan and methionine are
absent, whereas valine (14.65 %), glycine (12.10 %) and lysine (9.55 %) are present at high levels

compared to other amino acids.

4.2.2

Genomic library clones

The three positively hybridising lambda phage inserts were analysed and compared (Fig. 4.2). These

clones were previously isolated by Broderick (1995) from a Trifoliurn subterraneum cv. Karridale

genomic library, using the cDNA clone (Ts- Ypr10a ;1) as probe. Partial sequencing indicated that the
three clones were identical (results not shown) and, as different to the cDNA sequence, these were

designated Ts- Yprl0a;2. The full sequence of the Ts- Ypr10a;2 gene from within the genomic clone, and
its comparison to the cDNA sequence, is shown in Figure 4.1. Analysis of the promoter region of Ts-

YprlOa;2 reveals putative TATA boxes at positions -126 and -63 and other features including 18 bp

direct repeats at positions -281 and -252, each containing putative CAAT boxes. Both direct repeats
have flanking TATTAAA sequences. Comparison of the cDNA and genomic sequences reveals a
395 bp intron at position 181. A large number of poly d(A) and d(T) tracts exist in the 5' region. The

termination codons of Ypr10a ;1 and Yprl0a;2 were shown to be TGA and TAA respectively.

4.2.3

Southern blot hybridisation

Restriction mapping of the YprlOa cDNA and genomic clones showed two EcoRI sites, one BamHI
and no Hindlll sites conserved between the 2 clones (Ypr10a ;1 and Yprl0a ;2). Hybridisation of the
eDNA to subterranean clover genomic DNA, cut with these three enzymes, indicates that the gene
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Fig. 4.1

Gnomic and cDNA sequence of T. subterraneum Ypr10a clones. The upper sequence

is the Ts- Ypr10a;2

genomic sequence, and the lower represents sequence differences in the Ts-

Yprl0a;1 eDNA sequence. Homology to the Ypr10a;2 sequence is indicated by dots. Bases are
numbered relative to the transcription start in Ypr10a;2 sequence, noted sequence features are:

predicted initiation and termination codons (boxed), an internal BamHI restriction endonuclease
site (boxed), putative TATA boxes (underlined), intron sequence (italics) and 18 bp direct repeats

(arrows). Putative polyadenylation signal sequences are underlined.
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Fig. 4.2 Comparison of three T. subterraneum genomic library clones which strongly hybridised
n

32P- labeled YprlOa;1, Three 14 kb Noti restriction endonuclease fragments were analysed. A

3.8 kb NotIIHindIII restriction fragment was subcloned and analysed. Sequence analysis of

internal sequences, revealed exon sequences (blue), a 105 hp sequence in the 3' untranslated
region which has no matching sequence in the eDNA sequence (orange), the promoter and 5'

untranslated region is denoted by a thick arrow.
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encoding PRIOa is a member of

a

multigene family with at least three gene copies (Fig. 4.3). Four

distinct bands are shown by the HindIII cut genomic DNA. Broderick (1995) performed Southern

blotting using Ypr10a;1 cDNA as probe and, concluded that YprlOa was present in the subterranean

clover genome as a multigene family of more than one member.

4.2.4

Similarity to published sequences

The amino acid sequence of TsPRIOa encoded in Ypr10a;2 (Fig. 4.4) was found to have significant

similarity to intracellular pathogenesis-related (1PR) proteins including an ABA-responsive protein
(PsABR) from pea (Pisum sativum) (Iturriaga et al. 1994), and intracellular PR- proteins from bean
(Walter et al. 1990), garden pea (Fristensky et al. 1988, Genbank accession number x79706), white
birch (Brieteneder et al. 1989), potato (Matton et al. 1990; Linthorst 1991; Constahel and Brisson 1992)
and parsley (Somssich et al. 1988; van de Locht et al. 1990). The amino acid and cDNA sequence of
TsPR10a has 80% identity with an abscisic acid -responsive pea -protein (ABR17). Significant sequence

similarities of TsPR10a were also found to the proteins PR2 and PRI in bean (52% and 55%), p149 in

pea (57 %), Betvl in white birch (45 %), STH2 in potato (35 %) and Pr1 -I from parsley (32%). Intron
position in Ypr10a;2 is conserved, corresponding to amino acid position 60 in comparison with pea
(Fristensky et al. 1988; Chiang and Hadwiger 1990) and parsley ( Somssich et al. 1988) and at position
57 in potato (Matton et al. 1990). These figures differ from those of Broderick (1995) which generally

differed by up to 3% due to errors in his DNA and predicted protein sequences. In addition, Broderick
duplicated six base pairs of DNA sequence in the cDNA clone at the internal BamHI site, this extended
the DNA and predicted protein sequences which introduced errors into sequence similarity, and

molecular weight calculations.

4.2.5

Induction of Ts-YprlOa by ethephon

To determine whether the induction kinetics of the Ts- YprlOa gene family correlates with those of

the observed TsPR10a induction (Broderick 1995), and with those of other IPR genes, subterranean

clover was sprayed with ethephon (a known inducer of PR protein genes and the TsPR i Oa protein). As
RLEMs have a feeding preference for young, aerial tissue, separate measurement of YprlOa transcript
levels in aerial tissue is more relevant to than that in root tissue. Thus, root and aerial tissues of mature

subterranean clover plants were sampled separately to determine the relative abundance of Ypr10a. This
was not done for the PR10a protein in Broderick (1995) where whole subterranean clover plants were

sampled. The level of YprlOa gene family transcripts increased dramatically in both the roots and leaves

after induction by ethephon (Fig. 4.5). One day after treatment, the Ypr/Oa mRNA level increased 6.6fold in root tissue and 21 -fold in aerial tissue relative to that of water- sprayed controls. This degree of

induction was not sustained, however, with the day five levels lower than those at day one.

4.2.6

Expression of YprlOa in seedlings

As the preferred feeding source for RLEMs is young aerial tissue, RLEM feeding on cotyledons and

the first trifoliate leaves is a significant cause of seedling mortality in clovers (Jiang and Ridsdill -Smith
1996). Transcript levels of YprlOa in subterranean clover seedlings were determined in order to gain
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Fig. 4.3

Genomic blot analysis. Genomic DNA (10 µg per lane) was digested with,

BamHI (lane 2), EcoR' (lane 3), HindIII (lane 4), the products were electrophoresed through a
0.8% agarose gel, blotted and hybridised with 32P- labeled Ypr10a;1. Lane

I

represents size

markers (Lambda DNA cut with HindIll): sizes of fragments (in kilohases) is indicated.

;

EZ

tt
9'9
'6
EZ

Fig. 4.4

Comparison of amino acid sequence of

T.

subterraneum (Sub) TsPR10a;1 deduced

from the Ypri0a;1 cDNA sequence with similar PR-proteins from other plant species listed in the

text and the amino- terminal sequence of the TsPRiOa protein. The amino terminal sequence of
PR -10a is shown. Homology to the TsPR10a;2 sequence encoded by Ypr70a;2 is indicated by

asterisks. Gaps (-) were inserted to maximise similarity. The number of amino acids in each
protein sequence is listed at the end of each line.
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Fig. 4.5 Total RNA (10 µg per lane) from ethephon sprayed root and aerial tissue at days 0,

1

and 5, probed with 32P- labelled Ypr10a;1: (a) blots were probed with the cDNA, Ypr10a;1, and

pTa250.1 loading control (wheat rRNA clone); and (b) relative Ypr10a multigene family

transcript levels, corrected for loading differences. The transcript level of aerial tissue at day 0
is defined as one relative unit.
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information regarding constitutive expression levels in healthy young seedlingscontaining such tissues.
Expression of the YprIOa gene family was determined in subterranean clover seedlings at two and ten
days after germination (Fig. 4.6). YprlOa expression in two day old seedlings was 29 -fold higher in

roots than in aerial tissue. However, by ten days the root mRNA levels were reduced two -fold and aerial
tissues increased 7 -fold.

4.3

Discussion

4.3.1

Proteins induced by RLEM feeding

As a result of RLEM attack or following ethephon treatment of

T.

subterraneurn, potential PR-

proteins are induced in in situ gel activity assays. Isoforms of chitinase, peroxidase and

13- 1,3-

glucanase

have been detected in subterranean clover plants (Broderick 1995). Broderick (1995) was specifically

interested in induced proteins which may function in conferring resistance to subterranean clover
against RLEM (Halotydeus destructor). There is very little information on the internal and alimentary
canal of Halotydeus spp. Some related families of mites, however, have an oesophagus, salivary gland
ducts, pharynx and rectum lined with a thin layer of chitinous material (Hughes 1959; Wooley 1988;

Evans 1992). It was considered that a chitinase enzyme might effectively deter RLEM feeding by

degrading such potentially vital chitinous internal structures. The small acidic protein (TsPR10a) was
chosen for further investigation as it was the most obviously mite -induced of the PR-protein bands. In
addition, the TsPRI Da protein also corresponded to a chitinase /lysozyme band in in situ gel activity
assays (Broderick 1995). It is possible that activity bands detected using this assay also possess lysozyme
activity due to the similar chemical structure of chitin and peptidoglycan (Boller 1987). To determine

definite lysozyme activity the assay would require a peptidoglycan substrate rather than the chitin
substrate used in Broderick's study.

4.3.2

Classification of the RLEM- inducible protein gene

The protein corresponding to the chitinase/lysozyme band purified by Broderick was protease
resistant, a characteristic of PR proteins (van Loon 1985). TsPR10a and other similar PR proteins lack a
signal peptide typical for extracellular proteins in eukaryotes (Walter et al. 1990), and therefore are
highly likely to be located intracellularly. In addition, this class of PR proteins has no sequence
similarity to any of the previously characterised tobacco PR proteins (van Loon 1985).

Preliminary classification of TsPR10a is based upon its sequence similarity to members of the PRIO
family, rather

than its potential chitinase / lysozyme activity.

This classification

follows the

recommendations of the Commission on Plant Gene Nomenclature (van Loon et al. 1994), and also
avoids the need to classify this protein into one of the three chitinase PR families. Until further evidence
is

presented regarding the enzymatic activity of TsPRI

Oa,

and that of the PR -10 family, it is appropriate

to use the preliminary classification nomenclature (Neuhaus et al. 1996).
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Fig. 4.6 Total RNA (10 tg per lane) from root and aerial tissues in 2 and 10- day -old seedlings

probed with 32P- laheled Ypr10a;1; (a) blots were probed with Ypr10a;1, and pTa250.1; and (b)

relative YprJOa multigene family transcript levels, corrected for loading differences. The

transcript level of aerial tissue at day 2 is defined as one relative unit.

Root Aerial

a

2 10172 10

#

TsPR10a(i)

Ta250.1

b

35
30
25
20
15
10
5
0

10

2

Root

2

10i

Aerial

4.3.3

Molecular analysis of Ypr-IOa gene family

The Ts- YprlOa eDNA clone was used to isolate genomic clones from a

subterraneum genomic

T.

library (Broderick 1995). Southern hybridisation studies demonstrated that the gene encoding the
PRIOa protein in clovers is part of a multigene family. A genomic clone of a Ts- YprlOa gene -family

member (Ypr10a;2) was isolated (Broderick 1995), and it has 97% sequence identity to the Ts- Ypr1Oa; I
sequence. Broderick (1995) determined this to be 95% homology at [he DNA level, this error was a
result of the duplication of bases encoding the BamHI restriction site.
There are no HindIII sites within either the eDNA or genomic clones, so the four hybridising bands
are most likely to represent at least three members of the YprlOa multigene family. [t should be noted,
however, that since two of the hybridising IlindIIl bands are more intense than the others (Fig. 4.3),

there are possibly more than three copies. If all family members are highly homologous, then the two

hybridising hands of lower intensity may represent one copy each and, therefore, the more intense hands

represent two or more family members. Alternatively, two members of the multigene family are more
homologous to the probe copy than the others. The YprlOa clones generated are highly homologous to
each other, and thus Ypr10a;1 may be expected to hybridise most strongly both to the gene encoding it
and to the Ypr10a;2 gene. Thus, it is possible that the cloned sequences represent the two most similar

members of this small gene family. If one family member not represented by the eDNA or genomic
clones has an internal Hindlll site, it is possible that only three copies exist and the two fainter bands
reflect this. [PR gene copy number in other species ranges from single copy to 12 or more copies

(Walter et al. 1990). Walter et al. (1990) and Crowell et al. (1992) observed fewer hybridising hands on
genomic Southern blots than the calculated number of gene copies, which suggests that IPR genes are
arranged in tandem arrays, or have a conservation of restriction fragment size.

4.3.4

Sequence similarity of TSPRI Oa with other PR10 proteins

TsPR10a is homologous to [PR proteins from other species including the legumes Piston sativum,

Glycine max and Phaseolus vulgaris (Fig. 4.4). In pea, ABRI7 appears to be a single -copy gene, and is
similar to pea disease resistance response proteins. [t is produced late in seed development, and is

induced by exogenous ABA (Iturriaga et al. 1994). In soybean, SAM22 is

a

member of a family of

stress- induced, developmentally regulated genes and is a member of a multigene family (Crowell et al.
1992). SAM22 accumulation in soybean is specific to roots and aging, especially senescent cotyledons

and leaves of vegetative soybean plants. TsPR10a is similar to two defence -related proteins in bean

(PvPR1 and PvPR2) which are also members of a multigene family (Warner et al. 1992).

4.3.5

Functions of PR10 proteins

Although proteins similar to TsPR10a have been found in other plants, as yet no function has been
assigned to them. Transcripts encoding IPR proteins have been shown to accumulate in response to
pathogen or fungal elicitors in pea (Fristensky et al. 1988; Chiang and Hadwiger 1990), bean (Walter et
al. 1990; Awade et al. 1991), and parsley (van de Locht et al. 1990; Moiseyev et al. 1994). They have

also been shown to accumulate in response to wounding and other stresses in potato (Matton et al.
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1990; Linthorst 1991), soybean (Crowell et al. 1992), and asparagus (Warner et al. 1992). Another

member of this class of IPR protein genes, Bvbetvl, encodes the major birch pollen allergen (Brieteneder
et al. 1989). It has been suggested that IPR proteins are ribonucleases (Moiseyev et al. 1994). Nterminal and C- terminal sequences of an isolated ribonuclease from a callus cell culture of Panax
ginseng C.A. Mey strain R1 had 60 -70% sequence identity with two IPRs from parsley (Moiseyev et al.
1994). The occurrence of homologous proteins and genes expressed after pathogen or elicitor stress in

different plant families suggests an evolutionary relationship. It also suggests an important role in the
plant defence response against pathogens.

4.3.6

Regulation of Ypr10a expression

Ethephon produces hydrochloric and phosphonic acids as byproducts of ethylene evolution (Yang
1969). The potential for these byproducts to induce plant defence or stress responsive genes must

therefore be addressed. Van Kan et al. (1995) set up elaborate controls for their work on the induction
of tomato stress protein tuRNAs by ethephon. The induction of tomato intracellular glucanase, chitinase
and osmotin genes by ethephon was not significantly different to induction by the acid control. Thus an

induction effect was observed by the exposure to the (hydrochloric /phosphonic) acid spray (van Kan et
at. 1995). Aware of this evidence, it was decided to use ethephon as an abiotic inducer of Ts- Ypr10a

because it induced the same chitìnase/lysozyme activity hand in clover as did RLEM feeding (Broderick
1995).

Northern hybridisation results show that one or more members of the Ypr10a gene family are

induced rapidly to high levels by ethephon treatment. Rapid induction kinetics are typical of many PR
protein genes (Linthorst 1991; Stintzi et al. 1993), and suggests a pathogenesis- related role for
TsPR10a. The perceived induction in aerial tissue at time zero ethephon treatment (Fig. 4.5) must be

interpreted carefully due to the time -intensive harvesting procedure, where the time zero ethephonsprayed tissue was sprayed, removed from soil, washed to remove remaining soil prior to dissection into
aerial and root tissue, then frozen in liquid nitrogen in 0.5
to 30 min. between ethephon spraying and freezing

g lots.

The harvesting procedure required up

of the last time zero tissue.

Age -dependent regulation of Ypr10a transcripts was observed in two day old clover seedlings. Days
two and ten were chosen for sampling times because the seedlings reliance on cotyledon tissue for

photosynthesis may change during this time. Cotyledons of two day old seedlings are generally just

emerged from the seed coat (Fig. 2.1 a), and thus may be exposed to RLEM attack. Ten day old
seedlings, with two to three trifoliate leaves (Fig 2.1 b), are less reliant on the RLEM -preferred
cotyledon tissue, and therefore may sustain more extensive RLEM attack while maintaining their

photosynthetic ability. The most striking evidence of developmental regulation is the results of northern

hybridisation data derived from healthy, untreated seedlings where Ypr10a mRNA levels increase over
eight days in aerial tissue by a factor of seven, whilst a decrease by a factor of two was observed in root

tissue (Fig. 4.6). Young clover seedlings are very vulnerable to RLEM attack, and RLEM feeding is
usually concentrated on the cotyledons and young leaf tissue. Jiang and Ridsdill -Smith (1996) have

demonstrated preferential feeding behaviour of RLEM, where they showed that a negative correlation
exists between the mechanical strength required to pierce plant tissues and the feeding damage by
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RLEM. They thought that a lack of strength in young leaf tissue was reflected in the enhanced feeding
damage to young Ieaf tissue. Therefore it is important to note that the relative distribution of YprlOa
mRNA in young seedlings is mostly in root tissue. The root tissue expression may reflect a greater

importance of roots in early seedling survival than aerial tissue. Perhaps as a result of continuing contact

with microorganisms in the soil and physical damage by growth through a harsh soil environment,
subterranean clover expresses certain PR proteins constitutively. This may have evolved as a means of

bypassing

a

requirement of chronic infection and wounding for induction of some pathogenesis- related

genes in the root tissue. Alternately, TsPRIOa may have as yet unidentified developmental roles in

subterranean clover. if PR10a has a deterrent activity on feeding RLEMs, it may be an advantage to
express PR10a at high levels in the aerial tissue of young seedlings. The low aerial mRNA level provides
an opportunity to test if resistance to RLEM damage is increased by engineering elevated levels of PRIOa

expression in leaves.

4.4

Conclusion
This study has characterised a subterranean clover PR protein gene encoding a protein induced by

RLEM and ethephon. While the protein correlated with chitinase activity from induced plants, it remains
to be demonstrated that the Ts- Ypr1Oa gene family encode proteins with chitinase activity. The induction
kinetics of YprlOa mRNA, its products sequence similarity to other PR proteins, and the putative
chitinase activity warrants further research. Material generated by Broderick (1995) and this research is

now suitable for use in expression cassettes in transgenic plants. An antisense construct may assist in

determining function of the YprlOa gene product. These approaches will enable an investigation both of
the enzymatic activity of TsPRI Oa and the potential for its use as an active deterrent against pests.
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Chapter 5

TsPRP1:

putative hybrid

a

proline-rich

protein gene.
Summary
This chapter describes the screening of a Trifolium subterraneum genomic library for two

pathogenesis- related (PR) protein genes, and the subsequent cloning, molecular and phylogenetic
characterisation of a putative hybrid proline-rich protein gene. Two novel PR cDNAs, PvPRPI and

PvPR3, were used as probes in order to clone subterranean clover homologues, and determine their
structure, regulation and potential function/s.
Genomic Southern blot experiments showed that DNA sequences related to PvPRP 1 and PvPR3 are

present within the

T.

subterraneum genome. The

T.

subterraneum genome contains sequences of

relatively high sequence similarity to PvPRPI, and relatively low similarity to the PvPR3 sequence.
Subsequent screening of a

T.

subterraneum genomic DNA library with PvPRPI and PvPR3 probes was

done. Strongly hybridising k -phage clones were purified using the PvPRPI probe. Screening for genomic

clones homologous to PvPR3 was not successful. It was concluded that insufficient DNA sequence
similarity exists between

T.

subterraneum DNA and PvPR3 to enable cloning of a subterranean clover

PR3 homologue.

Subsequent analysis of the TsPRP1

7,.

-phage clone has characterised the 3' end of the TsPRPI gene.

Sequence analysis of this fragment revealed a 291 bp exon flanked by intron and 3' untranslated
sequences. Comparison of the predicted 97 amino -acid sequence with sequences in protein and DNA
sequence databases reveals high levels of amino acid sequence similarity with the HyPRP PvPRPI, and

several extensin -like proteins of Nicotiana tabacum and N. alata. Many of the related protein genes of
tobacco species are expressed in a style- and pistil- specific manner. Other known plant HyPRP cDNAs
have been cloned due to specific expression in young fruit, embryogenesis and cold treatment.
T.

subterraneum genomic DNA Southern blot analysis using a TsPRPI probe indicated that TsPRPI

is present in the genome as a member

of a small multigene family with at least three members. Distantly

related sequences were not apparent, even at lower stringency washing.

Northern blot analysis of TsPRPI reveals three homologous transcripts, with differential mRNA
levels, under control and ethephon -induced conditions. A lower transcript level was observed for all

transcripts in the roots immediately after ethephon spraying of the aerial tissues. Transcript levels in
aerial tissue at one day after treatment was highest for all transcripts, with a subsequent lower levels at
day five. Age -dependent expression was also evident in two and 10 day old seedlings.

An anomaly was identified in the sequence similarity within the HyPRPs. The phylogenetic
relationships between TsPRP1 and other HyPRP -like proteins were therefore analysed. Two mutually
exclusive groups of HyPRP -like proteins were determined, where the carboxy -terminal amino acid

sequence was diagnostic for protein classification. The two groups, the "true HyPRPs" and "LTP -like
proteins ", have substantially different primary and (predicted) secondary structure, are phylogenetically
distinct, and are likely to carry out different functions within plants. These functions are proposed to be

associated with cell membranes and/or the cell wall. Within the true HyPRPs, TsPRPI and PvPRPI are
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both PR proteins which are phylogenetically distant from the remaining, reproductively induced, true

HyPRPs.

Introduction

5.1

There are few examples of cloned PR protein genes which are negatively regulated under stress
conditions. This chapter investigates the presence of subterranean clover homologues to two bean PR

protein genes with unusual induction kinetics under conditions of plant stress. PvPRP1 is negatively
regulated after exposure to fungal elicitor (Sheng et al. 1991).
The bean PR protein cDNAs PvPRP1 and PvPR3, used in this chapter as probes for related

subterranean clover genes, were cloned from a cDNA library produced from fungal elicitor-induced

mRNAs of bean cell suspension cultures (Sheng et al. 1991; Sharma et al. 1992). Like PvPRPI, PvPR3
was cloned through a serendipitous cross-hybridisation with a rabbit P450 cDNA which was used to

screen the library.
The PvPR3 cDNA encodes a protein with no significant similarity to reported sequences, and has
induction kinetics distinct from known bean PR proteins (Sharma et al. 1992), and no known function.

PvPRPI, a HyPRP (see 1.14.3.1, Proline -rich proteins), has limited similarity to the PRPs and has
biphasic induction kinetics after plant wounding or exposure of cells to fungal elicitors (Sheng et al.
1991).

Molecular analysis of TsPRPI DNA and predicted protein sequences highlighted a dichotomy within
the HyPRPs. Further investigation of inter-relationships between HyPRPs led to an extensive

phylogenetic investigation and reclassification of this group of proteins.

5.1.1

PvPRP1 a hybrid proline -rich protein

PvPRP1 is a member of a class of proteins, the hybrid (or chimeric) proline -rich proteins (HyPRPs)
which have novel domain structure (Sheng et al. 1991)(see 1.14.3.1 Hybrid proline -rich proteins). The
amino -terminal domain has limited structural similarity to the proline -rich cell wall proteins, whereas the

carboxy -terminal domain is short (99 aa) and hydrophobic (Sheng et al. 1991). The bean cDNA PvPRPI
has a novel regulatory regime under fungal elicitor and wounding, where transcript levels are regulated

under biphasic kinetics (Sheng et al 1991). Such induction kinetics are dissimilar to those of known PR
protein genes. On addition of fungal elicitor to bean cell cultures, or, wounding of bean tissue, PvPRP1
mRNA levels decline. However, in wounded hypocotyls, transcript levels subsequently increase over
24 h, to levels above the steady-state level. Additional investigations of the regulation

of PvPRPI have

identified a 50 kD protein which binds to a 27 bp H-rich sequence in the 3' untranscribed region. The

binding of this proline -rich protein binding protein (PRP-BP) to the mRNA is under redox regulation,

where reducing conditions promote binding, and thence, destabilisation of the transcript (Zhang et al.
1993; Zhang and Mehdy

1994). Zhang et al. (1994) postulated that reducing agents such as

homoglutathione (increased in concentration after elicitor treatment of bean cells) may contribute to the
reduction of PRP-BP, thus promoting destabilisation of the PvPRP1 mRNA.

54

5.1.2

Functions of structural cell wall proteins

Plant cell wall proteins such as proline -rich proteins (PRPs), hydroxyproline -rich glycoproteíns
(HRGPs), and glycine-rich proteins (GRPs) have been the focus of much research into their structure,

function and genetic regulation (reviewed in Cassab and Varner 1988; Jose and Puìgdomenech 1993;
Keller 1993; Showalter 1993) (see 1.14, Structural cell wall proteins). Despite the research in this area,
there is still a lack of knowledge regarding the function (or functions) of cell wall proteins, and of the
`unassigned" PR proteins.

Effective assignment of PR protein function must use all available information regarding; structure;
gene regulation; potential reactivity under oxidative burst conditions; and, (sub)cellular localisation.

Studies of the structure of cell wall proteins has not provided enough information to allow function /s
to be determined. Relevant structural factors include protein composition, domain structure, and

similarity to other, better characterised PR proteins. The presence of signal peptides may give some

indication of the general localisation of the mature protein, however, an excretory signal does not
indicate whether

a

protein is localised to the cell wall, plasma membrane, or apoplast. Immuno-

localisation of proteins to cell walls, sometimes in a tissue -specific or subcellular fashion, has made
useful contributions to our knowledge of cell wall proteins, but has not indicated the function/s that these

proteins may carry out. Studies of protein biochemistry and the oxidative burst have elucidated the

potential for some cell wall proteins to covalently cross -link tyrosine residues through a peroxidase -like
activity (see 1.11, Peroxidases and the oxidative burst). Therefore, high levels of tyrosine within a PR

protein may reveal a potential role in cell wall strengthening via covalent cross-linking into the wall
structure.
The regulation of plant cell wall protein genes has shown that many are positively regulated by

elicitor treatment (Showalter et al. 1985), wounding (Corbin et al. 1987; Zhou et al. 1992), UV
radiation, and infection (Hammerschmidt et al. 1984; Showalter et al. 1985; Corbin et al. 1987; van
Kan et at. 1988). Some are developmentally regulated in a tissue -specific or age -dependent manner
(Hong et al. 1987; Hong et al. 1989).

5.1.3

Hybrid proline -rich protein gene structure

HyPRP genes or oDNAs have been cloned from carrot (Aleith and Richter 1990), maize (Jose -

Estanyol et al. 1992), tomato (Salts et al. 1991; Salts et al. 1992), alfalfa (Deutch and Winicov 1995),
Arabidopsis thaliana (Ar- TO1B08.9; GenBank accession U78721), the parasitic hanging vine Cuscuta

reflexa (Subramaniam et al. 1994), asparagus (King et al. 1996), and tobacco species (de Greef et at.
1991; Goldman et al. 1992; Chen et al. 1993; Cheung et al. 1993, and GenBank accession 1545958).
A generalised model (Fig. 5.1) of a HyPRP consists of an N-terminal hydrophobic signal peptide,

followed by a proline-rich domain (containing proline -rich repeat sequences). The C- terminal domain is

hydrophobic, and sometimes contains potential N-glycosylation sites (Sheng et al. 1991). The LeTPRP-

Fl and MsPRP2 clones, encoding HyPRPs, have introns within the

3'

untranslated region (Salts et al.

1992; Deutch and Winicov 1995). 3' introns have been identified in the PRPs (Showalter and Varner

1989), carrot extensin (Chen and Varner 1985) and maize HRGP (Steifel et al. 1990). Conservation of
the 3' intron in homologous genes between mono- and dicotyledonous plants indicate that these genes
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Fig. 5.1

Generalised model of a hybrid proline -rich protein (HyPRP). IIyPRPs have a short

hydrophobic amino-terminus

-

a putative signal peptide, followed by a proline-rich domain of

widely variable length, and terminated at the carboxy-terminus by a hydrophobic, cysteine -rich

domain of 80 -110 amino acids. Some HyPRP genes have been found to contain introns in the 3'

untranslated region, others have putative N- glycosylation sites in the carhoxy- terminal domain.
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may have evolved from the same ancestral gene, and that the 3' intron may be functionally important to
these genes (Salts et al. 1992) (see also Hydroxyproline -rich glycoproteins).

5.1.4

Expression of HyPRPs

HyPRPs are expressed in a wide range of tissues, and are induced by different stimuli. Tobacco
HyPRPs are generally expressed in floral organs (de Greef et al 1991; Goldman et al. 1992; Chen et al.
1993; Cheung et al. 1993). Some monocot HyPRPs are expressed in root tissue (Xu et al. 1995a; Xu et
al. 1995b) or root cortical cells (John et al. 1992; Choi et al. 1996). Many HyPRPs are expressed in fruits

(Salts et al. 1991; Coupe et al. 1993, and GenBank accession U80271; Banfalvi et aL 1996; Santino et al.
1997) or embryos (Aleith and Richter 1990; Jose-Estanyol et al. 1992). The Dc2.15 gene is expressed

during induction of somatic embryogenesis in carrot cell suspensions, with a raised level of transcript
from day three and tailing off after 16 days (Aleith and Richter 1990). Other HyPRP mRNA levels are

increased by cytokinin (Subramaniam et aL 1994; Sakuma et al 1997), reduced by auxin (Datta et al.
1993), or increased in genetic tumours (Fujita et al. 1994). Some HyPRP mRNAs are affected by stresses

such as cold (Castonguay et al. 1994; Goodwin et al. 1996, and GenBank accession U73214), salts

(Winicov and Deutch 1994; Deutch and Winicov 1995; Richards and Gardner 1995), fungal elicitor and
wounding (Sheng et al. 1991).

5.1.5

Investigation of PvPRPI and PvPR3 homologues

The bean PR protein genes PRPI and PR3 are novel with respect to both their structure and

regulation. Both transcripts have been shown to be regulated under novel kinetics after fungal elicitor and
wounding treatments. PvPRP1 is proposed to be an important cell wall component during normal growth,
with a lesser role during the defence response (Sheng et al. 1991). PvPR3 has no hydrophobic signal

peptide and is likely to accumulate in the cytoplasm. Whilst no homologues have been identified, PvPR3
shares a similar (basic) isoelectric point and high percentages of alanine and arginine residues with two
PR proteins from tobacco and tomato (Sharma et al. 1992). It has been proposed that PvPR3 may

function in the bean defence response by complementing the early, transient defence response (Sharma et
al. 1992).
This chapter reports on the screening and analysis of a

T.

subterraneum cv. Karridale genomic library

for homologues to PvPRP1 and PvPR3. The T subterraneum genome contains three or more restriction
fragments homologous to PvPRP1, whilst no sequences strongly homologous to PvPR3 were detected.
The characterisation of the PvPRP1 homologue TsPRP1 allowed analysis of gene sequence and

regulation. Investigation of unexpected sequence similarity results of TsPRP1 then led to a detailed
phylogenetic analysis of the HyPRPs. A new classification method is proposed for the HyPRPs.
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5.2

Results

5.2.1

Determination of optimal Southern hybridisation conditions prior to library

screening
Southern hybridisation conditions were optimised using PvPRPI and PvPR3 clones as probes.
However, both bean cDNA clones contain CT dinucleotide repeats in the 5' untranslated sequence

(Sheng et al. 1991; Sharma et al. 1992). CT repeat sequences caused cross -hybridisation with
cytochrome P -450 gene sequences in bean (Sheng et al. 1991; Sharma et al. 1992). The PvPR3 clone
(pPvPR3; Table 2.2) was truncated via a polymerase chain reaction using oligonucleotide primers

designed to remove the CT repeat sequence. An oligonucleotide primer, del -CT (see Table 2.3), used in
the reaction, was designed to bind to a position 3' to the CT repeat sequence and CT -rich sequences in

the 5' untranslated sequence. The reaction was set up using the del -CT and the M13 universal
oligonucleotides. This reaction produced a single DNA band of 400 bp, which was purified (2.4.18) to

create the ACTPvPR3 probe sequence. ACTPvPR3 and a HincII-EcoR1 fragment of PvPRPI, (PvPRPI3'; Table 2.2) sequences were labeled for use as probes in Southern hybridisations in order to avoid CT-

repeat related cross- hybridisation problems.
Optimal Southern hybridisation conditions determined for the PvPRPI and ACTPvPR3 probes were:
hybridisation at 60 °C followed by high stringency (0.2x SSC and 0.1% w/v SDS) washes at 57.5 'C,
and, hybridisation at 50 0C followed by low stringency washes (2x SSC and 0.1% SDS) at 50 °C
respectively. Autoradiographic images indicated that the PvPRPI probe produced strong hybridisation
with low background non -specific binding (Fig 5.2). The ACTPvPR3 probe produced hybridisation with
a

high background (Fig. 5.3): (the signal to background ratio was approximately two, results not shown).

5.2.2

Genomic library

X,

phage plaque purification

Sequential screening of a Trifolium subterraneum genornic library with ACTPvPR3 and PvPRPI-3'

(Arioli et al. 1994) was done in order to screen -1.5 million plaques (equating to approximately three
genomes). Positively hybridising plaques were picked, rescreened, and purified (2.4.14 and 2.4.15). The

PvPRPI-3' probe strongly hybridised to seven pure phage isolates. The ACTPvPR3 probe produced
several weak hydridising spots during screening. Putative strongly hybridising plaques were picked and
rescreened (2.4.13 and 2.4.14). No plaque, detected by the primary screening with the ACTPvPR3 probe,
was strongly hybridising in later rounds of screening and purification. The screening process for PvPR3

homologues was repeated in order to ensure that the first screening was a true indication of the

representation of PvPR3 homologues in the

T.

subterraneum genomic library. No plaques purified and

rescreened were found to be significantly more strongly hybridising than background. Screening for
PvPR3 homologues ceased at this point.

Subcloning and sequencing of TsPRP1 homologues

5.2.3
Seven

2

phage which positively hybridised to the PvPRPI -3' probe were isolated and characterised.

The seven clones were analysed and found to have identical restriction profiles. The
DNA insert from

X.

15 kb

genomic

phage isolate 6.1.1.1 was cloned into Bluescript SK+ (Stratagene) by using the Notl
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Fig. 5.2 Genomic blot analysis. Genomic DNA (10 0g per lane) from
and 2), and Phaseolus vulgaris (lanes

HindIII (lane

1

3

T.

subterraneum (lanes

I

and 4) was digested with PcoRl (lanes 2 and 4), and

and 3), the products electrophoresed through an 0.8% agarose gel, blotted, and

hybridised with "P- labeled PvPRP1 -3'. Lane

5

represents size markers (Lambda DNA cut with

HindIII) and sizes of fragments (in kilobases) are indicated. Strongly hybridising restriction
fragments in all lanes are arrowed. The top arrow is also opposite multiple faint bands in lane

1.

1
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Fig. 5.3 Genomic blot analysis. Genomic DNA (10 µg per lane) from Pha.cealu.r vu /ga.ris (lanes
I

and 2), and

T.

cuhterraneum

(lanes 3 and 4) was digested with EcoRI (lane

l

and 3), and

HindIII (lanes 2 and 4), the products electrophoresed through an 0.8% agarose gel, blotted, and
hybridised with 32P- Iabeled ACTPvPR3. Lane 5 represents size markers (Lambda DNA cut with
HindIII) and sizes of fragments (in kilobases) are indicated. Arrows indicate hybridising
restriction fragments in all anes - both strongly and weakly hybridising fragments.

1

2.3
2.0

2 3 4 5

restriction sites in the 4 arms and named TsPRPI -1 (Fig 5.4). A strongly hybridising 6.1 kb EcoRI
subclone (TsPRPI -2; Fig. 5.4) of the large genomic fragment, was further subcloned. A 1.9 kb
BgIII/EcoRV fragment, named TsPRPI -3 (Fig. 5.4), was sequenced via an exonuclease III (exo) deletion

series, followed by dye-primed, and dye -terminated DNA sequencing (2.4.21). Contiguous sequence of
1,812 bp prepared from overlapping exo-deletion clone sequences was obtained from both strands, then

aligned using DBAUTO/DBUTIL software versions 5.4 and 6.1 respectively

(

Staden 1982). The

sequence of TsPRPI-3 from within the genomic clone is shown in Fig. 5.5.

5.2.4

Analysis of the TsPRPI DNA sequence

Analysis of the genomic DNA sequence reveals a potential intron of at least 996 bp followed by an
open reading frame of 291 bp. The predicted termination codon of TsPRPI is TAA. DNA sequence

comparison with PvPRPI eDNA sequence produced an alignment of the TsPRPI -3 sequence with the
457 bases of the PvPRP1 eDNA 3' sequence (Fig 5.6). No sequence similarity was observed between
the 996 bases of the TsPRPI -3 clone 5' sequence and PvPRPI eDNA sequence (data not shown).
Subsequent searching revealed a close match with the plant consensus sequence for intron -exon

boundary splicing 5' to the 519 base region of similarity (Fig. 5.5). Intron position in TsPRPI aligns
with amino -acid position 198 (between the proline -rich and hydrophobic domains) in the predicted

PvPRP1 amino acid sequence (Fig. 5.7). As PvPRPI was cloned as a eDNA, intron position has not
been determined for the PvPRPI gene. The intron /exon consensus sequence in TsPRPI correlates with
an AGIGA sequence in PvPRPJ

(itself reflecting the most statistically likely remnant of an excised

intron) (Hanky and Schuler 1988); and both of these correlate with the boundary between the prolinerich and hydrophobic domains (Figs. 5.8 and 5.9).
A putative polyadenylation site is present, 5'-AATAAA -3', conforming with the consensus sequence

of class Magnoliatae genes (Elliston and Messing 1988). The putative polyadenylation she in PvPRP1

contains a G in the sixth position, where the frequency in class Magnoliatae polyadenylation sequences
is 12 %, behind 69% for A and 15% for T ( Elliston and Messing 1988).

5.2.5

Southern blot hybridisation

Restriction mapping of the TsPRPI clone showed that EcoRI does not cut within the sequence which
hybridised to either the 5' or 3' Hinclr/EcoRI PvPRPJ clones (i.e. hoth halves of the PvPRPI eDNA).
Hybridisation of the TsPRPIAI clone to subterranean clover genomic DNA, cut with the restriction
enzyme EcoRI, suggests that in T. subterraneum PRP1 may he encoded by more than one gene copy
(Figs. 5.2 and 5.10). Data presented in Fig. 5.10 shows three hybridising fragments in the EcoRI cut

DNA lane.

5.2.6

Induction of TsPRPI by ethephon

To determine the induction kinetics of the TsPRPI gene under stress conditions, subterranean clover
was sprayed with ethephon (a known inducer of plant PR protein genes, including the Ypr10a gene, see

Chapter 4). Root and aerial tissue was sampled separately at days 0,
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1

and 5 post-treatment to determine

Fig. 5.4

Schematic map of the lambda replacement vector used for production of the

T.

subterraneum genomic library (Ariali et al. 1994). Partial Sau3A digestion of genomic DNA
enabled cloning of genomic fragments into the BamHT restriction endonuclease site. Notl

restriction endonuclease was used to release and subclone genomic DNA inserts from lambda
clones. Subclones derived from the

ñ. -phage

clones are shown (see Table 2.2). The clones

TsPRP1 -1, -2 and -3 are restriction clones from phage isolate 6.1.1.1. TsPRP1A1 was derived by

exonuclease III deletion of TsPRP1 -3. The length of each TsPRP1 fragment is indicated (in
kilobases) at the end of each map.
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Fig. 5.5 DNA sequence of the TsPRPJ -3 clone. The sequence is numhered relative to the start of
a proposed exon (the exon is shown with predicted protein translation beneath). A near -canonical

intron/exon splice site sequence is present at the proposed intron/exon boundary (underlined

italics). Putative poly adenylation sites (six base sequences) are shown (underlined).

GCCTAGACCCCCTCCAP.AGGCCAATATTTT`1TTGGA -996
ACCCAGGTI'TAGGAAAAATATGGGGGCCCTANAAGGTCCI'ACAGTATTATAACCTTACTAITTTATTTTAGGTTCCAAmA
-960
CCAATTTTTAAACTTACTATTTTATAAAAGTTTGTGCTTTTAGGAGTACCAAAAATAAAAATAAAAGCTGTTAAAAAAGT -880
AGTAGTAGGTGCTTTAGGCCTACTGGTAAAP.AAAATTGTAGAGAAATAAAATATTCCTTAAAAATAATATATTTAATGTC -800
AGACTCAGACCTAGGAAATTTTGAAGTTGCAAGTGACAAAAAAGAAGCTTTGACCATACACATCTAGCAGAT'TGACAGGA -720
AATTATSTTTAATTTTTAGATTI'AAGATTATTACTTATATGGCAAATGTTAATATAATAATAATCAATTTAATATAATTT -640
TTTTAAAAGTTGTCCATTTAACPTTPTCAAAAATCAAAI`TGTTGTATTAATCAATACAAAAGTAGAATTATTACGTTGAT -560
AGACCCTTATTTTAAGGGACCCAAGGTACTTGTPAAGTGCTAACAAAATCCTTGGGAGTATTTTAITI'ATGGGAGTATTT -430
TATTTAGTGAGACTTTTGGGAGAATTTTTTAATTCAAAATTAAAATAGCCTTATCTPATTTATTTTTTTGGTGAATTAGC -400
CTTATCTTATTTAACAAATTTAATTGCAACAAAAGAAATAAACATAATTA'TTTTTTCAATTAAAT'TACTCCACTTTACTA -320
CAATTPGATTTGCAATTAAGGGGACAGTPTAC,GATTATGTGTTAAGAGAGGAGAAACCAATAATAGCATAGGAAAAACTT -240
TAACCTAAAGCTACTTTGCCGTTTTAGTAAAGCTGCACGCTTACTGAGGATATGCATTATTAGCTATGCCCTTTTPTAAT -160

CATATGACAACATTATCTATCTTTTTGTTACTTAAAGACAATAGCCATTATTAATGTTATTTTGAAAATTGAATTTTGAA
GGTGCCGTTGTGAAGCTACAATGTAACAACACAAAGTACAAGTTGGTTCAAACACATGAA
G A V V K L Q C N N T K Y K L V Q T

60

ACTGATAAGAATGGTTATTTCTTCATTGAAGGCCCAAAAAGTATCACAAGCTATGCAGCT
T
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GGTGGGCTTACTGGTGCTGGACTTAGGCCCGGGAAACCTTATGTGTCTAAGGGTCTTCCT
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TGTAAGAATTATCATTAAATATTAAAGAAATGATGTTTACTGCTTTTGTTI'AATTGTTTACTCTCTAATTATGTTTGTCGT
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Fig 5.6 Comparison of TsPRPI -3 and PvPRPI DNA sequences.
is

T.

subterraneum sequence (Ts)

numbered from the start of the potential exon. Identical bases within the axon sequences are

shown as dots, changes are as shown. Stop codons are underlined. The 27 bp U-rich binding site

of a PvPRP I regulatory protein is shown (underlined), putative ATTTA core sequences of

T.

subterraneum homologues are also underlined. Putative poly adenylation sites are shown
(underlined) for P. vulgaris and

T.

subterraneum sequences.
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GTGTTAGGAGGTTGGTTTTATCTTGTGTTAGAATATGGTGTTTTGAGCTTGAATTATCACTGCATAATAA
TTGAACTGATCATACACAATAAGTGACGGTATGAAACAGATAGTTCTCGTATGAATTGTTAATTTAGTGT
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AGAGTGATGTTATGTGTGTGATTTATGGTTCTTGTAAGAATTATCATTAAATATTAAAGAAATGATGTTT
AAAAGAAATGTTGTTTATGGCTTTTGCTT
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Fig. 5.7 Comparison of predicted amino acid sequences of PvPRPI and TsPRPI. Identical amino

acids are linked by a vertical line, conservative amino acid substitutions are linked by a colon.

Transcription stop sites are indicated by asterisks. Predicted glycosylation sites are indicated
(italicised)_ Domain structure is indicated (A) between the PvPRP I signal peptide and proline -rich

domain, and between the proline-rich and hydrophobic domains of both sequences.
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Fig. 5.8 Schematic representation of the domain structure of PvPRP1 in comparison with the

predicted protein domain of TsPRPI Amino acid identity (
.
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Fig. 5.9 Comparison of PvPRPI and TsPRPI DNA clones. Predicted intron (purple) and exon

(blue) structures of TsPRPI is shown. The DNA clone comparison is shown relative to the 6.1 kb

TsPRPJ -2 genomic clone.
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Fig. 5.10 Genomic blot analysis. Genomic DNA (10 µg per lane) from Trifolium subterraneum
was digested with Bglll (lane 2), EcoRT (lane 3), and HindIIl (lane 4), the products

electrophoresed through an 0.8% agarose gel, blotted and hybridised with "P- laheled
TsPRP1 -41. The hybridised Southern blot was washed at high stringency (0.2x SSC /0.1% SDS
at 65 °C). Tane

1

represents size markers (Lambda DNA cut with HindIII) and sizes of

fragments (in kilobases) are indicated.

4 44

the relative abundance of TsPRPI mRNAs. It was apparent from the northern blot results that the
TsPRPI probe hybridised to three transcript sizes. Each transcript differed in gel mobility, and no
significant smearing or signs of degradation were evident. The transcript number also correlates with the

gene copy number suggested by Southern hybridisation. Each hybridising transcript was quantified
separately (Fig. 5.11). The transcripts were designated TsPRPI-(i), -(ii), -(iii), in decreasing order of size
(2.9 kb, 1.9 kb and 1.2 kb respectively). The Tríticum aestivum rRNA gene clone Ta250.1 was used as a

loading control probe, and hybridisation was quantified for each lane as for the TsPRPI hybridisation.
Results at day zero indicate a fall in root mRNA levels for all transcripts, whilst aerial tissues had slight
rises in (i) and (iii), and a fall for (ii) (Fig. 5.11). TsPRP1 gene transcript levels increased
the roots and

8

2

to 9 -fold in

to 23 -fold in the aerial tissues at day one. The TsPRP1-(iii) transcript was the most highly

inducible of the TsPRPI transcripts in both root and aerial tissue. This degree of induction was not
sustained however, with the day five levels reduced to approximately a tenth of that at day one.
It was noted that (iii) transcript levels were the most highly changed by ethephon treatment, and by

the return to near -control levels. One day after treatment, the (iii) TsPRPI mRNA Ievel increased 9 -fold
in root tissue and 23 -fold in aerial tissue relative to that of water -sprayed controls. This degree of

induction was not sustained, however, with the day five levels reduced to approximately a tenth of that at

day one.

5.2.7

Expression of TsPRP1 in seedlings

As seedlings are a preferred feeding source for RLEM, transcript levels of TsPRP1 in subterranean

clover seedlings were determined. Transcript levels were determined for the TsPRPI- related genes,
however, attempted improvement of the denaturing RNA gel resolution was in fact counter -productive.
As a result, the three transcripts observed in 5.2.6 are not able to be resolved. Expression of the TsPRPI
gene was determined in subterranean clover seedlings at two and ten days after germination (Fig. 5.12).

TsPRPI expression in two day old seedlings was 2.25 -fold higher in roots than in aerial tissue. However,
by ten days the root mRNA levels were reduced, whilst aerial tissue levels increased.

5.2.8

Similarity to published sequences

The amino acid sequence of the TsPRP1 3' exon, encoded in TsPRPI (Fig. 5.5), shared sequence

similarity to EIyPRPs from other plant species. Amino acid sequence encoded by the 3' exon has 77%

identity, (88% with conservative changes), to the hydrophobic domain of PvPRP1 (Fig. 5.7 and 5.8),

with significant similarities to: Nicotiana tabacum cDNA clones tts -1 and tts -2 (Cheung et al. 1993),
STMG3C9 and STMG07 (de Greef et al. 1991), MG07, MGI4 and MG15 (Goldman et al. 1992); N.

alata cDNAs PRP4 (Chen et al. 1993), NaU45958 ( GenBank accession U45958) and, Arabidopsis
thaliana (AtTO1B08.9; GenBank accession U78721). The PvPRP1 protein sequence, the most similar to
that of TsPRPI, was used to repeat the similarity searches of sequence databases using the BLAST
algorithm (Altschul et al 1990) as performed with the TsPRPI hydrophobic domain. This was done in

order to avoid a bias toward generally hydrophobic proteins. This search produced a similar list of
sequences (results not shown). Notably, several known HyPRPs were not found to be homologous to the
TsPRPI sequence.
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Fig 5.1

]

Total RNA (10 pg per lane) from ethephon sprayed root and aerial tissue at days 0,

1

and 5, probed with 32P- labeled TsPRPJ -AI: (a) blots were probed with TsPRPI -Al and

Ta250.1; and (b) relative TsPRPI transcript levels, corrected for loading differences. The

transcript level of aerial tissue at day 0 is defined as one relative unit.
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Fig, 5,12 Total RNA (10 .tg per lane) from 2 and 10- day -old seedlings probed with 12P- labeled
TsPRP1: (a) blots were probed with TsPRP1-A1 and Ta250.1; (b) relative TsPRP1 multigene
family transcript levels, corrected for loading differences. The resolution of this blot is less than

for Fig. 5.11, as such individual transcript levels could not be calculated. The transcript level of
aerial tissue at day 2 is defined as one relative unit.
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5.2.9

Analysis of all HyPRP -like proteins

In order to characterise the inter -relationships within and between the HyPRP -like proteins, sequence

alignments and phylogenetic analyses were conducted. Initial alignments (aligned as described in 2.5.1)
of all HyPRP -like sequences indicated that the two protein groups identified on the basis of sequence

(dis)similarity, differ in characteristics such as the number and spacing of cysteine residues, and the
types of motifs present in the amino -terminal sequences. HyPRP-like hydrophobic domain sequences

were aligned. The sequences similar to TsPRP1 consist of an amino -terminal protine -rich repeat domain

followed by a hydrophobic carboxy -terminal domain containing three or four cysteine residues.
I have named this group the "true" HyPRPs due to their primary structure of proline -rich and

hydrophobic domains being consistent with the original HyPRP classification. Members of the other
similarity group do not all contain proline -rich repeat domains, but have a similar number and spacing

of cysteine residues to that of the lipid transfer proteins (LTPs). I have therefore named this group the
"LTP- like" proteins.

5.2.9.1

Sequence alignment

Comparison between the true HyPRP and LTP -like proteins revealed that the LTP -like hydrophobic
sequences were between 50 and 87 amino acids in length and contained up to nine cysteine residues,
whereas the true HyPRP hydrophobic sequences were between 97 and 109 amino acids in length with

three or four conserved cysteine residues (Fig. 5.13). The relative positions of the cysteine residues
within the alignment were conserved within both protein groups.

5.2.9.2

Phylogenetic analysis

The phylogenetic analyses done in this study produced unrooted trees. This was due to a lack of
known, or useful outgroup taxa for use as the root of phylogenetic trees. An unrooted phylogenetic tree
may be presented in many different configurations, however, the topology (and therefore, the meaning)

of the tree remains unchanged. The trees presented here are neighbour- joining trees with the bootstrap
analysis data mapped onto the highly significant (or stable) branches. This allows the significant data
(i.e. relative genetic distances and significant branches) to be presented in the most simple manner.

Subsequent parsimony analysis and bootstrap resampling of sequence alignments reveals that the
true HyPRP sequences always cluster together (i.e. 100% branch stability) during random sampling

analyses of all HyPRP -like proteins (Fig. 5.14). The relatively large genetic distance shown by this

branch length, and the inconsistent root position of the true HyPRP sequence branch among the LTPlike sequences is indicative of an un- or distantly-related group of taxa. The potential outgroups VuLTP
and GmlHyp were found to interfere with analysis, and as such were excluded from further

phylogenetic analyses.
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Fig. 5.13

Alignment of all HyPRP -like hydrophobic domains. Gaps introduced into sequences

for alignment purposes are denoted by dashes ( -). Default gap insertion and extension penalties

were used. Residues are numbered relative to the total length of the alignment. Sequence

identifiers begin with species names: Ao (Asparagus off cinalis

thaliana), Bn (Brassica napus
Cro (Catharanthus roseus

max

-

-

-

-

rape), Cre ( Cuscuta reflexa

asparagus), At (Arabidopsis
-

southern Asian dodder),

Madagascar periwinkle), Dc (Daucus carota - carrot), Gm (Glycine

soybean), Le (Lycopersicon esculentum - tomato), Md (Malus domestica

Ms (Medicago sativa - alfalfa), Na (Nicotiana

alata

-

-

apple),

persian tobacco), Nt (Nicotiana tabacum -

common tobacco), Os (Oryza sativa - rice), Pn (Populus nigra

-

black poplar), Pv (Phaseolus

vulgaris - kidney bean), Sb (Solanum brevidens - potato), Sl (Solanum lycopersicum - tomato),
Ta (Triticum aestivum

-

wheat), Ts (Trifolium subterraneum

unguiculata - vetch), Zm (Zea mays - maize).

-

subterranean clover),
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Fig. 5.14 Neighbor-joining phylogenetic trees representing relationships all HyPRP -like proteins
with bootstrap resampling percentages mapped onto well supported branches. Trees resulted from

the analysis of hydrophobic domain sequences. Analysis used all sequences aligned in Fig. 5.13,

with the exception of GmiHyp and VuLTP taxa (see 5.2.9.2).
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5.2.10

Analysis of true HyPRP sequences

5.2.10.1

Sequence alignment

Alignment of the

T.

subterraneum PRP1 -like amino acid sequences was done as described (2.5.1). In

these alignments the hydrophobic carboxy-terminal domains of all sequences were aligned, however, the

amino -terminal sequences did not align in a uniform manner (Fig. 5.15). It was apparent that the large
numbers of gaps introduced into the alignment enabled praline -rich repeat motifs to be aligned.
Separate alignment of hydrophobic and praline -rich domains was done (Figs. 5.16 and 5.17
respectively). The hydrophobic domains contained four highly conserved cysteine residues, some of
which were adjacent to putative N- glycosylation motifs (Figs. 5.1 and 5.7). The PvPRPI and TsPRP1

sequences have one less cysteine residue relative to the other related sequences. The length of
hydrophobic domains varied between 97 and 109 amino acids. Notably, the amino- terminal domain of

PvPRPI appears quite different to others presented in Figs. 5.15 and 5.17 however,

a 23

amino acid

sequence on the amino -terminal side of the hydrophobic domain does share a greater similarity to the
other sequences. The boundary between praline -rich and hydrophobic domains has been deemed to be at
the intron /exon boundary of TsPRPI -3 (see 5.2.4 Analysis of TsPRPI DNA sequence). This distinction
was made in order to allow comparison of praline-rich domains and hydrophobic domains separately.

5.2.10.2

Phylogenetic analysis

5.2.10.3

Phylogenetic analysis of true HyPRP homologues

Analysis of praline -rich domains produced phylogenetic trees in which all Nicotiana sp. sequences
form a cluster, which then clustered with Arabidopsis thaliana; the T..rubterraneum and Phaseolus

vulgaris sequences clustered together, and subsequently with the Nicotiana and Arabidopsis sequence
cluster (Fig. 5.18 a). The Nicotiana sp. group branched into two smaller internal clusters each

containing N. tabacum and N. alata sequences. Analysis of hydrophobic domains produced
phylogenetic trees (Fig. 5.18 b) in which the branching order is largely unchanged from that of the

praline -rich domains (Fig. 5.18 c). The notable difference is the Arabidopsís taxon, AtTO1B08.9, which
in analysis of the proline -rich domains, is shown to be clustered with the tobacco taxa Nttts -1, NaPRP4,

Nttts -2 and NaStmg3c9 prior to joining with the remaining tobacco taxa. However, analysis of the

entire, and the hydrophobic sequences, shows that both clusters of tobacco taxa join together prior to

clustering with AtTO1B08.9. Notably, the bootstrap analysis of the proline -rich domains does not
strongly support the branches relating to AtT10B08.9.

5.2.11

Analysis of LTP -like sequences

Other previously identified HyPRPs, LePRP -FI (Salts et al. 1991; Salts et al. 1992), Dc2. 15 (Aleith
and Richter 1990) and ZmHyPRP (Jose -Estanyol et al. 1992) from tomato, carrot and maize respectively,
show little similarity to TsPRPI homologues mentioned above. BLAST searches (Altschul et al. 1990)
were done using the LeTPRP -Fl amino acid sequence (Salts et al. 1991) as query sequence. Proteins

with similarity to the LeTPRP -F1 sequence included HyPRPs, "hybrid glycine -rich proteins" (HyGRPs),
and some with a hydrophobic domain only.
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Pig. 5.15

Alignment of full-length true HyPRP protein sequences. Gaps introduced into

sequences, for alignment purposes, are denoted by dashes (-). Residues are numbered relative to
the total

length of the alignment. Conserved cysteine residues

are indicated (boxed).

Conservation of a residue in all sequences in indicated (asterisk), conservative changes among all
sequences are indicated (dot).
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Fig. 5.16

Alignment of tune HyPRP hydrophobic domain sequences. Gaps introduced into

sequences, for alignment purposes, are denoted by dashes (-) Default gap insertion and extension
penalties were used. Residues are numbered relative to the total length of the alignment.
Conserved cysteine residues are indicated (boxed). Conservation of a residue in all sequences in

indicated (asterisk), conservative changes among all sequences are indicated (dot).
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Fig. 5.17

Alignment of true HyPRP proline -rich domain sequences. Gaps introduced into

sequences. for alignment purposes, are denoted by dashes (-). Default gap insertion and extension
penalties were used. Residues are numbered relative to the total length of the alignment.
Conserved cysteine residues (boxed), conservation of residues in all sequences (asterisk), and
conservative substitutions among all sequences (dot) are indicated.
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Fig. 5.18

Neighbor- joining phylogeneric trees representing relationships between true HyPRPs

with bootstrap resampling percentages mapped onto well supported branches. Trees resulted from
the analysis of (a) full- length true HyPRP sequences, (b) hydrophobic domain sequences, and, (c)

proline -rich domain sequences. Analyses in (a) and (b) used all true HyPRP sequences, analysis
(c) did not include T.

subterraneum sequence.
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5.2.11.1

Sequence alignment

Analysis of the LTP -like sequences produced alignments in which the hydrophobic carboxy -terminal
domains of all sequences were aligned, whilst the amino -terminal domains required many gaps in order
to align sequences (Fig. 5.19). Despite introduction of many gaps, the amino-terminal sequences did not

align in a uniform manner. As with the true HyPRP sequences, the length of the hydrophobic domains

differed. The range of lengths was 50 to 87 amino acids. Eight conserved cysteine residues are present in
the hydrophobic carboxy -terminal domains of these proteins (Fig. 5.20). Of the LTP -like sequences, the

apple (MdPRP), alfalfa (MsPRP and MsRF2) and Arabidopsis (Atl4kD -II) proteins are truncated relative
to the others, and, do not contain some (up to four) of the otherwise conserved cysteine residues.

Moreover, three rice proteins (OsRCc2, OsRCc2a and OsRCg3) and a maize protein (ZmCCDP) contain
a

ninth cysteine residue in

a

conserved position near the carboxy terminus (Fig. 5.20). It is worth noting

that a ninth conserved cysteine residue was only identified in moncotyledon sequences.
As was done with the true HyPRPs, separation of the amino-terminal domain (if present) from the

hydrophobic domain was done prior to phylogenetic analysis. The point of separation coincided with a
point in the alignment of the LTP -like sequences (Fig. 5.19). At this point, most sequences align

(excluding those severely truncated sequences).

5.2.11.2

Phylogenetic analysis

Analysis of LTP -like protein domains was done separately as for the true HyPRPs. Analysis of the

domain amino -terminal to the hydrophobic domain was not done due to the lack of comparable
sequences in many proteins. Many amino -terminal sequences are not suitable for alignment due to
severe truncation (i.e. At14kD, At14kD-II, AtextA, AtADRII, CroHypoth, Dc2.15, GmADR11,

Gm1Hyp, MsRF2, MdPRP, NtGRP, Nttumour, OsRCc3, PvPRP, PnELPa, VuLTP and ZmCCDP); whilst
others are glycine -rich domains (NtNT16 and SlTfrn5) and thus are unable to he aligned in a

meaningful way. Indeed, some amino -terminal domains consist mainly of signal sequences. Analysis of
the whole protein sequences (data not shown) and of the hydrophobic domains, produced phylogenetic
trees with limited internal definition as determined by bootstrap proportions (Fig. 5.21). This result

means that whilst the Neighbour-Joining analysis has produced a fully resolved tree, bootstrap analysis

doesn't fully support much of the branching elaborated in this tree (see 2.5.2).
Some sub -branches are statistically stable. Sequences from evolutionarily related species, and from
within species, cluster together (i.e. Nicotiana tabacum sequences, and these with another Solanaceous

sequence, SlTfm5; alfalfa sequences MsPRP and MsRF2; and the monocot sequences ZmCCDP, and
OsRCg2, OsRCc2 and OsRCc2a). Many of the other branches are not stable.

5.2.12

Three dimensional structure predictions for all HyPRP -like proteins

The hydrophobic domain amino acid sequences of all HyPRP -like proteins were analysed by
PredictProtein (2.5.3). The predicted structures were then manually aligned to maximise similarities
between structures in order to allow comparison of predicted structures (Fig 5.22).
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Fig. 5.19

Alignment of full- length LTP -like sequences. Gaps introduced into sequences for

alignment purposes are denoted by dashes ( -). Default gap insertion and extension penalties were
used. Residues are numbered relative to the total length of the alignment. Conserved cysteine

residues are shown (boxed), The point where most sequences align, corresponding to the division
between domains as mentioned in the text, is indicated by vertical lines.
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Fig. 5.20

Alignment of LTP -like hydrophobic domains. Default gap insertion and extension

penalties were used. Gaps introduced into sequences for alignment purposes are denoted by

dashes ( -). Residues are numbered relative to the total length of the alignment. Conserved cysteine
residues are shown (boxed).
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Fig. 5.21

Neighbor-joining phylogenetic trees representing relationships between LTP -like

proteins with bootstrap resampling percentages mapped onto well supported branches. Trees
resulted from the analysis of hydrophobic domain sequences. Analysis used all HyPRP -like
sequences with the exception of Gm.l Hyp and VtiLTP taxa (see 5.2.9.2).
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Predicted structures of true HyPRP sequences were similar, with extended sheet and loop structures

present in all sequences. No helices were predicted to occur in these protein sequences. In contrast,
predicted structures of the LTP -like proteins consisted of large stretches of helices interspersed with
loop and, to a lesser extent, extended sheet structures.
The potential `outgroup' proteins, a lipid transfer -like protein (LTP) from Vigna unguiculata

(Krause et al. 1994) and soybean hydrophobic protein (Gm1Hyp; Odani et al. 1987) were analysed in
the same manner, and are presented for comparison to the HyPRP -like proteins (Fig. 5.22). Comparison

of the predicted structures of Gm1Hyp and VuLTP with those of HyPRP -like proteins reveals a similarity
in structure between Gm1Hyp and the LTP -like sequences. VuLTP showed little similarity to either the
true HyPRPs, or LTP-like proteins. The predictions for VuLTP were however, not extensive. No

conservative predictions could be made for 39 of the 68 amino acid residues in the sequence.

5.3

Discussion.

The work presented here demonstrates that the

T.

subterraneum cv. Karridale genome contains DNA

homologous to the bean HyPRP cDNA PvPRPI, and DNA of low sequence similarity to bean PR clone
PvPR3. The results of preliminary Southern hybridisations of PvPRPI and PvPR3 cDNAs to

T.

subterraneum genomic DNA produced high, and low signal -to -noise ratios respectively. This measure of
DNA sequence similarity between species, served as a good indication of the chance of cloning related

sequences from the
T.

T.

subterraneum genomic DNA library, using these cDNAs as probes. Screening for

subterraneum homologues of PvPRPJ was successful, however, it was surprising that seven sibling

clones, and no overlapping clones, were isolated. Similar screening experiments done on the same
genomic library, by others, have not produced such abundance of sibling clones (Arioli et al. 1994;
Howles et al. 1994). Homologues of PvPR3 were not isolated. Screening for homologues was

discontinued when reasonable chances of obtaining a

T.

subterraneum homologue was exhausted. This

result suggests that any subterranean clover genomic DNA sequences related to PvPR3 are too divergent

from that of the bean DNA to allow successful screening using the bean cDNA as a probe.

5.3.1

Molecular analysis of TsPRP1

DNA sequence of the TsPRPI -3 subclone revealed a high level of sequence similarity between a
519 bp region of TsPRP1-3 and PvPRP1 sequences encoding the hydrophobic and 3' untranslated

domains. The divergent 5' 996 bp of TsPRPI -3 sequence was identified as intron sequence. A near -

canonical intron /exon splice site consensus sequence in TsPRPI-3 correlated with a possible remnant of
a spliced intron in the PvPRPI sequence, and these with the boundary between the hydrophobic and

proline -rich domains in PvPRP1. Thus, it may also be suggested from the TsPRPI data that the PvPRP1
gene has an intron present between the amino acids 197 and 198, in the position between the amino-

terminal praline -rich domain and the carboxy -terminal hydrophobic domain.
Southern hybridisation data indicates that TsPRPI is a member of a gene family of at least three
members. Gene expression data shows that TsPRPI, and related gene family members, are regulated in a

63

Fig. 5.22

Alignment of structural predictions of members of both true HyPRP and LTP-like

groups. Alignment was done manually, where similarities were maximised, enabling comparison

of structural predictions between sequences. Sequences are presented in a linear format where
only strong predictions

( >_

82.2 %; see 2.5.3) are shown. Predicted structures (Rost 1996) include:

loop (L), extended sheet (E) and helix (H); amino acids for which strong predictions cannot be

made are shown by dots.

20

1

TsPRP1
PvPRP1
AtTO1B08.9
NtMG14
Nttts-1
VULTP
Gm1Hyp
LeTPRPF1

MSPRP
BnMlink
AtextA
OsRCc2
Nttumour
NtGRP
At14kD-II
ZrtCCDP

NtNT16
MscorC
OsRCc3
MSRF2
PnELPa
PVPRP
At14kD
GmADR11
S1Tfm5
Nttumour
At14kD-II

40

60

100

80

ILL.EEEEELLL EEE....LLLLLL.EEE.LLL
LLLLEEEEE..LLLLLLLLLLLLL L
LLLLLLLLLL EEEE.LLLLL LLLLLLLLLLI
ILLEEEEEE L EEEEEEE LLLL EEEEE.LL..E.L....EEEEEEE LLLLLLLLLLLLL.L.E .LLLLLLLLLLL.EEEEE
LLLLLI
IL..EEEEE LLLL..EE..LLLL.EEEE.LLL
EEEE LLLLLLLLLLLLLLLLLL
LLLLLLLLLL
L
E
LLLLI
IL.EEEEEE.LL...EEEE...LLL.EEEEE L
LLLL..EEEEEELLLLLL
LLLLLLLLLL ..LLLLLLLLLLLL LLLLL LLL.EEEEE LLLLLLLLI
ILLEEEEEELLL....E...LLLLLL EEE.L
EEEE..LLLLLLLLLLLLLLLL
LLLLLLLLL
LLLLLLL ... .LL .L...LLLLLLLLI
LLLL L
LLLLLL....LL
ILLL...HHI-IIIIIIi..LLL.HH.HHHH.. .HHHHHHHHHHHHHHHHH
HEII-II31-II^°^
ILL..H.LL
ILL.HHH.
ILLL...LL

.

L EEEEE.LLL.' H^",H
^,HHHH. .L.EEEE.LLLL. .HHI-II-II-II-IH.

11111111111111111
.HIHHE-II-IHñHHHHHHH.

.

E LLLL

L

LLLLLLLLLLLLL
LLLLLLLLLLLI

.LLL.HHI.TrIIIHIII-IH

.L.L. .HHHHHHHH.LLLLLLLL. .LLL

.

EEEE..LLLL.L..HHHH... 1111iilllI11111111
HH.LLLLLLLLL.LLI
1111111111111 ....LL.HHHHHHBBBH..LLLLLLLLLI
IL.HHH...HHHHHHH....LLLL.HHHHHHHH.. 11
ILL..HH..HHHHHHHH
LLLL...HH.H...HHHH.I-II-II-II-II-II-II-EIFEEIi.LL
H
H L LLLLLLLLI
ILL.HEEi...

H -^* " ,",

'

E

LLLL...HHI-II-IH..

1

1

i

i

i

I

i

I

i

i

l

i

l

l

l

i

i

.....L..HIHHHE-II-IHHII-II-ILLLLLLLLLLI

i

vvrtFAnTT' LLLLLLLLLLI
ILL.HH....HHHHH..LLEEEEE LLLLL...H..... HHHHHHEHHHEHHHHHH
L
LLL HHEII-II-E
HI-II-II-HFII-HEHII., .. LLLLL LL
LLL
LL EE-II-IIi
LLLLLLLL
HHHHHHEIBEHEI
H
H
H
LLLLLLLLLLLL
ILL.HEII-I...
H..LEEEEE LLLLL...HH....
..... L..
'.LLLLLLLLLLI
InI
LLL
f E II II H . . . . EEEE . LLL . . . HHHHHEII-E .
n n n i n i n n ^ n . LLLL . L° ^
", H , H
LLLLLL L
ILL.HH..L..HHHHH
n imi11i11111
LLLLLLL
LL..H.HHHHHH.LLLLLLLLLLI
ILLL..
'.LLLLLLLL.LLLLI
111 111111111111111
ILL.EII-II3..
EE.LLLL....
^fíHII.L..LLLLL..LI
ILL
L^^EEIIIIEi
E LLLLLL HHHEIIi. H HH H BB EH -EH E HHH H
HHHHHHHHH.LLLLLLLL L
I

.

.

.

.

.

l

.

l

l

l

l

I

I

I

i

l

i

i

i

i

i

i

i

i

.

.

.

.

I

.

I

,

I

E

I

I

I

I

I

I

I

I

I

e

l

l

u

.

l

.

.

.

I

.

i....

.

ILL....LL.

ILLL..LLLL..H.H ..... EEE.LLLL....HHHH....
ILLL...LL...HIHEE-II-II-II-IIi..LLLLLL...
ILL.HHI-E...:^nHHflri

II -II

I

III .1111111111111

L

111111111111111111

llll111111111111111111

..............

" LLLLLLLLLLI

.LLL.EIIIIEIIII-IIIIi.LLLLLLL.E..LI

....LL...H..EIIEIIi..LLLLLLL.LI
.....L..H.HHEEEH-EIIHIILLLLLLLLLI
HHITHEHHHHHL..LLLLL LLI

1111111111111111
LLLL...HHI-IIiH.
ILLL.HHHHI-E. 1111111111111111I
1

LLLLLLLLLI

pathogenesis -related and age- dependent manner. This parallels the pathogenesis-related expression of
PvPRPI, but sets TsPRP1 apart from the other HyPRP -like proteins.

5.3.2

Protein sequence similarity of TsPRP1 to the HyPRPs

-

rttutuaIly exclusive

groups
Amino acid sequence of the putative exon contained in the TsPRPI -3 clone was shown to be 77%
identical to the predicted PvPRP1 hydrophobic domain. Protein sequences similar to the TsPRPI amino
acid sequence were identified, and were not similar to all HyPRPs represented in GenBank database
searches. On investigation of sequence similarity relationships between HyPRPs and similar sequences,
it was apparent that two independent groups of HyPRP-like sequences were represented in the database.
I have designated these groups as the HyPRP -like, and LTP -like, sequences. Sequence alignment and

phylogenetic analysis of collective, and internal phylogenetic relationships between these groups,

confirmed that the proposed groups were phylogenetically distinct.

5.3.3

Length variation within the HyPRPs

Sequence alignments of HyPRP -like protein hydrophobic domains revealed that differences in length
within and between the two types of HyPRP were likely to be the result of two types of sequence change:

insertion /deletions within sequences, and truncation of larger blocks of amino acids from the amino- or
carboxy -terminal sequence. The variation in length of subclover HyPRP -like hydrophobic domains, and
some of the variation within the LTP -like sequences, was due to insertions and deletions of amino acids

within the sequences. The shortest LTP -like sequences are truncated by the deletion of large blocks of

amino - or carhoxy- terminal sequence - including the loss of otherwise conserved cysteine residues.

5.3.4

Conservation of cysteine residues in the HyPRPs and lipid transfer proteins

The observed conservation of the cysteine residue number and spacing within the two HyPRP -like

protein groups is indicative of
is

a

potentially strict structural requirement for efficient protein function. It

interesting then, to compare the consensus sequence of LTP -like protein hydrophobic domains to that

of non -specific lipid-transfer proteins (LTPs) (Deutch and Winicov 1995; Kader 1996). These sequences
generally have

8

conserved cysteine residues, with similar spacing patterns between cysteines (Fig.

5.23). This strong similarity provides further information regarding the structure of LTP -like
hydrophobic domains, where the disulphide bonding between the

8

cysteines is known for LTPs (Kader

1996; Kader 1997) (Fig. 5.23). Supporting evidence for a role in lipid -binding and /or transport comes

from the hydrophobicity of cysteine -rich domains and the expression profiles of the LTP -like protein
genes. The known expression patterns of the LTP -like protein genes correlate with known and predicted
roles of LTPs (Kader 1996; Kader 1997): in membrane biogenesis-intensive growth such as

embryogenesis, reproduction and tumourogenesis (ZnnHyPRP, Dc2.15, LeTPRP -F1, SbPRP, MdPRP,
SlTfm5, BnPRP, Nttumour, CreHyPRP, GnsADR11); in cold acclimatisation (BnMlink, TaWCOR518,
MscorC) where membrane properties are affected by temperature; and pathogen or osmotic stress
(MsPRP and MsRF2, AoPRP, AtEARLII). The Dc2.15 temporal expression data must be interpreted
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Fig. 5.23 Comparative protein structures of (a) hydrophobic domains of the LTP -like proteins,
and, (b) lipid transfer proteins. Cysteine residues are marked (C) with the residue number above

each cysteine. Ll through L3 represent loop structures, and Hl through H4 represent helix

structures. The structure in (a) was determined from sequence alignments and interpretation of
PredictProtein structural predictions (Rost 1996), the structure in (h) is adapted from (Kader
1996). The lines connecting pairs of cysteine residues in (b) represent disulphide bridges linking

these residues.

a HyPRP-like hydrophobic domains

1

11

30 31

45

47

72

82

C

C

CC

C

C

C

C

HI

H2

H3

L1

I

H4

L2

L3

b Lipid transfer proteins

i

I

C

14

2930

50

52

75

85

C

CC

C

C

C

C

H1

H2
L1

H4

H3
L2

L3

carefully due to the nature of the experiments performed. The initiation of somatic embryogenesis was
the result of the transfer of carrot cells from auxin -containing to an auxin -free medium. It is possible

that the transient expression of Dc2.15 and the other genes discussed in Aleith et al. (1990) are

responding to changes in hormone concentrations or ratios, changes in the developmental fate of the
cells induced by the auxin -free medium, or a combination of both of these phenomena.

5.3.5

Comparative analysis of the true HyPRP and LTP-like proteins

The relationship between the mutually exclusive HyPRP groups, previously identified by sequence
similarity, is affirmed by the 100% stability of the branch which distinguishes the true HyPRPs from the

LIP-like proteins. The observed lack of stability for the root of the true HyPRP branch among the LIPlike proteins is indicative of a lack of relatedness of suhclover relatives to all LTP -like proteins. Further

supporting evidence for the division of HyPRP-like sequences into true HyPRP and LTP -like groups is

apparent in the secondary structural prediction for members of each group. Members of the true HyPRP,
and LTP -like groups were predicted to form extended sheet structures with intervening loop structures,
and helices with intervening loop structures respectively. This form of analysis relies on a variety of

individual analyses examining: hydrophobicity, helical wheel analysis, sequence threading and
similarity to known protein structures, is far less reliant on sequence alignments, and thus may be

regarded as nearly independent of obtaining good alignments between distantly related sequences. Thus,
the comparison of secondary structural predictions may he regarded as being a good independent

measure of relatedness between all HyPRP -like protein sequences. Furthermore, the prediction that some
LTP -like sequences were likely transmembrane proteins reflects potential cellular localisation and
functional roles. The great structural differences between the HyPRP-Gke groups, combined with

differential cysteine residue conservation is indicative of different functions within plants.

5.3.6

Separate phylogenetic analysis of true HyPRPs and LTP -like proteins

The lack of comparability of N- terminal sequences, and of the relatively short hydrophobic sequences
limited the amount of phylogenetic data useful for analysis. Thus only the short hydrophobic C- terminal

domains were extensively analysed, with relationships between some taxa remaining undefined.
Phylogenetic analysis of the true HyPRP sequences showed that the tobacco sequences (of both

N.

tabacum and N. alata) are more closely related to each other than to those of A. thaliana, P. vulgaris
and

T.

subterraneurn. The close inter -relatedness of Nicotiana proteins is not unexpected, and suggests

that these proteins evolved from

a

common ancestor. The TsPRPI sequence was shown to be most

closely related to that of PvPRP1; these sequences share the loss of a cysteine residue, and both species
are members of the family Fahaceae.
Some LTP -like sequences also grouped according to species classifications. Nicotiana sp. sequences

(NtNT16, NtGRP, and Nttumour) always formed a cluster, and this with another Solanaceac sequence,
S/Tfm5. Rice proteins OsRCg2, OsRCc2 and OsRCc2a are very similar sequences, and always clustered

together within the major branch. A fourth rice sequence, OsRCc3, did not cluster with the other rice
sequences, however, its position relative to the other sequences was undefined due to a lack of sufficient
information. This was a source of uncertainty for many of the branches among the LTP -like sequences.
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Many branches were undefined in their relationships to other branches. This lack of definition hampered
attempts to make correlations between phylogenetic relationships and other factors such as gene
expression patterns and known interspecific relatedness.

5.3.7

Functions of HyPRPs

Any discussion of proposed function /s of the HyPRP -like proteins must take into account the known

expression profiles of their corresponding genes. Expression profiles of the true HyPRP protein genes

indicate roles associated with flowering or reproductive tissue (de Greef et at. 1991; Goldman et al.
1992; Chen et al. 1993; Cheung et al. 1993), in normal growth and development (Sheng et al. 1991),

and in pathogenesis- related roles (Sheng et at. 1991 and this study). The phylogenetic division of the
true HyPRPs also reflects this regulatory difference.

PvPRP1 mRNA levels are rapidly lowered initially after wounding and elicitor treatment, by specific

destabilisation of the transcript is intriguing, and may indicate that the function/s of PRP1 are not useful
(or may even be counterproductive) in stressed tissue. The tight control of the PvPRPI message level

indicates that the function/s of PRP1 are important throughout the plant, but the presence of PRP1 is not
evolutionarily advantageous during stress. The presence of a 27 bp U -rich sequence in the 3'

untranslated region of PvPRPI has been shown to be responsible for the redox -regulated destabilisation
of the transcript. It is interesting then, to note the presence of a similar U-rich sequence in the 3'

untranslated region of the salt -inducible alfalfa gene MsPRP. No binding protein has been characterised
for the MsPRP site, however, control of salt induced high levels of MsPRP transcript has been
determined to be due to increased transcript stability (Deutch and Winicov 1995). Deutch and Winicov
(1995) allude to a general model for the regulation of cell wall protein synthesis, based around binding
proteins sensitive to different cellular conditions. A generalised model for the regulation of transcript

stability of cell wall proteins is a worthwhile approach to explaining the expression of such a diverse
range of genes, however, a more concerted effort to identify the presence of U -rich or other binding sites
is needed before any meaningful models can be proposed.

That the Nicotiana and Arabidopsis- derived members of the true HyPRPs are induced during
flowering, whilst TsPRPI (a member of a small gene family in

T.

subterraneum) and PvPRP1 are

inducible by pathogenesis -related stresses may reflect that this class of protein has evolutionarily adapted
to differing roles in plants. Further experimentation may reveal that these HyPRP PRs are also regulated

in a manner similar to those expressed during flowering and reproduction. A further divergence of the

roles of members within gene families may also occur - such as during dowering and nodulation. A full

investigation of the temporal and spatial regulation of each TsPRP1 family member, by reporter gene or
other methods, would allow elucidation of roles additional to those indicated by this study. Furthermore,
it is possible that phylogenetic study of other PR protein families (especially those of unknown function)

may reveal a similar division along both phylogenetic and regulatory Iines. This may add data to the
debate whether PR proteins function in roles other than in mitigation of pathogenesis -related stress.
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5.3.8

A reclassification of the HyPRPs

The true HyPRPs identified thus far conform with the hybrid proline -rich protein description

-

potentially functioning in a membrane- linker type function where the hydrophobic domain is associated
with the plasma membrane, and the proline -rich domain with the cell wall. In contrast, the LTP -like

proteins, having only their lipid- transfer-like hydrophobic domains in common, should be regarded as
"lipid-binding proteins ".
From this scheme of naming and classification,

I

propose that: the true HyPRPs carry out function/s

distinct from that of the LTP -like proteins; these true HyPRPs are functionally identical or at least have
highly related functions; the functions of LTP -like proteins are broadly related to lipid manipulation

and /or binding, but are probably dictated by the properties of the domain /s additional to the hydrophobic

domain (if present). The internal classification of the LTP -like proteins should be derived with a focus
on these additional domains.

What of similarities between the true HyPRP and LTP -like proteins? In

a

broad view, both classes

have a hydrophobic and cysteine -rich carhoxy- terminal domain, and members of these protein groups

have been proposed to be associated with the cell membrane and/or cell wall. Any overt sequence
similarities between groups, if present in the past, have been lost during evolution. The apparent

conservation, in a member of each group, of

a 27 bp

binding site for proteins which regulate transcript

stability is perhaps an indicator of a common ancestry. Another possibility is the transfer, or coevolution

of such

a

regulatory regime.
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Summary of Chapters
Chapter 3
a Nicotiana tabacum basic chitinase promoter is expressed in Trifolium repens in the same
tissue specific and wound inducible manner as in N. tabacum.
chitinase:GUS:nos transgene expression in T. repens is a good approximation of the spatial and
temporal regulatory regime of endogenous basic chitinase /s in clovers.
rooted leaf assays demonstrated expression in lateral root meristems only after emergence
through the epidermis.
basic chitinase promoter activity is not observed in nodules.
basic chitinase promoter activity was observed between 2 and 4 h post-inoculation with a
compatible Rhizobium strain.
lateral roots and nodules differ both in some of the mechanisms required to initiate cell division,
and in their ongoing development after emergence from the root epidermis.
the basic chitinase -GUS construct has been shown to be a useful marker for the differences
between root and nodule development at initiation of cell division and at the emergence
through the root epidermis.

Chapter 4
T. subterraneum gene, Ts-yprl0a, was characterised.
Ts- yprl0a was found to exist in the T. subterraneum genome as a member of a multigene
family with at Ieast three members.
induction kinetics of Ts- yprlüa mRNA, sequence similarity with other PR proteins, and
correlation of PR10a with chitinase activity, suggests a pathogenesis- related role.
the age- and tissue-dependent expression profile of Ts- yprlOa in aerial tissues of T.
subterraneum revealed that transcript levels from 2 to 10 day -old seedlings increased seven-

the

fold.
potential for the use of TsPRP1 in augmenting T. subterraneum defence against RLEM has
been identified.
expression of PR proteins in the aerial tissue of newly germinated seed may provide effective
deterrence during a vulnerable growth phase.

Chapter 5
a T. subterraneum genomic clone, TsPRP1, homologous to a bean hybrid proline -rich protein
(HyPRP) gene PvPRPI, was isolated and partially characterised.
the carboxy -terminal domain of TsPRP1 is very similar to the hydrophobic domain of the
PvPRPI and 10 other HyPRPs.
similar HyPRP genes are expressed in stressed tissues, or developmentally in floral tissue.
TsPRP1 is a member of a multigene family with at least three members.
the HyPRP class of protein, and similar sequences, are two phylogenetically distinct classes of
proteins.
the hydrophobic carboxy- terminal domain of these proteins is diagnostic for their classification.
classification of HyPRPs has been redefined.
it is proposed that the true HyPRPs have a membrane -associated function, whereas the LTPlike proteins have a more specific lipid- binding ability.
in the example of the true HyPRPs, phylogenetic groupings also reflect regulatory differences of
genes.
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Chapter 6

General Discussion

Introduction

6.1

The aim of this thesis is to identify and investigate the roles of some pathogenesis -related (PR) protein

genes of white and subterranean clovers in defence, development and symbiosis. In order to achieve this,
it

was important to identify some clover PR protein genes, characterise their structure, regulation and

potential functions. Aspects of this investigation will also provide tools for comparative plant

development studies.
The use of a leguminous plant species to investigate PR proteins provided an excellent opportunity to

investigate the role of PR proteins in symbiosis (which can not be done in model species such as

Arabidopsis or tobacco), whilst also enabling the investigation of potential roles in defence and
development). Examination of PR protein gene regulation during symbiosis provided a means of

comparing the development of lateral roots and nodules.

of approaches was taken

A range

in order to investigate the roles

of PR protein genes in clovers. The

two genes studied, tobacco basic chitinase and TsPRPI, were unusual in that their initial cloning was

achieved through selection on criteria other than that of empirical pathogenesis -relatedness. The third
gene investigated, Ts- YprIOa, was cloned through more conventional pathogenesis- related means.
Through the aims and results of this study, I have examined the roles of PR proteins in clovers, and,
also re- examined the prevailing use and interpretation of the PR protein classification. I demonstrated that

some proteins, classified as PR proteins, have potential for other roles in plant development and
symbiosis,

I

argue that many types of plant protein genes, with roles in plant defence and/or stress

mitigation, are not cloned or identified by conventional methods. Furthermore, this situation may have
created a general bias in current research strategies relating to PR protein /protein genes. Those genes
which lack rapid induction of transcript and/or protein levels may not be expected to be readily identified

with these strategies. Thus, the problems inherent in conventional PR proteiniprotein gene studies are

identified and discussed. Alternate PR protein/protein gene analytical strategies will be advanced and
discussed.

6.2

Major findings of this thesis

6.2.1

Identification of clover PR genes

Cloning and characterisation of two subterranean clover genes was done using two different
approaches. TsPRP1 was cloned by homology to the bean PR gene PRP1. A pathogenesis -related cDNA

(Ypr10a; 1, previously identified through protein purification, micro -sequencing and subsequent

degenerate PCR cloning) and homologous genes were characterised both for their structure and

regulatory regimes. Both genes have been confirmed as PR protein genes due to their homology to PR
genes, and to their regulation under pathogenesis -related stresses.
A tobacco PR gene promotor, whilst not from a clover PR gene, was shown to be regulated in a

similar manner in white clover as it is in tobacco. This suggests that similar regulatory cues control

promotor activity in both species. Whilst this evidence does not indicate the presence of a white clover
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basic chitinase gene, it does indicate that such a gene, if present, may be regulated in
to that in tobacco.

6.2.2

a

similar manner

Subterranean clover PR gene structure

Two subterranean clover PR genes, TsPRPI and Ts- YprIOa, have been cloned and characterised.

Both genes are members of multigene families within the subterranean clover genome. Ts- YprIOa shares
sequence similarity with the PR10 family. This family of PR proteins consists of small acidic

polypeptides with no known function, and which are generally found intracellularly. TsPRP1 was cloned
via homology to the HyPRP PvPRPI, and is evolutionarily related to a subset of the hybrid proline -rich

proteins, the "true" HyPRPs. The hydrophobic, cysteine-rich C- terminal domain of TsPRP1 is
phylogenetically related to a small group of developmentally regulated proteins all of which share
strictly conserved number and position of cysteine residues. The HyPRPs related to TsPRPI, the true
HyPRPs, all consist of an N-terminal domain containing proline -rich repeats linked to a hydrophobic,

cysteine -rich C-terminal domain. Secondary structural predictions for the true HyPRP C- terminal

domains indicate that these proteins are likely to consist of extended 3 -sheet and loop structures and no

helices. This contrasts with the LTP-like C- terminal domains which are predicted to form large stretches
of helices interspersed with loop structures. Since proline -rich repeat -containing proteins are often

associated with plant cell walls, and hydrophobic domains may be associated with membranes, the true
HyPRPs may he structurally adapted to a role in membrane -linking or membrane- stabilisaton.

Both the TsPRPI and Ts- YprlOa genes are members of multigene families within the subterranean

clover genome. Furthermore, comparison of primary and predicted secondary protein structures between
TsPRPI and members of the HyPRPs has revealed that the HyPRPs consist of two mutually exclusive
groups of proteins. The implications of these findings are discussed below.

6.2.2.1

PRs and multigene families

The identification of genes with classical pathogenesis- related induction kinetics within multigene
families, raises the possibility that multigene families might exist in order to allow compartmentalised

expression of proteins for a range of purposes. Pickett and Meeks -Wagner (1995) examined genetic
redundancy in plants and the underlying, positive and negative, selection mechanisms operating to

promote and restrict gene duplication.
Pickett and Meeks- Wagner (1995) discussed genetic redundancy as it relates to

3- 1,3- glucanases in

tobacco. Beffa et al. (1993) produced transgenic plants which were transformed with an anti -sense 3-

1,3-glucanase construct. In lines with a 20 -fold reduction of accumulated ß -1,3-glucanase enzyme
relative to wild -type, no significant changes in growth, development or susceptibility to fungal

pathogenesis was observed. Moreover, enzymic activity assays revealed significant levels of (3-1,3 glucanase activity not detectable with an anti- 13 -1,3- glucanase antibody. The previously undetected

(3-

1,3- glucanase enzyme was not detected in wild-type plants. Pickett and Meeks-Wagner (1995) suggest

that through unknown mechanisms,

a

plant can regulate ß -1,3- glucanase activity via an "informational

network ", and in this case provided compensatory glucanase expression.
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This example presents various challenges to the idea that sequence or functional similarity to PR

proteins implies a similar pathogenesis- related classification. The previously undetected [3 -1,3- glucanase
was not pathogenesis -related in its wild -type genetic background, but has become so in the absence of

wild -type pathogenesis -related

3

-1,3- glucanase activity. Given the right stimuli, an otherwise non -PR

protein has become pathogenesis- related. Such plasticity of regulation in

a

genetically redundant system

further blurs classification of PR proteins.

6.2.2.2

Phylogenetic relationships within the HvPRPs

The comparison of genes within, and between, species can provide information regarding the
evolution of structure and function in phylogenetically related genes and encoded proteins. Phylogenetic

analysis of the hybrid proline rich proteins ( HyPRPs) revealed that two groups of proteins exist under the
HyPRP classification: the true HyPRPs and the lipid transfer protein -like or LTP-like proteins. These

groups are mutually exclusive on the basis of phylogenetic relationships and three-dimensional structure

predictions of their hydrophobic, cysteine -rich domains. The true HyPRPs are known to be expressed in

either a tissue -specific or pathogenesis -related manner. Assuming that all true HyPRPs carry out similar
physiological functions, then the difference in tissue specificity may indicate

a

differentiation or

evolution of roles. This notion is supported by the presence of TsPRPI as a member of a multigene
family, members of which are differentially regulated, and also by the distinct regulatory difference

between the

T.

subterraneunt and P. vulgaris genes and those of Nicotiana and Arabidopsis. The loss of

an otherwise conserved cysteine residue in PvPRP1 and TsPRP1, relative to the other true HyPRPs,

correlates with differences in gene regulation. Whether this structural change is related to change in
protein function is unknown, however, the otherwise strict conservation of cysteine residues in this
group of sequences is indicative of the potential importance of this change.

6.2.3

PR gene regulation in clover

Defence or stress- related expression of PR protein genes was observed for all genes examined.

Ethephon induction of TsPRPI and Ts- YprlOa transcripts was typical of PR protein gene induction
kinetics. Whilst the functions that these genes may carry out arc either unclear or unknown, their

pathogenesis -related induction is paralleled by homologous proteins.
"Developmental expression" requires definition as a descriptive term for the purposes of this
discussion. Tissue- specific and temporally regulated genes are included under this definition, hut are

distinct from genes which are known to direct or enable developmental processes. For the purposes of
this discussion, developmental expression does not imply

a

role in controlling the differentiation of

tissues or organs, but may correlate with such developmental processes.

Both TsPRPI and Ts- YprlOa transcript levels were higher in seedling root tissue than in aerial tissue
two days after germination. This situation changed by 10 days, where root transcript levels decreased

and aerial tissue levels increased. The observed distribution of potentially useful defence gene transcripts
is not ideally suited to defence against RLEM feeding damage which is generaIIy focused on young

aerial tissue. In the light of agricultural losses resulting from RLEM feeding on aerial tissue of young
clover seedlings, this may indicate an opportunity to engineer resistance into seedlings and augment
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clover resistance to RLEM feeding. Basic chitinase -GUS activity was demonstrated to be induced in a localised
manner by arthropod pest wounding, and mechanical wounding.
Tobacco basic chitinase promoter activity correlated, both spatially and temporally, with the induction of
developmental change in the roots. The observed transient promoter activity during compatible Rhizobium

infection of white clover (Trifolium repens), and the Iack of activity in "emerged" nodules was indicative of
developmental differences between lateral roots and nodules. An interesting parallel to the transient expression
prior to nodule formation was observed by Neale et al. (1990), where the transition from vegetative to floral
meristem in Nicotiana tabacum was preceded by transient basic chitinase gene expression. In a further similarity
to the tobacco system, it was found that the constitutive basic chitinase promoter activity in root meristematic

tissue decreased with the induction of flowering. Basic chitinase gene expression has previously been shown to be

affected by plant hormone levels (Memelink et al. 1987; Shinshi et al. 1987). Therefore, the observed correlation

of reduced basic chitinase promoter activity with flowering may be mediated by changes in hormone levels
preceding (or integral with) floral induction. Whether chitinase has a role in plant developmental processes is a
topic under investigation by various groups (de Jong et al 1992; Schmidt et al. 1993; Spaink 1993).
The structures, proposed functions and gene regulation of these PR genes are discussed below in order to relate

them to potential roles in defence, development and symbiosis.

6.2.4

PR gene functions in clover

Evidence gathered regarding clover PR gene structure, regulation and biochemical properties may be used in
order to help determine PR gene function. The

T.

subterraneum genes PRPI and YprlOa encode proteins which

share sequence similarities to protein classes of no known function.
Extensive phylogenetic and structural analysis of TsPRP1 carboxy -terminal domain and similar proteins, has
enabled a tentative prediction of the protein function of the true HyPRPs and the LTP -like proteins. The true
HyPRPs are proposed to function in linking the cell membrane to the cell wall, with the hydrophobic domain

anchoring the protein in the membrane, whilst the proline -rich domain anchors the amino -terminus to the cell
wall. It should be noted however, that the true HyPRPs are generally low in tyrosine content and as such are

unlikely to be oxidatively cross -linked to the cell wall. Such a function may be of general importance to all living
plant cells. However, some tissues under higher osmotic or other membrane -affecting stresses may require higher
levels of HyPRPs than the broadly expressed low level provided by constitutively expressed HyPRPs. Whilst an
LTP -like protein was not investigated in clovers, the analysis of the HyPRPs has also provided evidence of the

probable function /s of the LTP -like proteins (some of which are inducible by stress- related stimuli). Analyses of
the carboxy -terminus of these proteins indicate a strong similarity to the lipid-binding domain of lipid transfer

proteins (LTPs). Thus, this domain has a potential role in lipid binding and/or membrane modification. The
reported regulatory stimuli for the LTP -like proteins is consistent with a role in membrane modification and/or

synthesis.
Yprl Oa was observed to correlate with a chitinase/lysozyme activity in subterranean clover. Furthermore, no
such activity has been reported for other members of the PR10 family. Indeed, it has also been suggested that the
PR10 family are ribonucleases. More extensive biochemical analysis of the purified protein or recombinant

expressed protein's properties is necessary to confirm the function /s and role /s of the PR10 proteins such as

Yprl Oa.
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Little can be concluded with respect to roles for an endogenous basic chitinase in white clover as
there is no evidence to demonstrate the presence of such a chitinase. There is however, evidence that the

regulatory cues exist in white clover which regulate

a

tobacco basic chitinase in a similar manner to that

observed in its endogenous genetic background. If one were to assume the presence of an endogenous
basic chitinase gene, regulated in the same manner as the transgene promotor used here, then roles

For

such an enzyme may be hypothesised. A role in defence appears well defined, whilst roles in

development and symbiosis cannot be ruled out due to the observed correlation of chitinase promotor
activity with developmental and symbiotic events in plants. A potential model of legume -Rhizobium

signalling, including a role for chitinase, is presented in 6.2.4.1. Further, detailed investigation of these

potential roles must be done prior to taking this line of discussion further.

6.2.4.1

PR protein gene expression in clover development

Developmental expression of TsPRPI and Ts- Ypr10a during seedling growth changes with age in
root and leaf tissue. This indicates that roles for the encoded proteins are likely to exist in healthy
developing seedlings. The proposed function of PRP1 is compatible with a role in development, and cell

division. New cells grow, requiring memhrane biogenesis and modification. PRP1 may also be required
to stabilise new membranes by linking them to the cell wall.

Evidence to support

a

function for YprlOa in plant development is limited. If, however, one were to

assume ribonuclease activity for the PRIO family, it is unclear how such an enzyme might act in plant
developmental processes. If one were to assume a chitinase activity for YprlOa, then a means for this
protein to act in clover development should be examined.

Potential roles of chitinase enzyme in plant developmental systems have been noted, such as in

embryogenesis (de Jong et al. 1992), and in the hydrolysis of Nod factor molecules ( Staehelin et al.
1992; Staehelin et al. 1994a; Staehelin et al. I994b; Staehelin et al. 1995; Staehelin et al. 1996) - this

will be further discussed below. Recent evidence suggests that endogenous Nod -like factors may be

present in, and an integral part of, plant development (Spaink and Lugtcnberg 1994; Spaink 1995).
Nod -like factors have also been proposed to be developmental determinants in animal systems (Semino
and Robbins 1995; Semino et al. 1996; Spaink, pers. comm.), This area of research is, however, still
very undefined, and so conjecture as to the functional role of chitinase enzyme in plant development

would be inappropriate here.

6.2.4.2

PR protein gene expression during clover symbiosis

Symbiosis may be regarded as: a special kind of plant development, a special kind of infection,

a

hybrid of both development and defence, or as a unique and separate process distinct from development
and defence. Evidence to date indicates that the hybrid situation may be the best description of the

nodulation process. Legumes can be induced to form nodules by the application of hormones /hormone

transport inhibitors, and so it is evident that legumes have the ability and information to develop these
structures once triggered to do so (Hirsch et al. 1989; Truchet et al. 1991; Cooper and Long 1994;
Pichon et al. 1994; Bauer et al. 1996). Other data suggests that the plant defences fulfill roles in the
control of symbiosis, including host -range determination and the abortion of infectioniinfection threads
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(Vasse et al. 1993; Cook et al. 1995; de Boer 1995; de Boer and Djordjevic 1995; Peng et al. 1996) (see

1.16.7, Incompatible Rhizobium-legume infections). De Boer and Djordjevic (1995) found that the
hypersensitive response was not involved in the abortion of Rhizobium infection, which conflicts with the
findings of Vasse et al. (1993). The Rhizobium Nod factor is a significant part of the signalling processes
involved in the establishment of legume-Rhizobium symbiosis. Its structure includes a short N- acetyl
glucosamine, which is susceptible to hydrolysis by chitinase. There is uncertainty how, and in what form,
Nod factor is detected by the legume host. Reports that the fatty -acyl side -chain attached to a single N-

acetylated glucosamine is the functional signal molecule (Rhörig et al. 1996) conflict with microtargeting

studies using 4,

5

and 6 -mers of N-acetyl glucosamine (Mathesius et al. 1998). That Nod factor has been

reported to inhibit auxin transport (Mathesius et al. 1998), provides some insight into a potential

mechanism by which nodulation can be triggered. A suitable, localised, hormonal gradient could be
induced by inhibition of auxin transport, which then triggers the preliminary steps of nodulation
(Mathesius et al. 1998).
In the white clover -Rhizobium leguminosarum by. trifolii interaction, the reproducible induction of

inner cortical cell division has not been demonstrated, the cause of which is unknown. It is possible that

purified Nod factor application could induce the transient basic chitinase promoter activity observed for
Rhizobium inoculation, given that this process does occur in other legumes (Ardourel et aL 1994; Pichon

et al. 1994; Orgambide et all 1996). If this were assumed to be true, then roles for chitinase enzyme in
this process may be two -fold. First, clover chitinase enzymes in the rhizosphere may hydrolyse some Nod

factors prior to reaching the cell membrane and, by doing so, select for a subset of more stable Nod

factors. This process can be regarded as

a

potential host-range determinant step. Secondly, the transiently

induced chitinase promoter activity observed may represent an endogenous chitinase enzyme induction.

Such an enzyme could release the active component/s of Nod factors once they penetrate, or insert into,
the cell membrane. Both mechanisms may be operating simultaneously, where a relatively stable subset

of Nod factors are able to reach the cellular membrane of root (hair) cells (after which the full structure
may not be required for biological activity). At this point perception of the Nod factors (by auxin

transport inhibition) triggers transient chitinase promoter activity, which subsequently releases the active
component of the Nod factor. This two-stage process would require that the biological activity of the Nod
factor be defined differently at different stages of signalling and perception (Fig. 6.1).
The reduced level of expression of the basic chitinase promotor during flowering may cause a
differential nodulation rate during these periods. This can be readily tested in legumes, and may assist in

determining the extent of involvement of chitinase in legume-Rhizobium signalling. Furthermore, the
creation of transgenic legumes expressing chitinase gene constructs in the roots may also test this theory
by increasing chitinase activity in the vicinity of the zone of Rhizobium infectability.

6.2.4.3

PR protein gene expression in subterranean clover defence

As for many PR proteins, gene or protein induction by pathogenesis- related stimuli tends to indicate

potential roles in defence and mitigation of stress. This is true for TsPRPI and Ts- YprlOa genes. The
precise regulation of PvPRP1 transcript level, and in particular the redox -regulated binding protein which

destabilises this transcript, raises the question of what this protein does that justifies this level of
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Fig. 6.1

Model of proposed legume -Rhizobium interactions involving chitinase enzyme as a

means of releasing the active cmponent/s of Nod factors once they penetrate, or insert into, the
cell membrane. Two mechanisms may be operating simultaneously. A relatively stable subset of
Nod factors are able to reach the cellular membrane of root (hair) cells, after which the full

structure may not be required for biological activity (Stage 1). At this point the Nod factors may
be hydrolysed by chitinases within the root releasing the active component/s of the Nod factor

(Stage 2). These active copmponents may trigger (either directly or indirectly) corical cell
division and subsequent nodule formation. This two -stage process would require that the
biological activity of the Nod factor be defined differently at different stages of signalling and
perception.
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control, If the true HyPRPs carry out a membrane linking function, they may contribute to membrane
stabilisation. This role would justify the strict regulation of transcript level, where the negative regulation
during initial stress perception may form a component part of a fate -determining process during the first
five hours after elicitor treatment. Within this time frame, an oxidative burst may also occur (Mehdy et
al. 1996). Thus it may be seen that a stress such as fungal elicitor treatment may trigger an oxidative burst

event, which subsequently affects the binding of the 50 kDa binding protein, destabilising the PvPRPI
gene transcript. If the HyPRPs are membrane linking proteins, then the rapid reduction of transcript level

may be a precursor to allowing collapse of the cellular membrane during host -cell death. That this has not
been reported in bean may be a result of the experiments using cell suspension cultures (Sheng et al.
1991; Zhang and Mehdy 1994) which are reliant on essentially unspecialised cells, with limited scope for

direct cell-to -cell signalling, or reaching a localised signal threshold. The localisation of host cell death
(or the hypersensitive response) may be expected to reflect the mode of the triggering signalís, and thus
signal molecules may be expected to be localised similarly in whole tissues. Thus, in the bean cell
suspension system, the lowered transcript levels observed may be an intermediate step prior to

commitment to

a

host-cell death pathway cascade, or to cellular defence and recovery. Experiments done

in planta and inducing a hypersensitive response, may reveal alternative fates which correlate with no

recovery of PvPRPI transcript levels.
The role of the encoded proteins PRP1 and YprlOa require further investigation prior to any

confirmation of direct defence roles in T subterraneum. Regulation of the tobacco basic chitinase

promotor in white clover indicates that wounding induces defence signalling similar to that observed in
tobacco.

PR nomenclature systematics

6.3

The hypothesis of this research is that some pathogenesis- related (PR) proteins of clovers have roles
in plant defence, development and symbiosis. It is important then to consider the status

of this work

within the context of proposed pathogenesis -related protein classification and nomenclature systems. It
will become evident that this work challenges elements of these systems. Therefore

it is

appropriate to

explore these systems and to identify areas of contention.
The PR protein classification has, over time, become outdated and misinterpreted as a result of (1),
the large range of proteins identified since the term was first coined and, (2) our understanding and

analysis of general plant (molecular) biology progressing beyond the scope of the original classification
system. This has necessitated a continual re- examination of the PR nomenclature system.

6.3.1

A critical re- examination of PR definitions

The term PR protein was a result of the work of Antoniw (1980) (see 1.3.1, Pathogenesis -related

protein systematics). The widely adopted use of this classification has been a result of: (1) identification

of a large number of plant genes and proteins associated with plant defence and stress responses, and (2)
the utility of such a classification. The PR protein class now encompasses a broad range of proteins - both
in terms

of the wide range of their different structures and functions and in that the PR proteins may not

exclusively carry out pathogenesis -related functions. It would be naive to suggest that all PR proteins
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may not exclusively carry out pathogenesis -related functions. It would be naive to suggest that all PR
proteins neatly fall Into one category according to biochemical activity or function. Indeed, literal
interpretation of the term "pathogenesis-related" is not exclusive of other functionality. However, the

current usage, or interpretation of the term has tended to result in a tendency to regard certain PR proteins
as possessing only one purpose or function. Misinterpretation of the term may not be a good reason to

change it, however, the revision of what this term means has presented further problems.

Van Loon et al. (1990) refined the system of Antoniw (1980) to allow for the increased number and
types of PR proteins identified. This system introduced the term PR-like in order to accomodate proteins
homologous to PRs, which did not exhibit PR induction. The system of van Loon et al. (1990) was then

refined because the term PRs was commonly used to describe proteins which were more correctly
classified as PR -like, thus effectively broadening the meaning of PRs to include the PR -like proteins.
Also, some of the recently identified PRs lacked sufficient similarity to existing PR families, and so a

further expansion of the number of PR families, from

5 to 1I

families, was appropriate. The new PR

nomenclature system, proposed by van Loon et al. (1994), addresses some of the shortcomings of the
previous system (van Loon 1990) however, limitations are still evident in this new system. Van Loon
(1994) proposed an improved definition of PRs and PR-like classes in order to resolve the apparent lack

of adoption of the PR-like class.
The PRs and PR -like classes were previously distinguished by the latter being induced "principally in
a developmentally controlled, tissue-specific manner" (van Loon 1990). Van Loon (1994) addressed the

lack of adoption of the PR -like classification by redefining

it.

The newly defined PRL class consists of

"homologous proteins (to PRs) in healthy tissues in which no such induction (by pathogenesis related
stimuli) has yet been demonstrated ". Furthermore, "if a PRL is subsequently shown to be absent from an
organ in which it is newly induced by infection it is reclassified as a PR ". PR status was also conditional
upon (the protein) being induced by pathogenesis- related stimuli from levels "not readily detected ".

"Readily detected" being defined in part as excluding techniques which are "too sensitive" (for PR

classification purposes) such as antibody- and radio-label detection.
These proposed rules have several drawbacks:
First, modem and widely adopted techniques such as antibody- and radio -labeling, which are both

sensitive and readily quantifiable, are rejected on the grounds that their sensitivity confuses the

definition and classification of PRs.
Secondly, there is a lack of evidence to suggest that there is

a

qualitative difference between

potential pathogenesis -related roles of proteins induced from "readily detectable" levels and those
from below "readily detectable" levels

-

thus the basis for this definition appears to be arbitrarily

determined. The "readily detectable" threshold ignores the magnitude and timing of induction, and
the peak level of the protein or corresponding transcript. These criteria may be more biologically

relevant to a protein's pathogenesis -relatedness than the "readily detectable" threshold. If the criteria

of magnitude or peak induction were to be further explored, it may be seen that the (previously
rejected) techniques of antibody- and radio -labelling may be used to their fullest extent by
embracing their quantitative abilities.
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Thirdly, the underlying assumption of the current PRs/PRL classification is that a PR does not carry
out more that one function in a particular organ. This is counter to the intended scope of the terms

"pathogenesis- related" and "pathognenesis- related -like ". The literal meaning of "pathogenesisrelated" is not an exclusive term. Furthermore, a protein present at low levels in a healthy organ

is

automatically assumed to be non-pathogenesis -related. It is unclear as to the logical basis of such an
assumption. Is it not logical for a protein with a role in maintenance of cell integrity to have roles in

"housekeeping" in a healthy organ, and in defence in the (subsequently) infected or stressed organ?
Such a protein would be excluded from. PR status due to its pre -existing (low level) presence in the

healthy organ. To defuse a protein as PRL,

is to rule a

protein to he non- pathogenesis -related.

Fourthly, the criteria for distinguishing PRs from PRL must be relevant to current research

techniques. It would be uncommon for newly isolated and characterised PRs to be examined solely
at the protein level. A PR isolated today, whether initially by protein or molecular biological means

(including through homology to other PRs), is highly likely to be characterised at the DNA and
mRNA levels. Perhaps a new PR is less likely to be measured through "readily detectable" means
such as SDS -PAGE or native -PAGE methods than by more sensitive techniques.
Thus the process of dividing the PR and similar proteins into PRs and PRL classes has been a difficult
one.

It is a process which is yet to yield a readily applied and relevant criterion which can take full

advantage of the capabilities of current investigative techniques. It should be considered whether this type

of classification has real -world relevance for most proteins under consideration. The concept of a PR-like
(PRL) class of proteins is valid, and has a place within PR classification. However, it should be
considered whether this class should simply represent those proteins which have no demonstrated PR
induction, but are structurally similar to those which have PR induction.

6.3.2

Scope of the PR nomenclature system

Definition of the genes and proteins involved in plant defence is a valuable step towards identifying,
understanding

and augmenting plant defences against pathogenesis -related stresses.

A

broad

interpretation of "pathogenesis-related proteins" would be proteins which: (I) form a part of, or
synthesise pre-formed defences, or; (2) are actively induced by stress, including infection and wounding,
or; (3) pre -formed defences which may be activated or enabled by chemical flux, such as the oxidative

burst, or; (4) those proteins involved in the promotion and implementation of a hypersensitive response.

The current PR nomenclature system covers only the actively inducible defences and elements of

oxidative burst and chemical flux responses. In effect, the current PR defmition means: "proteins which
are highly induced from low, but not undetectable, levels by pathogenesis- related stimuli ". So in

comparison to the broad interpretation above, the current system reduces the subtleties of the plants
sophisticated, co- ordinated cellular defence mechanism to an arbitrarily gross level through enforcement

of a relatively convenient threshold within the PR- definitions.
Thus the proposed PR- definitions of van Loon (1994) and those proposed above, are, (1) too broad,

and/or (2), too narrow respectively. As such, the term may have lost the meaning in the context in which
it was coined. When the first PR proteins were identified, and their purpose postulated, "pathogenesis-
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related" was a good and non-exclusive classification. However, progress in our understanding and
ability to study plant systems has overtaken this classification. Any protein which is related to the

maintenance of cellular integrity may be regarded as being a PR protein. What is the test for a PR
protein? Many PR/PRL proteins are defined by the empirical test: of stress- induction, or sequence
similarity to the stress -induced proteins. It would seem that a PR protein (or cDNA) described today,
will, in general, be of two types: (1) those with relatively rapid stress induction kinetics at the transcript

level, and/or (2) those whose proposed (enzymic) function is postulated to be effective in mitigating
stress in plant tissue. This excludes proteins involved in signalling, in preformed defences, or those

whose transcript level or induction kinetics are not within the somewhat arbitrary criteria applied by
van Loon (1994) and Neuhaus et al. (1996).
To give an example: a protein involved in membrane biogenesis and turnover may be expected to be

expressed during embryogenesis, cellular growth and repair, and perhaps in vesicle formation and
transport. This protein may be expected to be induced by cold, osmotic or pathogenesis- related stress

-

by modifying the constituents of the plasma membrane in order to prevent damage or loss of membrane

functions. This could fit the criteria for classification as a PR protein. The same protein may also fulfill
the criteria of being a "housekeeping" protein, and as an embryogenesis or developmentally related

protein.
A significant influence on this state of assumed single- functionality has been the strategies used to

identify potential PR protein genes. The most convenient strategy for cloning PR protein cDNAs (and
thence, PR protein genes) has been to induce stress in plant tissue, extract the mRNA, then produce and
clone cDNA /s. This strategy has influenced the types of cDNAs identified, by selectively increasing the

likelihood of cloning those which are induced quickly, and to high transcript levels. The cloning of

others through sequence similarity to those already cloned by this method has also contributed to a

somewhat biased subset of plant protein genes. These strategies tend to exclude those protein genes
which are not induced to high transcript levels by stress. Those excluded may include protein genes

which contribute to pre- formed defences, and those which are not part of the early defence response,
but are important in the later stages of plant recovery from stress.

6.4

Experimental approaches to identification of an unbiased sample of

PR proteins
Given the inherent bias in current strategies for the isolation of PR protein genes toward the rapidly

and highly inducible genes, other approaches are worth exploring. Steadily improving molecular
biological technology enables the use of more sophisticated strategies. Differential display methods

(Goormachtig et al. 1995) would allow the molecular analysis of those genes whose level of

transcription is either raised, or lowered during pathogenesis- related stimuli. This methodology would
not identify genes which do not change in transcript levels, potentially under -representing genes

involved in the plant preformed defences. This group of proteins (and their corresponding genes) may
not be readily identified unless specifically sought, or identified in their role/s by incidental isolation
and characterisation. Protein genes which function in defence signalling via protein kinase- mediated
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phosphorylation may be detected by 32P- phosphate pulsed labeling of stressed plant tissue prior to two
dimensional (2D) protein electrophoresis. Of course, 2D protein electrophoresis methods have much
more to offer, and have many of the same advantages of differential display methods. In particular, the
proteome concept (Humphrey -Smith et al. 1997) has potential application where the proteome map
enables comparative effects of signalling pathway inhibition studies, mutant or anti -sense defence-

related studies to be analysed in the context of the total protein complement.
The techniques and approaches detailed above should be useful in redressing the imbalance in the
types of PR proteins and genes isolated and characterised.

6.5

Conclusions

The genes investigated in this research are all regulated in a manner consistent with a pathogenesisrelated classification. TSPRPI is a PR protein, and is closely related to proteins associated with flowering
and reproduction. Potential for roles in development and symbiosis exists for TsPRPI or other gene
family members, where a proposed membrane- linking or stabilisation function may be responsible for

the maintenance and manipulation of cellular membranes. Discrimination between HyPRPs by use of

phylogenetic analysis tools correlated with both structural and regulatory data for these proteins.
Tobacco basic chitinase promotor activity was demonstrated to he a marker for developmental

differences in the early development of roots and nodules in white clover.
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