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Plants are subject to attack by a wide range of organisms, including fungi, bacteria, viruses, nematodes and insects. They respond to attack through different mechanisms, such as rapid production of salicylic acid (SA), methyl jasmonate (MJ), ion fluxes, strengthen physical barriers, production of pathogenesis-related (PR) proteins and secondary metabolites. Pathogens themselves employ various strategies to overcome the plant defence systems. The interaction between plant and pathogens include plant resistance, allowing plant survival, or plant susceptibility, causing yield loss or even plant death.
Use of plants with natural defence mechanisms is safe, economical and the ideal strategy for pest and pathogen control, because the risks of environmental hazards are insignificant and the need for pesticides reduced. To improve resistance in crops, a comprehensive understanding of the mechanisms of resistance is needed. The defence response of plants to pests and pathogens involves many biochemical processes. One of the well-studied mechanisms is the production of secondary metabolites. 
This literature review begins with a brief review of the structure and function of two important classes of secondary metabolites, the flavonoid and saponins, with a focus on their defence functions. This review also discusses the role of PR proteins in plant defence systems and the importance of elicitors in identifying significant defence 
genes and metabolites in plants. The remainder of this review will focus on the important oat cultivars in South Australia and review the breeding priorities such as the significance of nematodes including cereal cyst nematode (CCN) and stem nematode (SN) on reducing the yield of cereals will be discussed. Plant biochemical responses to the nematodes as an approach to understand resistance mechanisms will also be presented. The potential of oat compounds to control diseases that may support use of oat as a beneficial rotation crop will be considered.
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Plants produce two major groups of metabolites, 1) primary metabolites like carbohydrates, lipids, amino acids and nucleic acids that are necessary for growth and development and 2) secondary metabolites such as organic acids, phenolic compounds, saponins, flavonoids, alkaloids, volatile oils, etc. that are generally not essential for the growth and development of plant (Dixon, 2001). The high number of secondary metabolites (about 100,000) encourages scientists to use this rich diversity to improve plant and animal defence system. However, this diversity has made it difficult to employ molecular and genetic techniques for determining the function of each metabolite in plant defence systems (Dixon, 2001). Some of the secondary metabolites give plants characteristics, for example terpenoids in chilli peppers give taste and flavonoids in orange give colour and flavour (Cowan, 1999; Harborne and Williams, 2000). Some of the secondary metabolites also protect plants due to their antimicrobial properties (Cowan, 1999; Harborne and Williams, 2000). Active secondary metabolites in plant defence system can be categorised into three broad groups, 1) constitutively exposed compounds such as phytoanticipins that exist in healthy plants in their biologically active forms (Osbourn, 1996), 2) signalling molecules that activate a variety of responses, or 3) induced compounds such as phytoalexins (Dixon et al., 2002). The distinction between phytoalexins or phytoanticipins is not obvious, as some compounds may be phytoalexins in one species and phytoanticipins in another species (Dixon, 2001).
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Flavonoids are one of the largest group of plant secondary metabolites and are present in a wide range of plants including agricultural plants, fruits, vegetables and cereals (Schijlen et al., 2004). Over 6400 different flavonoid compounds have been described in plants (Martens et al., 2003). All flavonoids have the same basic skeleton, C6-C3-C6 (Figure 1.1) and they are classified into different groups, flavanol, flavone, flavonol, flavanone, isoflavone and anthocyanidin according to the modifications of the C-ring (Shimada et al., 2000; Heim et al., 2002; Cavaliere et al., 2005). 




Figure 1.1 Nuclear structure of flavonoids (Heim et al., 2002). 

These compounds differ in the arrangements of hydroxyl, methoxyl and glycosidic side groups. Sometimes they are found in plant as complex compounds for example, proanthocyanidin may be present in plants as high molecular weight multimers with more than 17 flavanol units (Guyot et al., 1997).
It has been shown that the different functional groups of the rings provide different functions. For example, flavones generally have higher antifungal activity than flavanone (Weidenborner and Jha, 1997). Contradictory reports of the activity of flavonoids with and without hydroxyl group have been published (Cowan, 1999). For example, it has been reported that flavonoids without hydroxyl group on their B-ring are more active against micro-organisms than those with hydroxyl group. However, other research has shown that hydroxylated flavonoids have more activity against pathogens than unhydroxylated flavonoids (Cowan, 1999). UV-B treatment results in a higher level of B-ring hydroxylation suggesting that this modification provides UV protection (Ryan et al., 2002).
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Flavonoids have various functions such as antioxidants (Dixon and Steele, 1999; Harborne and Williams, 2000; Peterson, 2001), inducers of rhizobial nod genes in leguminous plants (Dixon and Steele, 1999; Shimada et al., 2000; Dixon et al., 2002; Shimada et al., 2003) attractors of pollinator insects by providing pigmentation and flower colour (Harborne and Williams, 2000; Moriguchi et al., 2001; Schijlen et al., 2004), stimulators of pollen germination (Dixon and Paiva, 1995), regulators of auxin transporters (Dixon and Paiva, 1995) protectors against ultraviolet light (Harborne and Williams, 2000; Ryan and Moura, 2002; Ryan et al., 2002), frost (Swiderski et al., 2004), pathogens and herbivores (Harborne and Williams, 2000; Simmonds, 2001).
One of the most important and useful effects of flavonoids is their antioxidant property. This property is attributed to their capacity to transfer electrons to free radicals like vitamin E radicals, activate key antioxidant enzymes, inhibit oxidases (Heim et al., 2002) and inhibit oxidation of proteins (Harborne and Williams, 2000). The number of flavan nuclei, the position and types of substitutions all affect the

Table1.1 Classification, structure and dietary sources of flavonoids (adapted from Heim et al., 2002)
	Class
	General structure
	Flavonoid
	Source

	Flavanol
	

	Catechin
Epicatechin

	Tea
Tea

	Flavone
	

	Chrysin
Apigenin
Luteolin
Rutin
	Fruit skins
Parsley, Celery 
Red pepper
Citrus, Tomato skin, Buckwheat

	Flavonol
	

	Kaempferol


Quercetin



Myricetin
	Leek, Broccoli, Endives, Grape fruits, Black tea
Onion, Lettuce, Broccoli, Tomato, Tea, Berries, Olive, oil, Apple skin
Cranberry Grapes

	Flavanone
	

	Naringin
Naringenin
Taxifolin
Eriodictyol
Hesperidin

	Citrus, Grapefruit
Citrus fruit
Citrus fruit
Lemon
Orange

	Isoflavone
	

	Genestin
Genistein
Daidzin
Daidzein

	Soybean
Soybean
Soybean
Soybean

	Anthocyanidin
	

	Apigenidin
Cyanidin

	Coloured fruit,
Cherry, Raspberry, Strawberry 




antioxidant properties of flavonoid (Heim et al., 2002), with the structure of the B ring in the flavan nucleus being the primary indicator of the antioxidant activity in these compounds (Pannala et al., 2001). Das and Pereira (1990) showed that a carbonyl group and a double bond between C-2 and C-3 increased the antioxidant activity. 
Flavonoids have long been studied as signalling molecules for beneficial micro-organisms in the rhizosphere in leguminous plants (Dixon and Steele, 1999). Flavonoids especially 5-deoxyflavonoids and 5-deoxyisoflavonoids act as inducers of rhizobial nod genes in host-specific symbiotic nitrogen fixation (Shimada et al., 2003). There has been interest in producing these compounds in non-leguminous plants because of isoflavonoids protection against certain forms of cancer (Schijlen et al., 2004).
Flavonoids absorb strongly the UV region of the light spectrum, and therefore protect plants from the harmful effects of UV (Ryan et al., 2002; Ambasht and Ambasht, 2005). Markham et al. (1998) compared the response of UV-tolerant rice cv. M202 and UV-susceptible cv. Dular against high UV levels. They found that flavonoids are induced in tolerant cultivar by UV, but not in the susceptible cultivar. The effect of elevated CO2 on flavonoid concentration was studied by Estraite et al. (1999). They discovered that high levels of CO2 increased the concentrations of flavonoids in leaves of wheat by 14% when compared to control plants. Rising CO2 concentrations in air increased the photosynthetic rate making carbon more available. The greater contents of flavonoids in the leaf help the plant to protect itself against UV radiation damage.
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The inhibitory effects of flavonoids on feeding behaviour of pests and the growth of pathogens have been studied. Dreyer and Jones (1981) found that the more polar phenolic fraction gave the strongest feeding avoidance for Schizaphis graminum. Apigenin-C-glycoside, which is in phloem of rice plants, can change the feeding behaviour of the brown plant hopper, Nilaparvata lugens (Grayer et al., 1994). Grayer et al. (1994) showed that when plant hoppers ate rice stems with high level of flavonoids, the weights of the plant hoppers decreased. Also, it has been shown that a glycosyl flavone isolated from corn silk can inhibit the growth and development of corn worm, Heliothis zea (Elliger et al., 1980). The flavonoid, sakuranetin, is a phenylpropanoid with inhibitory effects against Ditylenchus angustus, which is a damaging nematode in South Asia (Plowright et al., 1996). Five days after inoculation of a resistant cultivar with the stem nematode, the concentrations of flavanone sakuranetin and the phenylpropanoid chlorogenic had increased (Plowright et al., 1996). 
The effect of flavonoids on pathogen growth has been well studied. Dillon et al. (1997) showed that there was a strong correlation between resistance to blast in rice plants and the accumulation of flavonoids. Moreover, they found that there was a genetic difference between rice cultivars in terms of phytoalexins. The sensitivity of major rice pathogens to inhibition by certain flavonoids was studied by Padmavati et al. (1997). They revealed that naringenin, a flavonoid, could inhibit the growth of Xanthomonas strains and prevent spore germination of Pyricularia oryzae in rice plants. A study on the antifungal activity of flavonoids on 34 different fungi, indicated that flavone has a higher antifungal activity than flavanone (Weidenborner and Jha, 1997). They confirmed the results of other researchers, which showed that Fusarium
could metabolise antifungal compounds. The flavonoids that are important in plant defence of the selected crops are listed in Table 1.2.

Table 1.2 Crops known to contain flavonoids with stress protection and/or antimicrobial activity
	Crop
	Flavonoid
	Pathogen/Stress
	References

	Wheat
	Tricin
	[bookmark: _Toc150917159]Schizaphis graminum
	Dreyer and Jones, 1981

	Rice
	Sakuranetin

Flavanone 

Sakuranetin
Naringenin
Iso-orientin acylated glucosides
	Magnaporthe grisea

[bookmark: _Toc150917160]Ditylenchus angustus (stem nematode)
Xanthomonas sp.
P. oryzae
UV-B
	Koda et al., 1992
Dillon et al., 1997
Plowright et al., 1996
Padmavati et al., 1997


Harborne and Williams, 2000

	Maize
	Anthocyanins
Anthocyanins


Maysin

Maysin and apimaysin
2-O- -L-rhamnosyl-6-C-luteolin
	Helminthosporium maydis
UV-B


Helicoverpa zea

H. zea

[bookmark: _Toc150917161]Heliothis zea
	Padmavati and Reddy, 1999
Harborne and Williams, 2000
Padmavati and Reddy, 1999
Lee et al., 1998


Elliger et al., 1980

	Oat
	O-methyl-apigenin-C-deoxyhexoside-O-hexoside
	Heterodera avenae
Pratylenchus neglectus
	Soriano et al., 2004a

	Sorghum
	Apigeninidin

Luteolinidin

Flavan 3-ols

Arabinosyl-5-O-apigeninidin
Flavan-4-ols
	Colletotrichum graminicola
C. graminicola

C. graminicola

Fusarium verticillioides (synonym F. moniliforme)

Curvularia lunata
	Padmavati and Reddy, 1999


Padmavati and Reddy, 1999
Padmavati and Reddy, 1999

Grayer and Harborne, 1994

	Tea
	Flavone-3-ols

Catechins
	[bookmark: _Toc150917162]Exobasidium vexans
Vibrio cholerae
[bookmark: _Toc150917163]Streptococcus mutans
	Punyasiri et al., 2004

Sakanaka et al., 1989

	Barley
	Flavonoid 7-O- methyltransferase 
	[bookmark: _Toc150917164]Blumeria graminis
	Christensen et al., 1998

	Peanut
	Procyanidin
	Aphis craccivora
	Grayer et al., 1992

	Sugarbeet
	Betavulgarin
	Rhizoctonia solani
	Elliger and Halloin, 1994

	Soybean
	Glyceollin
	[bookmark: _Toc150917165]Fusarium solani sp. glycines
	Lozovaya et al., 2004
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1.2.1.4   Flavonoids in oat (Avena sativa)

Research on flavonoids in oat is limited to few papers that cover structure, biological activity and changes with environmental conditions. A significant variation was found among oat cultivars for the concentration of all phenolic compounds except that of ferulic and p-cumaric acids (Emmons and Peterson, 2001). This research also showed that the environment has a significant effect on the concentration of phenolics and total free phenolics. The abundant flavonoids in leaves of oat are apigenin-C-pentohexoside as major component, luteolin-C-pentohexoside and O-methyl-apigenin-O-deoxyhexoside-C-hexoside (Soriano et al., 2004). These flavone-C-glycosides in oat were induced by methyl jasmonate (MJ) and nematodes. Furthermore, high level of flavone-C-glycosides restricted the invasion of Heterodera avenae in oat roots (Soriano et al., 2004).
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Saponins are a major family of secondary metabolites that contain an aglycon hydrophobic core and sugar chains with hydrophilic property (Osbourn, 2003; Martin and Magunacelaya, 2005). These compounds are glycosylated triterpenoid, steroid or steroidal alkaloids (Hostettmann and Marston, 1995; Papadopoulou et al., 1999) with a diverse range of activities including antimicrobial, anti-insect, allelopathic, haemolytic and surfactant properties. Sapo is the Latin word for soap and reflects their surfactant properties as saponins produce stable foams when shaken with water (Hostettmann and Marston, 1995; Onning and Asp, 1996; Osbourn, 2003). Saponins are synthesised from mevalonic acid through the isoprenoid pathway (Hostettmann and Marston, 1995). Triterpenoids and steroids are produced from the cyclisation of 2,3-oxidosqualene (Qi et al., 2004; Jenner et al., 2005; Townsend et al., 2006).
Saponins are produced in a wide range of plant species particularly dicotyledonous plants (Papadopoulou et al., 1999; Osbourn et al., 2003). The presence of saponins in oat (Avena sativa) is noteworthy given their apparent absence from most other cereals such as rice, wheat and barley (Hostettmann and Marston, 1995). 
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Saponins have long been known to have strong biological activity. The antibacterial activity of saponins is relatively weak but their antifungal activity is strong (Okazaki et al., 2004). Extracts from oat roots have been shown to attract and then lyse zoospores of Pythium species and Phytophthora cinnamomi. Further work has shown that this property is due to the presence of avenacin (Deacon and Mitchell, 1985). 
α–tomatine, which is present in tomato (Lycopersicum esculentum), has been shown to have strong antifungal and weak antibacterial activity. The antifungal activity of this saponin was proven against Fusarium oxysporum, Aspergillus spp., Candida albicans and Trichophyton spp. (Hostettmann and Marston, 1995). Fusarium solani can infect ripe tomato fruits because they contain low levels of saponins, but it is not able to infect green tomato fruits as they have a high level of α–tomatine (Osbourn, 1996). Medicagenic acid glycosides are the dominant saponins in lucerne roots and were found to inhibit the growth of Trichoderma viride, Sclerotium rolfsii, Rhizopus mucco, Aspergillus niger, Phytophthora cinnamomi and Fusarium oxysporum (Hostettmann and Marston, 1995; Kohli et al., 2001).
It has been shown that the aqueous extracts of the Chilean tree, Quillaja saponaria, have nematicidal effects (Martin and Magunacelaya, 2005). This research also suggested that saponin and non-saponin fractions have a synergistic effect on the control of nematode populations (Martin and Magunacelaya, 2005). 
The membraneolytic properties of saponins against fungi is a result of the interaction of saponins with sterols in the membrane of fungi (Osbourn, 1996; Armah et al., 1999; Kohli et al., 2001). It has been suggested that fungi with low levels of sterols in their membrane should be resistant to saponins (Kohli et al., 2001) but this has not been tested. In general, maximum antifungal activity is obtained from monodesmosidic saponins, with a single sugar chain in one side of the molecule, that contains four or five sugar residues, which can increase water solubility and thereby increase the antifungal activity (Hostettmann and Marston, 1995). However, weak haemolytic activity of bisdesmosidic saponins, with two sugar chains in both sides of the molecule, was reported (Woldemichael and Wink, 2001).
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Oat is unique among cereals in producing two different families of saponins, the steroidal avenacosides in the shoots (Onning et al., 1993; Onning and Asp, 1996; Osbourn et al., 2003) and the triterpenoid avenacins in roots (Crombie et al., 1986; Crombie and Crombie, 1986). 
Saponins in oat shoots: In 1953 a bitter-tasting compound with foaming and haemolytic property was isolated from the leaves of oat (Onning and Asp, 1996). Thirteen years later, Tschesche and Schmidt named this compounds avenacosides (Onning and Asp, 1996). The first two avenacosides compounds were identified as avenacoside A and avenacoside B (Figure 1.2) by Tschesche and Lauven (cited in Onning and Asp, 1996). 
Qualitative and quantitative analyses of saponins have been performed using thin layer chromatography (TLC) (Tschesche et al., 1969; Curl et al., 1985) and high performance liquid chromatography (HPLC) (Kesselmeier and Strack, 1981). Avenacoside A and avenacoside B are bisdesmosidic saponins. They have two

A) shoots                                                      B) roots


        

                             R1            R2                                            R1                R2
              
Avenacoside A        glc            H                 Avenacin A-1        OH          NHCH3
Avenacoside B        glc           glc                Avenacin A-2        OH               H
26-DGA                   H             H                 Avenacin B-1          H            NHCH3
26-DGB                   H             glc               Avenacin B-2          H                 H


Figure 1.2 Chemical structures of saponins in oat A) shoots (Wubben et al., 1996) and B) roots (Crombie et al., 1986). 26-DGA and 26-DGB are 26-desglucoavenacoside A and 26-desglucoavenacoside B, respectively.



attachment sites for sugars, a sugar chain at C3 and a single glucose residue at C26 (Grunweller and Kesselmeier, 1985). Avenacoside A and avenacoside B are stored in the vacuoles of epidermal cells (Kesselmeier and Urban, 1983) and are converted to monodesmosidic 26-desglucoavenacoside A (Figure 1.2A, 26-DGA) and 
26-desglucoavenacoside B (Figure 1.2A, 26-DGB) after removal of a glucose from the C-26 position when oat shoots are attacked or mechanically damaged (Grunweller and Kesselmeier, 1985). The deglycosylation reaction is carried out by a highly specific 
β-glucosidase (avenacosidase) in the plant leaves (Gus-Mayer et al., 1994).
The biological activity of 26-DGA and 26-DGB in oat was tested against a few fungi. Luning and Schlosser (1976) tested 26-DGA and 26-DGB against 15 different fungi and they measured their sensitivities using leakage of free amino acids from cells as a measure of the membranlytic activity. They found that both pathogens and non-pathogens infecting oat leaves, Drechslera (Pyrenophora) avenacea, Septoria avenacea, Alternaria solani, Septoria cyclaminis and Fusarium culmorum are insensitive to 26-DGB, whereas important pathogen such as Gaeumannomyces graminis var. avenae, G. graminis var. tritici, Ascochyta pisi, F. avenaceum are sensitive to the saponin in oat leaves. Drechslera teres and D. graminea showed low levels of leaked amino acids when exposed to 26-DGB. Luning and Schlosser (1976) were one of the researchers to suggest that the sensitivity of the fungi could be due to sterols in their membrane, based on the absence of sterols in Pythium.
Luning and Schlosser (1975) partially purified β-glucosidase from homogenated oat leaves by high-speed centrifuge in 10,000 g. In 1985, Grunweller and Kesselmeier (1985) were able to purify and characterised the specific β-glucosidase responsible for activation of avenacosides from the non-specific β-glucosidase in homogenised oat leaves. In 1994, a protein (As-P60) was isolated from oat seedlings and identified as the specific β-glucosidase responsible for activation of avenacosides (avenacosidase). The amino acid sequence of this protein showed significant sequence identity with 
β-glucosidases involved in defence mechanisms of dicotyledonous plants and it had 34% sequence identity with bacterial and mammalian β-glucosidase (Gus-Mayer et al., 1994).
Some fungal pathogens are able to detoxify the active saponins in oat shoots by removing the sugar chain at the C3 position (Hostettmann and Marston, 1995; Osbourn, 1996; Wubben et al., 1996). Septoria avenae f. sp. avenae (Wubben et al., 1996), Stagonospora avenae (Morrissey et al., 2000; Bleddyn Hughes et al., 2004) and Botrytis cinerea (Quidde et al., 1999) are three fungi that can detoxify 26-DGA and 26-DGB. Botrytis cinerea can degrade and detoxify the antifungal activity of the 26-desglucoavenacosides and other saponins like α-tomatine in tomato and digitonin in Digitalis (Quidde et al., 1999). The gene encoding the major β-glucosidase responsible for detoxifying saponins from the foliar blast fungus, S. avenae, was cloned and the protein showed similarity to other saponin-detoxifying enzymes in Septoria, Gaeumannomyces and Botrytis (Quidde et al., 1999).
The first reports on the quantification of saponins in the shoots of oat, which was carried out using TLC (Tschesche et al., 1969), indicated that the avenacoside A and B content in oat grains was estimated to be 0.04% and more recently, the content of total saponins in rolled oat was estimated to be 0.1% (Onning and Asp, 1996). Nisius (1988) indicated that there is a natural variation among the genera of Avena for avenacoside. No saponins were detected in shoots of A. clauda, A. pilosa and A. ventricosa using TLC. Despite this research, there is still no evidence to show any correlation for sensitivity of these species to pathogens and absence of saponin in their shoots (Osbourn, 1996). Onning et al. (1993) determined the avenacoside A and avenacoside B content of 16 oat cultivars using HPLC. They found that the saponin content was significantly different among oat cultivars and it ranged from 0.02-0.05% based on dry matter.

Saponins in oat roots: An antifungal compound called avenacin was isolated from oat roots (Maizel et al., 1964). This compound is able to give resistance to oat against the wheat take-all fungus, Gaeumannomyces graminis var. tritici, previously known Ophiobolus graminis (Burkhardt et al., 1964; Maizel et al., 1964; Luning et al., 1978). Four avenacins were isolated and identified as avenacin A-1, A-2, B-1, B-2 (Figure 1.2B). Both, avenacin 
A-1 and B-1, show strong blue fluorescence under UV-light (366 nm) due to N-methyl anthranilate in their structures which is unique to saponins (Luning et al., 1978; Crombie and Crombie, 1986). The UV florescent property facilitated the isolation, partial quantification, screening and bioassay of these compounds. The other two root saponins, avenacin A-2 and B-2, have a benzoate group in their structures and are not florescent (Crombie and Crombie, 1986; Trojanowska et al., 2000). Avenacin A-1 and A-2 have one extra oxygen compared to avenacin B-1 and B-2, respectively as in Figure 1.2B (Begley et al., 1986). The trisaccharide chain common to all four avenacins contains two glycolyl residues and one arabinosyl residue at the C3 position (Crombie et al., 1987). 
The importance of avenacins in plant protection comes from studies on the effect of wheat take-all fungus, G. graminis var. tritici (Ggt) and oat take-all fungus, 
G. graminis var. avenae (Gga). Oat is resistant to Ggt strains that lack avenacinase and susceptible to Gga (Crombie et al., 1986; Osbourn et al., 1991) whereas non-saponin containing cereals, wheat and barley, are susceptible to both variants of fungi (Bowyer et al., 1995). Goodwin and Pollock (1954) were able to attribute the resistance of oat to fluorescent compounds found in the root tips. The sensitivity of an oat species lacking avenacin, A. longiglumis, to Ggt suggests that avenacin may be a good indicator of oat resistance to fungal pathogens (Osbourn et al., 1994). The esterified avenacins with methylanthranilate group (A-1 and B-1) showed more toxicity against fungi than avenacin A-2 and B-2 (Crombie et al., 1987; Hostettmann and Marston, 1995). According to Maizel et al. (1964), avenacin at 50 μg/ml could inhibit 50% of the growth of Candida albicans and Pythium irregulare, 12.5% of Botrytis cinerea growth. Oat mutants that lack saponin biosynthesis were generated from diploid oat, A. strigosa, using sodium azide and examined against Ggt (Papadopoulou et al., 1999). These saponin-deficient (sad) mutants were susceptible to Ggt, whereas the wild-type 
A. strigosa, showed lower sensitivity to the fungi. The involvement of avenacin in increasing the plant resistance was confirmed by assessing the F2 progeny from the crosses between mutants and wild type oat plants (Papadopoulou et al., 1999). These mutants have provided robust tool for investigating saponin biosynthesis and should provide a greater understanding of the key enzymes and genes in the pathway in the future (Townsend et al., 2006). 
As seen with fungi response to avenacoside in oat shoots, some fungi are resistant to avenacin either due to altered membrane composition or producing an avenacin-detoxifying enzyme (Bowyer et al., 1995). Fungal species like Pythium lack sterols in their membrane (Luning and Schlosser, 1976), therefore, saponins cannot interfere with their membranes, resulting in no toxicity (Luning and Schlosser, 1976). Among eight tested fungi, Pythium ultimum was the only fungus that did not show inhibition when exposed to avenacins (Turk, 2005). Bioassays of avenacin on Fusarium avenaceum showed that this fungi is resistant to lower levels of avenacins and sensitive to higher levels of avenacins, 50% inhibition at 200 μg/ml avenacin A-1, (Luning et al., 1978; Crombie et al., 1986). 
The presence and activity of avenacinase is a determinant of pathogenicity of fungi on oat. The infection of oat by take-all fungi, Gga, is attributed to saponin-detoxifying enzyme, avenacinase (Bowyer et al., 1995; Papadopoulou et al., 1999). Osbourn et al. (1991) demonstrated that the isolates of Gga have 100 times more avenacinase activity than isolates of Ggt. They also partially characterised a single protein species of molecular weight 110 kD using SDS polyacrylamide gel electrophoresis that was responsible for the activity. The gene encoding the avenacinase was cloned and polyclonal antisera for avenacinase has also been raised (Bowyer et al., 1995; Osbourn, 1996). It is possible that there are other mechanisms for detoxification, since Australian isolates of Ggt lacking avenacinase are able to infect oat. This property is attributed to either resistance in the level of membrane or misrecognition in clarification of the fungus (Osbourn, 1996).
The presence of avenacins in both monocots and dicots plants is limited to the genus of Avena and the closely related species tall oatgrass, Arrhenatherum elatius (Osbourn, 2003). Turk (2005) searched 189 genotypes of Poaceae for avenacins using their fluorescence property and found that none of them showed accumulation of avenacin except Avena spp. The distribution of avenacin in oat roots was investigated by Crombie and Crombie (1986). They studied 11 species of oat and found that the avenacin content in oat roots varied from 0.22-1.0 mg/g dry weight (DW) and the relative contents of each avenacin ranged from 47-60 % A-1; 5-7% B-1; 30-43% A-2; 3-6% B-2. They identified traces of avenacin A-1 in Arrhenatherum elatius. The concentration of avenacins declined with the age of Avena sativa plants from 5.26 mg/g DW (3-4 days old) to 0.52 mg/g (77 days old). Using the fluorescence property of avenacin A-1, Osbourn et al. (1994) found that avenacin A-1 as the major avenacin in oat roots and avenacin B-1 are localised to the epidermal cell layer of root tips. The concentration of total avenacin in the root tips (12.76 mg/g DW) is more than double that of the rest of oat roots (5.01 mg/g DW, Crombie and Crombie, 1986). Turk (2005) quantified avenacin A-1 in the root tips of 35 Avena genotypes using TLC. A significant difference was found among oat genotypes for the concentration of avenacin A-1 varying from 4.7 to 6.5 mg/g fresh weight. 
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Numerous defence mechanisms have evolved in plants to protect them against pathogens and herbivores. Some of the important mechanisms are described below.
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One of the best known and most powerful inducible defence responses that is activated by the invasion of pathogens is the hypersensitive response (HR) (Stuiver and Custers, 2001; Bertini et al., 2003). The HR is defined as a programmed cell death reaction restricting pathogen spread from the site of infection (Vernooij et al., 1994; Bertini et al., 2003). A HR is initiated when a gene product from the pathogen binds to a plant receptor leading to a rapid defence response (Glazebrook, 2001). The interaction between the plant and pathogens causes rapid necrosis at the site of pathogen penetration and can also induce systemic acquired resistance (Peterson et al., 2000). In the HR the first reaction after pathogen attack is an oxidative burst. The induction of HR is rapid and very important in restricting pathogen penetration. 
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When pathogens and pests invade plants, the first response occurs at the site of infection. However, uninfected parts of the plant respond to the primary infection by increasing their general resistance against the same or other pathogens (Vernooij et al., 1994; Schweizer et al., 1998; Bertini et al., 2003). This non-specific resistance is known as systemic acquired resistance (SAR) and is present in many plant species and provides protection against viruses, fungi and bacteria (Ryals et al., 1994). Suprisingly, there are only a few reports on SAR in cereals (Schweizer et al., 1998; Bertini et al., 2003). 
Several studies have shown that the onset of systemic acquired resistance is correlated with the accumulation of SA throughout the plant (Peterson et al., 2000). SA is thought to act as a signalling molecule (Peterson et al., 2000) that ultimately induces the expression of a set of pathogenesis related (PR) genes (Schweizer et al., 1998; Glazebrook, 2001). A number of PR genes were induced in rice by mechanical treatment (Schweizer et al., 1998). PR4 genes were induced in wheat by SAR chemical inducers such as SA, 2, 6- dicholoroisonitric acid, benzo (1,2,3) thiodiazole 7-carbothiotic acid S-methyl ester, MJ and wounding treatment (Bertini et al., 2003). 
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Pathogenesis-related proteins are coded by the host plant and induced by pest and pathogen attack or by other stresses (Liljeroth et al., 2001; Bravo et al., 2003). PR proteins can be grouped into 14 families based on amino acid sequences and functional properties (Hoffmann-Sommergruber, 2002). Some PR proteins are constitutively expressed in some organs of plants (Hoffmann-Sommergruber, 2002). 
PR proteins can be induced in cereals and their antifungal role has been well studied in cereals. Caruso et al. (1999) found that a number of PR proteins were induced in wheat infected with Fusarium culmorum. They showed that two isoforms of β-1, 3-glucanase (PR2) and three isoforms of chitinase (PR3) were induced upon infection. Furthermore, activity of wheatwins (PR4) and peroxidase were increased in the early stages after inoculation. Accumulation of several PR proteins has been reported in barley in response to infection by Bipolaris sorokiniana including PR1 and thaumatin-like (PR5) (Liljeroth et al., 2001). Agrawal et al. (2002) showed that two major PR proteins, OsPR5 and OsPR10, accumulated in rice in response to inoculation with the fungal elicitor, chitosan. Pests attack in cereal plants also induce PR proteins. Attack of barley plants by oat aphid (Rhopalosiphum padi) induces PR proteins (Forslund et al., 2000). One chitinase (PR3) and four isoforms of β-1, 3-glucanase (PR2) were induced in barley by oat aphids, but PR1a and PR5a were not induced.  
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Elicitors are factors that produce a defence response by activating specific signalling pathways and genes. Elicitors can induce enzymes involved in lignification (Campbell and Sederoff, 1996) and PR protein production (Xu et al., 1994; Liljeroth et al., 2001) and they are grouped into biotic, abiotic factors and synthetic compounds.
The biotic elicitors include carbohydrates, lipids and proteins produced by pest and pathogen and stimulate a response by the plant. Abiotic elicitors include mechanical damage, drought, frost, salinity and so on. There are several key defence compounds that also induce defence responses in plants, such as SA, jasmonic acid (JA), MJ, ethylene, benzo (1,2,3) thiodiazole 7-carbothiotic acid s-methyl ester and nitric oxide. This literature review will explain the important abiotic elicitors with an emphasis on MJ.
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SA accumulates endogenously in leaves infected by pathogens and this compound induces SAR genes, PR genes and ultimately resistance based on observed plant protection against pathogen infection. Exogenous SA acts the same as endogenous SA in tobacco (Vernooij et al., 1994). Salicylic acid is the generator for plant defence reactions and is produced from trans-cinnamic in higher plants through the intermediate orthocumaric acid (Ryals et al., 1994). Bertini et al. (2003) showed that PR4 genes in wheat are activated by exogenous SA application. It has been shown that SA induces resistance in rice against blast disease, which is caused by Magnaporthe grisea (Song and Goodman, 2002). 
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Endogenous ethylene (C2H4) is known as a growth and development regulator in plants (van Loon et al., 2006). This hormone has several roles in the plants including, seed germination and seedling growth, leaf abscission, organ senescence and fruit ripening (Bleecker et al., 1988; van Loon et al., 2006). It has been shown that the level of ethylene in plants is enhanced by wounding and pathogen attack (Bleecker et al., 1988; van Loon et al., 2006). Ethylene regulates plant responses to biotic stresses like pathogens and abiotic stresses such as drought (Chen et al., 2005).
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Jasmonic acid (JA) and its methyl ester, MJ (Figure 1.3) play important roles in plants as growth regulators (Ananieva and Ananiev, 1997; Biondi et al., 2001; Sasaki et al., 2001), and as signal molecules in plant defence system (Thaler, 1999; Ryan and Moura, 2002). JA (Figure 1.3) is synthesised from linolenic acid in five steps (Biondi et al., 2001). It was first isolated from the fungus Lasiodiplodia theobromae (Creelman and Mullet, 1995). Both water deficiency and JA induce a similar response with the induction of several genes in plants, suggesting that JA could have a role in protection against drought (Creelman and Mullet, 1995).
The effect of jasmonic acid treatment on pests in the tomato was investigated by Thaler (1999). He showed that the damage on tomato leaves due to pests in plants treated with a foliar spray of JA was 60% less than control plants. Flavonoids in oat, which are shown to be involved in resistance to CCN, were induced by MJ 


                                Jasmonic acid                    R=H
                                                                          Methyl jasmonate              R=CH3
Figure 1.3 Structure of jasmonate

(Soriano et al., 2004). Saponarin, a protective compound against UV-B damage in barley, is suppressed by JA but two flavones with stronger anti-oxidative properties in young barley leaves are induced by JA (Ishihara et al., 2002).
MJ is more volatile than JA and volatility of MJ caused initial interest (Creelman and Mullet, 1995). It has been reported that MJ is able to induce the synthesis of proteinase inhibitors in both sprayed plants and nearby unsprayed plants (Farmer and Ryan, 1990). Therefore, to prevent interplant communication and any kind of drift, it is necessary to separate control and MJ-treated plants before treatment (Farmer et al., 1992).
Many experiments have been carried out to see whether PR genes are induced by JA and/or MJ. It has been shown that PR4 genes in wheat can be induced by MJ (Bertini et al., 2003). PR4 was also strongly induced in rice by JA and abscisic acid (ABA) but not SA and ethylene (Agrawal et al., 2002). In the roots of sugarcane, PR10 was induced by MJ 24 hr after application (Bower et al., 2005). PR5, a thaumatin-like gene, is one of the PR genes that are induced by pathogens and elicitors. Over-expression of this gene in rice was found in plants resistant to the fungus Rhizoctonia solani when compared to control plants (Datta et al., 1999). Several PR genes in rice, PR2, PR3, PR5 and PR9, were shown to be induced and their proteins accumulated by JA and rice blast fungus, Magnaporthe grisea (Schweizer et al., 1997). In sunflower, the defensin (PR5-1) gene was induced by either JA and/or SA, 6 and 24 hr after application, respectively (Hu et al., 2003). Xu et al. (1994) showed that PR1 and PR5 in tobacco were induced by a combination of MJ and ethylene.
The increased resistance conferred by external application of MJ appears to cost plants based on the measurement of many different factors. For example, different researcher have observed reduced number of flowers (Thaler, 1999), delayed flowering and fruit ripening (Heil, 2002), reduced growth (Heijari et al., 2005) and induction of leaf senescence and reduced grain weight (Beltrano et al., 1998). Baldwin (1998) showed that if MJ-induced plants had not been attacked by herbivores, less seeds were obtained compared to control plants, therefore it is suggested that MJ should be applied when the attack is predictable and induction is necessary rather than constitutively. In a four-year experiment on the effect of JA on the yield and phenology of tomato, there was no significant difference between yield of JA-treated and control tomato when tomato were grown under natural and experimentally reduced the levels of herbivores (Thaler, 1999). There are some examples where the positive effects of MJ could compensate the negative effects of exogenous JA. For example, positive effects of JA on the reducing the plant damage by herbivores could compensate the negative effects on tomato such as reducing the number of flowers (Thaler, 1999).
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Mechanical damage such as wounding induces many of the same defence reactions and genes as chemical compounds. In rice, wounding of one leaf, induced a number of PR genes (Schweizer et al., 1998). Similarly in wheat, PR4 genes were expressed at 1-3 days after wounding (Bertini et al., 2003). Li et al. (2001) observed that two serine protease inhibitor-encoding genes (Inh-Ι and Inh-II) were expressed at the site of wounding and throughout tomato plants by mechanical wounding of a single leaflet.
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The crop losses due to nematodes are estimated to be about 11% in the world and cost about USD 80 billion (Agrios, 2004). More than 20 important crops suffer losses due to nematodes (Trivedi, 1998). Two out of 17 orders of nematodes, Tylenchida and Dorylaimida, are plant parasitic and members of Dorylaimida are vectors of plant viruses (Strange and Scott, 2005). Two of the devastating nematodes, Heterodera avenae and Ditylenchus dipsaci, are related to this thesis and will be described.
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This nematode was first reported on oat in Britain in 1908 by Theobald and then on wheat in 1909 and was first known as cereal root eelworm (Southey, 1956). The first recording of CCN in Australia and South Australia was made by Davidson in 1930 (Stanton and Fisher, 1985).
CCN is a destructive pathogen that can cause serious damage on wheat and oat. The grain yield losses of wheat due to CCN in south-eastern Australia have been estimated on average 8% (costing AUD 54 million in 1986/87) and in some farms it can be more than 50% (Brennan and Murray, 1988; Rathjen et al., 1998; Ogbonnaya et al., 2001). Oat yield loss due to CCN in infected paddocks could be as high as 81% in South Australia where an intolerant cultivar is sown (Zwer et al., 2005).
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This nematode can cause serious damage on more than 450 different plant species and is considered one of the most destructive nematodes (Strange and Scott, 2005). It has been reported that this nematode can reduce the oat grain yield by 80% (Grainger, 1956).
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Different methods of control are advised to manage and restrict nematodes. A good chemical control for CCN was obtained on severely infested farms by spraying with aldicarb (Temik 10G) carbofuran at 1.5-2.5 kg/ha (Trivedi, 1998) and ethylene bromide (Stanton and Fisher, 1985). Biological control of CCN with the parasitic bacterium, Pasteuria penetrans, has also been advised (Trivedi, 1998). Crop rotation is a cultural method of control where non-host crops can restrict the number of CCN in the soil to minimise disease (Trivedi, 1998). Fallow management and control of host weeds during fallow can reduce the number of cysts because rain in the absence of host plants causes many cysts to hatch without forming of new generation (Amir and Sinclair, 1996). Use of resistant and tolerant cultivars is the most feasible and economical method to control nematodes due to environmental concerns and effectiveness of the method (Martin et al., 2004). 
Resistance to nematodes is defined as the ability of the plant to inhibit and prevent the reproduction of nematodes whereas tolerance to nematodes is the capacity of the plant to withstand, grow and yield well in presence of nematodes (Rathjen et al., 1998). Several resistance genes for CCN have been identified and evaluated in wheat and its relatives (Ogbonnaya et al., 2001; Martin et al., 2004; Safari et al., 2005). A gene designated Cre1 on chromosome 2B of AUS10894, Cre3 on chromosome 2D and Cre4 of Aegilops tauschi, Cre2, Cre5 and Cre6 (CreX) of Aegilops ventricosa, CreR of secale cereal, Cre7 of Aegilops triuncialis, Cre8 in a cultivar Festiguay and CreF of Frame and Yipti are some of these genes (Ogbonnaya et al., 2001; Martin et al., 2004; Safari et al., 2005). Several genes for CCN resistance, Ha1, Ha2 from Chebec, Ha3, Ha4 from Galeon have been reported for barley (Kretschmer et al., 1997; Barr et al., 1998; Seah et al., 2000). 
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It is well known that plants respond to nematode attack by producing nematicidal compounds either as phytoanticipins or phytoalexins. In a study on the interaction between soybean-cyst nematode (SCN), Heterodera glycines, and glyceollin, Huang and Barker (1991) found that glyceollin Ι, an isoflavone derivative compound, accumulated in a resistant cultivar after inoculation with SCN. Mixtures of saponin and non-saponin fractions of Quillaja saponaria are active against several nematodes including Meloidogyne and Pratylenchus (Martin and Magunacelaya, 2005) as are flavonoids in oat against H. avenae and P. neglectus (Soriano et al., 2004), sakuranetin in rice against D. angustus (Plowright et al., 1996), polyacetylenes in roots of safflower (Carthamus tinctorious) against several nematodes (Akhtar and Mahmood, 1994), 20-hydroxyecdysone in spinach (Spinacia oleracea) against H. avenae, H. schachtii, P. neglectus and M. javanica (Soriano et al., 2004). Sincocin is the trade name of a commercial product that combines natural products from four different plant species, prickly pear, southern red oak, mangrove and sumac and protects orange, sugar beet, cassava and sunflower against nematode attack (Chitwood, 2002). Some steroid and triterpenoid compounds in Asparagus, Fabaceae and Acacia, are reported to inhibit the growth and development of nematodes (Chitwood, 2002). JA and/or invasion of CCN in roots of oat induce a protein, ASP45, that is detected by a wheat-germ agglutinin antibody (Oka et al., 1997). The identification of the phytochemicals that are induced by nematodes has allowed the development of a new nematicidal chemical with enhanced activity and reduced environmental concerns (Chitwood, 2002).
Incorporating the resistant genes from wild relatives is an important approach for nematode control. However, finding the most appropriate accessions in terms of resistance and tolerance genes and/or metabolites is a prerequisite. Understanding the plant’s response to nematode invasion in term of producing phytochemicals should provide methods for identifying protective phytochemicals. These chemicals could be used to identify new accessions for breeding programs.
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Oats are resistant to a number of important crop diseases, and are grown in crop rotations to limit build up of pathogens (Soriano et al., 2004) such as Gaeumannomyces graminis var. tritici (Maizel et al., 1964) and Helminthosporium sp. (Sebesta et al., 2001). Growing an oat crop is an effective way to reduce the population density of root lesion nematodes, Pratylenchus thornei (Hollaway, 2002) and alter the soil microflora to suppress pathogens such as Verticillium sp. (Konagai et al., 2005). Quoll, Potoroo and Mortlock are three important cultivars that are widely grown in South Australia. The characteristics of these cultivars will be described. 
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