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Abstract 

Field pea (Pisum sativum) has many benefits when included in the crop rotation 

system in broadacre grain farming.  These benefits include a disease break and 

improved weed control for cereals and less dependence on nitrogenous fertilisers due to 

the leguminous nature of pea.  Currently, field pea adoption in Australia is low because 

the crop is susceptible to the fungal disease ‘black spot’ (Mycosphaerella pinodes) and 

has low stem strength and a lodged canopy.  Black spot causes yield losses averaging 

10-15% per year.  Lodging results in difficult and costly harvesting, increased disease 

pressure and increased wind erosion from exposed soil surface when stems break at the 

basal nodes.  This project aimed to address these problems through breeding, and 

through the application of quantitative genetics theory to a recurrent selection program.  

A quantitative measurement of relative stem strength was developed which could be 

used effectively in the field on single plants.  Accurate laboratory measurements of stem 

strength were closely correlated with the field measure of compressed stem thickness in 

the basal node region.  A diallel analysis of stem strength of the progeny of crosses 

among a range of pea lines with different values of compressed stem thickness 

concluded that the genetic control of stem strength was additive, with no maternal 

inheritance or dominance or epistasis effects. 

Broad sense heritability of black spot and stem strength on a single plant basis 

was estimated by a number of methods and was found to be moderate for both traits.  

The breeding program was set up to increase the response to selection (R) for both traits 

by partial selfing to F3-derived lines to improve heritability (h2), moderate selection 

intensity (i), large population size to improve phenotypic variation (σP) and rapid cycles 

(t), according to the classical response formula: 

t

hi
R P

2σ=  
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It was important for population size (N) and effective population size (Ne) to be 

large, and selection proportion (p) moderate, to avoid the impact of genetic drift when 

Ne.s < 0.5.  Rapid cycle times were achieved (2 years) because the two traits, black spot 

resistance and compressed stem thickness, were heritable on a single plant basis, and 

because crossing and selfing occurred in out-of-season growth facilities or the field.  

Between cycles 1 and 2, there was 11% realised response to selection (R) for disease 

resistance and 15% response for stem strength when compared to cycle 1 parent means 

in each trial. 

A quantitative genetics model of this breeding system predicts strong future 

genetic gains, with 80% of target genotype reached in 6-7 cycles of recurrent selection.  

The model also suggests that F1 selection could be practiced in the future to accelerate 

genetic gain for these traits in field pea. 
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1. General introduction 

Field pea (Pisum sativum) is an important grain legume for human consumption 

and stockfeed and a vital nitrogen-fixing crop for increasing the sustainability of 

broadacre farming systems through improved crop rotations.  Pea was one of the first 

crops domesticated approximately 10,000 years ago and is now distributed widely 

throughout the agricultural regions of the world (Lev-Yadun et al. 2000).  The region 

known as the fertile crescent in the Middle East is thought to be the centre of origin of 

pea and wild types can still be found there (Davies 1995; Lev-Yadun et al. 2000).  

Pea was a staple food crop throughout early human history and was integral in 

the nourishment and cultural development of prehistoric peoples, particularly through 

the provision of protein to the diet (Hedrick et al. 1928).  The ancient Greeks were 

among the first to write detailed accounts of farming systems and the plants involved.  

They were aware of the benefits of growing pea, including the benefit to the soil, and 

advantage of long term seed storage (Theophrastus 370-285 BC).  Not only were they 

aware of the benefits but also of some of the disadvantages of pea - Theophrastus (370-

285 BC) mentions the creeping nature of the pea as an undesirable morphology. 

Field pea is the term used to describe the crop that is grown in broadacre 

agriculture for dry seed production (Lawyer 1984), as opposed to the green vegetable 

pea.  World field pea production reached a maximum in 1990 with over 16.5 million 

metric tonnes produced (FAOSTAT-data 2004).  Since 2000 production has stabilised 

with about 10 million metric tonnes produced world wide of which approximately 

400,000 metric tonnes are produced in Australia.  Currently, among pulse crops world 

wide, field pea has the second highest production figures behind dry beans (soybeans 
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are considered an oil crop) (FAOSTAT-data 2004) and is an important staple, 

contributing valuable protein and energy into human diets and livestock feed. 

Field pea has many potential benefits for crop rotations in broadacre agricultural 

systems.  These include increased soil fertility through nitrogen fixation and disease 

break cycles for cereals, including reductions in diseases such as take-all 

(Gaeumannomyces graminis) and cereal cyst nematodes (Heterodera avenae) (Bretag 

1985).  This stabilises and increases yield of wheat grown in rotation with field pea.  

Field pea also provides growers with improved weed control options as different 

herbicide groups are used for field pea than for cereals, and sowing of field pea can be 

delayed to control early weeds with non-selective herbicides (French et al. 2005). 

In Australia, the area sown to field pea is lower than anticipated given the area 

of suitable soil types and the potential economic benefits of including peas in crop 

rotations.  Unreliable yields due to disease epidemics of black spot (Mycosphaerrela 

pinodes) and inherent crop management problems have discouraged grower adoption 

(Department of Agriculture Western Australia  2003).  The problems that limit the 

adoption of field pea as a regular and substantial part of Australian crop rotations can be 

summarised as: 

� difficult and costly mechanical harvesting due to lodging of the crop 

before harvest, which increases the risk of stones and soil damaging 

harvest machinery; 

� high soil erosion risk in the summer dry season, caused by low soil-

holding ability of pea stubble which has thin, weak stems.  This 

consequently increases the damage to soil by sheep grazing pea stubbles 

over summer;  

� lack of suitable herbicide tolerance to improve weed control; 
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� intolerance of extreme environmental conditions, namely frost and water 

stress; 

� susceptibility to black spot disease (Mycosphaerella pinodes) which is 

exacerbated by crop lodging; and 

� poor seed quality due to diseases such as black spot, high humidity in the 

lodged crop canopy, and infestation by seed insects such as pea weevil.   

New field pea varieties with increased stem strength and increased disease 

resistance would help alleviate some of the constraints associated with field pea 

production in Australia.  Stem strength per se has not been the subject of published pea 

breeding programs despite the knowledge that pea stems are inherently weak.  On the 

other hand, increased resistance to black spot disease has been targeted by breeding 

programs, but a satisfactory level of field resistance has not been achieved.  Breeders 

have searched for major gene resistance, and tended to ignore moderate levels of 

resistance which is present in some germplasm (Wroth 1996).  In Australia, black spot 

disease causes an average yield loss of 10-20% every year and in some years a severe 

disease epidemic can destroy individual crops completely (Bretag et al. 1995a).  

The major aim of this thesis is to test the hypothesis that two major field pea 

traits, black spot resistance and stem strength, both hypothesised to be controlled by 

minor genes and under quantitative genetic inheritance, can be improved simultaneously 

by recurrent selection.  Heritability and genetic control of the traits will be estimated on 

a single plant and small plot basis, and future genetic progress will be predicted by use 

of a quantitative genetics model based on population size, heritability, and selection 

pressure.  The outcomes of the project will have implications for breeders of self-

pollinating crops through developments in the techniques required to improve disease 

resistance in conjunction with other complex and economically important traits. 
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2. Literature Review 

2.1.   Stem Strength 

2.1.1. The problem in field pea 

The field pea crop is known to have an inherent problem with lodging which 

makes harvesting difficult (Csizmadia 1995).  Some authors, such as Hedley et al. 

(1983), list lodging as the single most important problem with pea crops.  Lodging 

reduces seed yield and quality as a result of a humid canopy and pods touching the 

ground, it exacerbates the fungal disease black spot, and causes difficulties at harvest 

with the need to use crop lifters on combine harvesters (Davies 1977; McPhee 2003; 

Tar'an et al. 2003).  Weak basal nodes on pea plants also result in stems breaking at 

ground level with the result that the straw is blown away after harvest.  The remaining 

stem and root system is not sufficient to hold the soil over summer, and the soil surface 

is exposed to wind and water erosion (McPhee and Muehlbauer 2001). 

Lodging results from the relative weakness of the basal region of the stem in 

relation to the weight of the upper parts of the plant, and beyond a certain stage of 

development the plants invariably collapse (Davies 1977).  Field pea breeding in 

Australia has improved phenology to match the short seasoned environments and this 

has led to high dry matter production, but stronger stems have not necessarily 

accompanied this increase in above-ground biomass.  Many field pea cultivars tend to 

be large, sprawling, vigorous types that are prone to lodging, which poses an obvious 

problem as these plants return the highest yield (Heath and Hebblethwaite 1985).  This 

in turn exacerbates many of the harvest and soil erosion problems that growers dislike, 

and reduces the adoption of pea. 
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Direct selection for stem strength has not been targeted in breeding programs, 

and it is not known if stronger stems will lead to an upright plant with higher yielding 

ability, easier harvest, greater erosion controls, and greater adoption by growers.  

However, it is highly likely that stem strength will be under complex genetic control 

and selection will need to be incorporated into a breeding program that is targeting 

many other complex traits such as yield, lodging resistance and disease resistance.  

Breeding methods will be required to cope with these multi-trait selection demands. 

Improved standing ability in field pea has been achieved through leafless or 

semi-leafless varieties.  In these plants, the leaf structure is progressively replaced with 

tendrils and this is genetically controlled by incorporating recessive alleles at the af and 

st loci (Davies 1993).  The plants intertwine and support each other, similar to clump-

forming grasses, in a display of structural mutualism (Givnish 1995).  This plant 

morphology has had varying levels of success and in some cases lodging occurs due to 

structural failures in the stand (Davies 1993; Givnish 1995; Stelling 1989).  Excessive 

interlocking of tendrils can also create mechanical harvesting problems as the plants do 

not separate to feed easily into a combine harvester.  Further progress in standing ability 

demands stiffer, or stronger, stems and as late as the 1990’s this was a trait that had not 

been identified in germplasm collections (Davies 1993). 

Barley faces similar problems to pea with its characteristically weak stem caused 

by weak basal internodes that are not able to support the tall and heavy upper parts of 

the plant (Sanvicente et al. 1999).  This can result in lodging, which in some countries is 

one of the major factors limiting yield.  Sanvicente et al. (1999) reported that barley 

stem strength could be increased through the application of plant growth hormones 

which shortened the basal internode and simultaneously increased the density of the 

main stem.  While long term application of plant growth hormones in cropping systems 

is not practical, it did give an indication that there may be a genetic solution to the 
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problem.  Perhaps genetic improvements in the density and strength of the lower stem 

of barley or field pea will increase lodging resistance? 

Before stem strength can be targeted in a breeding program two key areas of 

knowledge are required.  The first is a quantitative field measure of stem strength, 

preferably on a single plant basis, that detects differences in stem strength within a 

population of plants and can be readily applied to a field pea breeding program.  The 

second is knowledge of the genetic control and heritability of the trait.  Knowing 

whether the trait is under major gene or polygenic control, has low or high heritability, 

and is expressing additive genetic variance will influence the design of the breeding 

programme to maximise the genetic gain for stem strength. 

2.1.2. Measuring stem strength  

There is a general lack of information on physical measures of stem strength in 

pea (Davies 1977), and none that would facilitate trait selection in a practical breeding 

program for increased strength in the basal nodes of the plant.  Only two peer-reviewed 

studies were available that quantitatively measure stem strength in pea (Kemsley et al. 

2004; McPhee and Muehlbauer 1999).  These two studies will be discussed in section 

2.1.2.1.  Studies on other crops such as alfalfa (Ames et al. 1995), wheat (Berry et al. 

2000; Crook and Ennos 1994), barley (Sanvicente et al. 1999), and sorghum (Pedersen 

and Toy 1999) provide methods of measuring stem strength. 

Visual assessment of lodging resistance in field pea is the standard method used 

in breeding programs (Poehlman 1983; Stelling 1989).  Visual assessment of lodging 

does not target stem strength specifically, as other morphological traits such as the semi-

leafless character will improve lodging resistance without necessarily improving stem 

strength.  Environmental factors can greatly influence subjective measures of lodging 

and the nature of measure means it is not suitable for early generations of a field pea 
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breeding program.  To achieve rapid genetic gain for a quantitative trait a selection 

method for stem strength should be relatively independent of environment, should be 

repeatable and rapid, and applicable to early generations of a breeding program 

(Pedersen and Toy 1999).  Such a method for stem strength in field pea is not currently 

available. 

The work done on stem strength in other crop plants does provide information 

toward selecting the most suitable method for field pea.  Much of the technology in crop 

breeding for stem strength has been directly adapted from the technology used in meat 

testing (Ames et al. 1995; McClelland and Spielrein 1957). 

2.1.2.1.  Pea 

There are two published reports of quantitative measurements of stem strength 

in field pea (Kemsley et al. 2004; McPhee and Muehlbauer 1999).  Both studies used 

the Stable Micro Systems TA-XT2 texture analyser and while McPhee and Muehlbauer 

(1999) measured shearing forces, there were no details of equipment setup.  Kemsley et 

al. (2004) provide detailed methods, but the cutting measures used do not appear to be 

appropriate for accurately determining shear forces or breaking forces of pea stems 

(Mohsenin 1986).  The cutting measures used by Kemsley et al. (2004) were derived 

from those described by Waldron et al. (1997),who applied them to vegetable texture 

studies, where cell walls were being tested rather than the physical properties of a whole 

pea stem. 

2.1.2.2.  Alfalfa 

Ames et al. (1995) explored the issue of tensile strength and shear strength in 

alfalfa (Medicago sativa L.) and outlined how these forces relate to measurement of 

strength in plant tissue.  Ames et al. (1995) measured shear strength by excising 
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internode sections at 1 cm lengths and measuring the diameter.  The sections where then 

tested for the force required to break the sample by applying force perpendicularly to 

the longitudinal axis of the stem with a dull blade on an Instron Universal Measuring 

Instrument (Ames et al. 1995).  Shear force was measured in newtons (N).  This 

instrument is considered to measure compressional normal forces of shear strength 

(Mohsenin 1986; Zoerb 1967).  Ames et al. (1995) discovered that stem diameter and 

shear strength were highly correlated.  Stem strength studies in alfalfa should be 

transferable to pea as the stem morphology is similar to pea stems.  This study also 

suggests that an increased stem diameter in pea may also improve stem shear strength. 

Other work with alfalfa measured tensile stem strength using machines of 

torsion (Prince 1961).  ‘Pulling forces’ were applied along the axis of the stem samples.  

While this gave a measure of stem strength, the plane through which the forces were 

applied was of limited relevance to increasing stem strength in pea (Ames et al. 1995; 

Prince 1961).  A force tangential to the plane of the stem seems to be the most logical 

way by which a stem fails in the field, therefore reducing the value of this test of tensile 

strength for field pea (Dolinski et al. 1993). 

2.1.2.3.  Wheat 

Lodging in wheat occurs under extremely high yields and where the ground is 

soft at the time of maximum height and weight (Berry et al. 2000; Crook and Ennos 

1994).  Due to the fact that lodging in wheat is a combination of stem breakage and root 

displacement, Berry et al. (2000) studied the effects of husbandry on lodging 

characteristics.  For stem strength measures, Berry et al.(2000) performed a test similar 

to Ames et al. (1995), although they used a manual spring balance rather than an Instron 

machine.  Manual devices will reduce the precision of the measure compared with the 

Instron machine.  Crook and Ennos (1994), on the other hand, used an Instron machine 
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and were able to produce force/displacement graphs as the stem sample travelled 

through the range of bending until breakage.  Dolinski et al. (1993), working on 

triticale, were also able to produce similar results using an automated mechanical test.  

Such information is useful in determining characteristics of elasticity and stem recovery 

from bending close to breakage (Dolinski et al. 1993). 

2.1.2.4.  Other 

Sorghum lodges similarly to many other crop plants and it was the intention of 

Pedersen and Toy (1999) to develop a quick method of testing stem strength in the field 

with a quantitative measure.  For this task a penetrometer was used, as it provides 

quantitative results in the field.  While the penetrometer was a good measure of stem 

wall strength it was not a good predictor of lodging (Pedersen and Toy 1999).  

Sanvicente et al.(1999) worked on barley and estimated stem strength by measuring 

culm density.  These preceding methods do not test the performance of the material 

under stress.  They measure one variable and do not take into account the many factors 

involved in stem strength, i.e., wall thickness, tissue density, diameter, effects of 

disease, arrangement of vascular bundles.  One factor alone cannot be singled out as a 

measure of stem strength (Berry et al. 2000).  A physical test of the whole tissue under 

stress, such as that performed by Ames et al.(1995) and McPhee and Muehlbauer 

(1999), is more appropriate for measurement of stem strength in field pea. 

2.1.3. Genetic inheritance 

The genetic inheritance of stem strength in field pea is unknown.  McPhee and 

Muehlbauer (1999) concluded in their pea stem strength paper that genetic control of 

stem strength was a future research priority that would help breeding progress.  Dolinski 

et al. (1993) recognised the importance of investigating genetic components of stem 
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strength in triticale stalks.  Dolinski et al. (1993) calculated broad sense heritability 

although they did not investigate the method of gene control.  Broad sense heritability 

gives an indication as to rate of initial genetic gain under selection, but only if the 

genetic control is additive. 

2.1.4. Stem strength conclusions 

The two factors requiring more research in field pea are methods for measuring 

stem strength in the laboratory and the field, and the mode of genetic inheritance of 

stem strength.  Answers to these questions will enable a breeding program to effectively 

select the trait and make genetic progress.  Both of these factors are addressed at greater 

depth in further chapters of this thesis. 
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2.2.   Black spot 

The symptoms of black spot in field pea (P. sativum), are caused by one or more 

of three related pathenogenic fungi:  Ascochyta pisi Lib.; Mycosphaerella pinodes 

(Berk. & Blox.) Vestergr., which is the teleomorph of Ascochyta pinodes (Berk. & 

Blox) Jones; and Phoma medicaginis var. pinodella (Jones) Boerema com. nov. (syn.: 

Ascochyta pinodella) (Nasir and Hoppe 1991; Punithalingam and Holliday 1972).  M. 

pinodes can be distinguished from A. pisi through pycnidial exudates and from A. 

pinodella by its larger conidia (Punithalingam and Holliday 1972).  The ascochyta 

complex is a very closely related group of fungi, which have possibly only recently 

diverged from each other (Fatehi et al. 2003).  Of these three pathogens M. pinodes is 

considered the most prolific and damaging in most environments (Marcinkowska 1996; 

Zimmer and Sabourin 1986). 

In Western Australia infection by A. pisi is rare, due to its poor ability to survive 

in soil or on pea trash over a dry summer (Bretag 1991).  However, P. medicaginis var. 

pinodella and M. pinodes both survive for many years in the soil.  M. pinodes, which 

sporulates rapidly following rain events on pea stubble has become the most dominant 

and difficult to control among the Ascochyta fungi in Australia and is considered to be 

the major pathogen causing black spot in pea in Australia (Barbetti and Brown 1993).  It 

is therefore imperative for the Australian field pea industry that effective control 

measures of M. pinodes are developed. 

2.2.1. Yield Impact 

An average black spot epidemic has a yield penalty of at least 10% and a severe 

epidemic of black spot can reduce crop yields by 70% (Bretag et al. 1995a; Lawyer 

1984; Nasir and Hoppe 1998).  Some regions in Australia have noticed a yield decline 
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of around 30% in field pea over a ten year period in high rainfall sites, which has 

coincided with increased production (Kumar et al. 1997).  This is most likely due to 

field pea being grown in closer rotations resulting in higher average levels of black spot 

disease and therefore lower yields (Davidson and Ramsey 2000; Peck and McDonald 

1998). 

2.2.2. Infection strategy 

There are two stages to the life cycle of the black spot pathogen: the asexual 

stage A. pinodes (Berk. & Blox.) Jones; and the sexual (Ascigerous) stage M. pinodes 

(Berk. & Blox.) Vestergr (Punithalingam and Holliday 1972) and both stages are 

present in the Australian agricultural environment.  Viable ascospores are released 

forcibly from asci on stubble and are carried by wind and rainsplash following rain 

events and eventually land on plant tissues (Punithalingam and Holliday 1972).  

Pynidiospores on the other hand ooze from the ostiole in leaf or stem lesions after rain 

or heavy dew and the moisture usually transports them short distances to adhere to new 

infection sites (Hare and Walker 1944). 

The infection strategy of M. pinodes usually begins with the formation of an 

appresorium to aid penetration through the cuticle of susceptible plant tissues (Heath 

and Wood 1969; Nasir et al. 1992).  Penetration occurs through the outer epidermal wall 

and is then followed by the development of an infection vesicle within the epidermis 

(Nasir et al. 1992).  Plant injury can have a role in increasing infection rate by allowing 

an easy access point through the cuticle (Banniza and Vandenberg 2003).  From the 

infection vesicle, a penetration hypha initiates the development of the intra- and 

intercellular growing fungal colony (Heath and Wood 1969; Nasir et al. 1992). 
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2.2.3. Symptoms 

In Australia the initial symptoms of black spot begin on the leaves of the pea 

crop following rain events when ascospores arrive and form small “pin-prick” lesions 

(Figure 2.1).  If conditions remain humid these pin prick symptoms can form into 

spreading lesions which then coalesce and cover the whole leaf and eventually cause 

leaf senescence.  Very susceptible genotypes progress from pin prick lesions to 

senescence very quickly while the more tolerant lines have slower lesion growth.  In 

senescent tissues, pycnidia (the asexual fruiting bodies of the fungi) quickly form and 

produce pycnidiospores that cause secondary infections in the crop.  Thus, the disease 

can spread throughout the canopy and with further rain events the whole crop can 

become infected from a few sporulating lesions.  This asexual reproduction phase 

(Figure 2.1) is very rapid and new spores can be released as soon as 6 days after initial 

infection (Hare and Walker 1944). 

Stem infection occurs slightly after initial leaf infection but is still initiated via 

pin-prick infection sites.  These small lesions expand longitudinally up the stem and, if 

the conditions allow, completely girdle the stem in lesions.  It has been noted that the 

height of stem girdling is a good indicator of the relative susceptibility among 

individuals within a breeding program (Wroth 1996). 
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Figure 2.1:  Disease cycle of black spot caused by Mycosphaerella pinodes. 
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2.2.4. Disease resistance 

A large range of mechanisms have been identified in plants that protect them 

from the diverse range of pathogens attempting to enter and disrupt normal plant 

function.  Complete resistance to black spot has never been found in domesticated or 

wild pea germplasm (section 2.3.2), although a number of mechanisms have been 

reported that reduce the effect of disease.  One of the most common is disease 

avoidance where the pea plant employs strategies to sprout stems after the threat of 

disease has subsided.  Some pea genotypes, which are actually susceptible, show rapid 

leaf abscission and shrivelling of infected stems and new stems appear healthy, with the 

net result that the plant appears “resistant” later in the season (Wroth 1996).  These 

plants effectively allow plant development after maximum spore release has passed and 

the threat of disease has diminished. 

Some authors have reported a hypersensitive response where it appears that the 

plant is actively responding to recognized infection and is limiting infection (Clulow et 

al. 1992; Wroth 1998a).  Infection may be limited by the active production of the 

phytoalexin pisatin which limits M. pinodes growth in vitro (Heath and Wood 1971).  It 

is also possible for M. pinodes to be tolerant of high pisatin concentrations (Cruickshank 

1962), although the role of phytoalexins in disease resistance remains uncertain (Kuc 

1995). 

It has been shown that resistance to black spot is polygenic in nature and under 

additive genetic control with some dominance effects present (Wroth 1999).  This 

improves the chances of making genetic improvements in black spot resistance through 

cycles of recurrent selection. 
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2.2.5. Control 

2.2.5.1.  Cultural control 

Cultural methods for control of black spot disease are still the most effective 

tools available to growers in Australia.  The guidelines produced by The Department of 

Agriculture Western Australia (Barbetti and Brown 1993) for growers to control black 

spot include: 

• delay sowing for 10 – 28 days after the break of the season;  

• do not grow field pea in the same paddock more often than 1 in 3 years;  

• separate the current season’s crop from last year’s field pea stubble by at least 

500 m and increase this distance on the downwind side of last year’s stubble;  

• separate the current season’s crop from 18 month old pea stubble by at least  

50 m ; and  

• avoid volunteer field pea plants in proceeding crops. 

The most important and effective cultural practices in Australia are to plant late 

to avoid the high spore concentrations of the first few spore release events and to plant 

well away from the previous season’s stubble (French et al. 2005).  While late planting 

potentially avoids a yield penalty from disease there is a corresponding yield penalty for 

the shorter growing season ending with terminal drought.  This scenario needs to be 

addressed to allow growers to sow at the optimum time for maximum yield.  Disease 

models are now under development and can predict spore flow on whole district levels.  

These models take into account historical pea plantings and weather predictions and can 

therefore assist growers to reduce spore loads landing on new crops (Galloway and 

Salam 2003).  
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2.2.5.2.  Chemical control 

While some authors claim foliar chemical control is the best method to control 

black spot in pea, the results are still quite poor for disease control and yield increases 

are rarely observed (Nasir and Hoppe 1997).  Even when disease pressure is low 

chemical control is inconsistent (Dobson and Heath 1991).  For effective disease control 

multiple applications are required, and this requires a large increase in yield to 

compensate for the cost of the fungicide (Bretag 1985; Warkentin et al. 1996; 

Warkentin et al. 2000).  Caution is needed in the use of multiple applications as there 

are known cases of resistance of the Ascochyta fungi to fungicides (Molinero et al. 

1993).  Seed treatments have been shown to reduce transmission from infected seed 

(Nasir and Hoppe 1998) whereas late fungicide applications have little efficacy due to 

the density of the canopy and poor penetration of the fungicide to the diseased tissue 

held beneath the healthier top canopy. The prospect of pathogen fungicide resistance, 

and cost, makes chemical control a clear economic risk on the profitability of the crop 

and less desirable than genetic resistance to black spot. 

2.2.5.3.  Plant resistance 

Several studies undertaken in the last century have failed to identify major gene 

resistance to black spot in field pea (Clulow et al. 1992; Xue et al. 1996).  However, 

low to moderate levels of resistance have been found in many genotypes for both foliar 

and seed borne black spot disease (Xue et al. 1996). 

It is now understood that field pea has polygenic resistance to M. pinodes and, in 

order to obtain an economic levels of resistance, a breeding system will be needed to 

recombine alleles from many different sources (Wroth 1999).  Several reports suggest 

there are many sources with low levels of resistance which could contribute alleles for 
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improved polygenic resistance (Ali et al. 1978a; Kraft et al. 1998; Wroth 1996; 1999; 

Xue and Warkentin 2001). 

2.2.6. Pathogenicity 

The pathogenicity of M. pinodes isolates varies world wide with multiple 

pathotypes (isolate groupings based on plant responses) existing in the same growing 

regions (Ali et al. 1978b; Marcinkowska and Witkowska 1996; Nasir and Hoppe 1991; 

Wroth 1998b; Xue et al. 1998).  This genetic diversity within regions allows the 

pathogen population to change rapidly through sexual recombination and adjust to 

different selective pressures during the vegetative and facultative pathogen phases 

(McDonald and Linde 2002).  This is the case for other host/pathogen relationships, 

such as Leptosphaeria maculans on Brassica napus, where the sexual recombination of 

the pathogen provides new variation to adjust to environmental and host changes 

(Sosnowski et al. 2001). 

2.2.7. Sources of inoculum 

2.2.7.1.  Stubble-borne inoculum 

Normally pea crops in Australia become infected in early winter when fruiting 

bodies on stubble remaining from the previous season’s crop release ascospores and 

thus begin the life cycle of M. pinodes (Figure 2.1) (Galloway and Salam 2003).  The 

extremely dry summers in Australia force the fungus to remain quiescent until 

sporulation is triggered by temperature and humidity around the time of the break of 

season (Bretag 1991).  Avoiding the coincidence of the emerging pea crop with the first 

major spore initiation is therefore the major strategy to avoid heavy black spot disease 

outbreaks. 
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2.2.7.2.  Seed-borne inoculum 

Xue (2000) showed that infected seeds can transmit the disease to the growing 

seedling, and discoloured seeds are more likely to carry disease inoculum (Corbiere et 

al. 1994).  Seed-borne transmission of M. pinodes is the primary source of inoculum in 

new field pea growing regions (Xue et al. 1996).  Once infection begins in a crop, crop 

establishment, growth and yield is compromised (Moussart et al. 1998; Xue 2000).  

Viable options for controlling seed-borne infection are available with combinations of 

bioagents and chemical seed treatments (Xue 2000). However, in areas previously 

cropped to field pea, seed-borne inoculum plays only a minor role compared to the role 

of wind-borne ascospores that act as the major source of primary inoculum (Bretag et 

al. 1995b; Moussart et al. 1998). 

2.2.7.3.  Soil-borne inoculum 

Ascochyta fungi can survive in the soil, with M. pinodes and P. medicaginis var. 

pinodella surviving better than A. pisi (Dickinson and Sheridan 1968).  When infected 

pea trash is buried, pycnidiospores and ascospores, contained within mature pycnidia 

and perithecia respectively, can be transformed into chlamydospores (Dickinson and 

Sheridan 1968; Lawyer 1984).  Mycelia can also thicken and survive as sclerotia in the 

soil (Lawyer 1984).  While soil survival can be a major source of primary inoculum in 

some environments, such as drier pea growing areas of the United States (Lawyer 

1984), it does not seem to have the same significance as an inoculum source in Australia 

when compared to stubble borne inoculum (Galloway and Salam 2003). 
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2.3.   Breeding for disease resistance and stem strength 

simultaneously 

While non-breeding options exist for controlling black spot disease and 

improving standing ability, no measures are adequate and all fall short of the required 

improvements that will increase grower adoption of field pea in southern Australia.  

Genetic improvement of disease resistance and improved stem strength in field pea 

could offer a new option for growers who urgently need a crop legume in rotation with 

cereals.  In order to effectively breed for traits such as black spot resistance and stem 

strength, the methods of inheritance or genetic control need to be identified.  With this 

important information the correct breeding methodology can be applied and an 

appropriate breeding program designed.  Good genetic resources of the target traits also 

need to be identified to maximise the results of the program. 

2.3.1. Genetic control 

2.3.1.1.  Black spot (M. pinodes) resistance 

It has been established by several authors that resistance to black spot (M. 

pinodes) is inherited in a polygenic fashion (Cousin 1997; Prioul et al. 2003; Wroth 

1999).  Previous to the study which confirmed polygenic inheritance through diallel and 

triple test cross methods by Wroth (1999), many different mechanisms of genetic 

control were reported.  These included a single dominant gene (Csizmadia 1986), 9 

separate recessive genes (Ali 1983), and different dominant genes for stem and leaf 

resistance (Clulow et al. 1991b). 

Many breeding programs have failed to combine available minor genes from 

numerous sources (Table 2.1), preferring to search for major gene resistance to M. 
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pinodes, therefore slow progress has been made in resistance breeding (Kraft et al. 

1998; Timmerman-Vaughan et al. 2002).  Polygenic resistance is commonly lost during 

backcrossing to an adapted type (Robinson 1976; Van der Plank 1968).  This means that 

sources of partial resistance, inherited polygenically, must be found and a breeding 

system adopted that can recombine several minor alleles (Cousin 1997).  Researchers 

have identified up to 4 quantitative trait loci (QTLs) for resistance to black spot, 

although their stability across genotypes and environments needs to be defined (Prioul 

et al. 2004). 

2.3.1.2.   Stem strength 

As discussed in section 2.1.1, stem strength per se has not been selected directly 

in field pea, although efforts have been made to improve standing ability by rating 

lodging or some other standing ability index.  Stem strength in pea has been identified 

as a morphological weakness (Davies 1993) and this warrants research into genetic 

control and breeding methods for stem strength.  Work on lodging resistance has 

identified a QTL that was also associated with plant height while a second QTL was 

linked with M. pinodes resistance (Tar'an et al. 2003). 

2.3.2. Wild germplasm 

Wild pea germplasm is thought to be a useful resource of resistance genes.  Wild 

germplasm has been examined in a bid for to find sources of major gene resistance in 

pea to black spot (M. pinodes) although partial resistance is the only type found (Table 

2.1).  Wroth (1998a) demonstrated that wide crosses between wild germplasm and 

adapted lines introduced new minor genes for field resistance to black spot.  While 

excellent germplasm resources exist the diversity generally inspires ambivalence among 

breeders:  on one hand a belief that exotic taxa represent a resource of untold potential, 
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and on the other a belief that, given the risks and uncertainties of tapping this potential 

(that is, the problem of extracting adapted progeny from wide crosses), there is little 

reason to explore this resource until circumstances force the issue (Marx 1985).  It is for 

this reason that breeding systems which minimise the risks of bringing in new 

germplasm must be sought, as exotic germplasm does indeed hold immense potential. 

Not only can primitive P. sativum be used for introducing new germplasm into 

pea breeding systems but also P. fulvum and, possibly in the future, Lathyrus species.  

Even though direct hybridisation between Lathyrus and Pisum has been unsuccessful in 

the past, other techniques of introgression, such as protoplast fusion (Durieu and Ochatt 

2000) and cloned gene transfer (Erskine et al. 1997), may help bring across more 

resistance genes into P. sativum (Gurung et al. 2002).  The method of sourcing genes 

from wild germplasm is becoming increasingly popular in legume breeding and is being 

actively pursued across many programs, such as chickpea (Erskine et al. 1997), runner 

beans (Santalla et al. 2004) and lupins (Bradley et al. 2002). 



 23 

 

Table 2.1:  Studies undertaken between 1927 and 2001 to identify resistance in Pisum 
sativum to M. pinodes.  Adapted from Wroth (1996). 

Year  Author/s 
Number of 
lines Tested 

Range of resistance 
in lines tested 

1927 (Jones) 56   S – MR 

1940 (Gerritsen and Burgmans) 208   S – MR 

1941 (Higgins) -   S – MR 

1944 (Hare and Walker) 100   S – MS 

1947 (Weimer) 224   S – MR 

1948 (Lyall) >100   S – MS 

1949 (Anonymous) -   S – MS 

1949 (Gould) >500   S – MS 

1950 (Wark) -   S – MS 

1952 (Sorgel) -   S – MS 

1973 (Ali-Khan et al.) 1200   S – MR 

1976 (Kvasnikov and Krotova) 260   S – R 

1978 (Ali et al.) 165   S – MR 

1979 (Bakalova) 320   S – MR 

1982 (Golubev and Yan'kov) >3500   S – R 

1983 (Ali) 165   S – R 

1984a,b (Furgal-Wegrzycka) 117   S – R 

1985 (Mathews et al.) -   S – MS 

1986 (Zimmer and Sabourin) -   S – R 

1989 (Clulow) 42   S – R 

1991 (Ovchinnikova et al.) -   S – R 

1991 (Bretag) 252   S – MS 

1998 (Kraft et al.) 2936   S - MR 

2001 (Xue and Warkentin) 355   S - MR 

S = Susceptible, MS = Moderately susceptible, MR = Moderately resistant, R = Resistant 

 

2.3.3. Resistance through breeding 

Through the age of ‘modern’ plant breeding (since the rediscovery of Mendel’s 

Laws in the early 1900s), pedigree and backcross breeding have been the major methods 

for the development of plant resistance to pathogens in self-pollinating crops.  This 

flowed from the discovery of Mendelian genes for disease resistance, that is, qualitative 
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resistance which is either present or absent (Robinson 1996).  Pedigree and backcross 

breeding involves the transfer of a single gene through crossing an adapted parent with a 

“gene carrier” (normally a wild, unadapted type) and then backcrossing the progeny 

with the agronomic parent to restore the agronomic characters in the progeny.  

Backcrossing systems are not suitable for quantitative disease resistance systems 

because minor genes are lost in the backcrossing process (Allard 1999; Robinson 1996).  

Therefore quantitative systems of disease resistance breeding have been largely ignored 

for much of the modern era in self-pollinating crops, but not in cross-pollinating crops 

(Robinson 1996).  The backcrossing method has resulted in the classical “boom and 

bust” cycle of vertical disease resistance breeding (Borojevic 1990; Robinson 1976; 

Van der Plank 1968).  The agricultural and research community has grown accustomed 

to the failure of major genes for disease resistance, and the lack of durability of disease 

resistance in general, but have not developed the skills and methodology to avoid the 

problem (Robinson 1996).  Breeding for polygenic resistance, which should be more 

durable, requires different breeding methodology that incorporates population breeding 

principles. 

While there are some examples of durable resistance occurring through single 

genes in pea, such as to the diseases Fusarium oxysporm and Erwinia pisi (Lewis and 

Mathews 1985), it is generally accepted that durable resistance occurs through 

quantitative or complex control (Johnson 1984; McDonald and Linde 2002).  While 

quantitative resistance does not always imply polygenic control (Falconer and Mackay 

1996), in the case of M. pinodes the control is quantitative and polygenic, as discussed 

in sections 2.2.5.3 and 2.3.1.1.  Therefore the challenge lies in combining enough minor 

genes from different sources to provide a durable polygenic resistance at an 

economically useful level.  A system which can efficiently combine these genes is vital 

to achieving durable resistance.  Recurrent selection is a breeding method designed to 
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increase the frequency of useful minor alleles (De Koeyer et al. 2001; Fehr 1987).  The 

process involves a large screening generation where the best individuals are selected 

and they become the parents of the next screening generation.  This process is repeated 

for as many generations as necessary but it must be noted that after 10 – 15 generations 

progress declines dramatically if new genetic material is not introduced due to 

inbreeding and loss of additive genetic variation (Cowling 1996). 

2.3.4. History of recurrent selection 

The history of recurrent selection is bound up with the development of genetic 

theory and the struggle of two schools of thought after the rediscovery of Mendel’s 

Laws in the early 1900s, the Mendelians and the biometricians.  The following 

paragraphs will summarise the history of these two schools of thought as discussed by 

Robinson (1996) and Allard (1999) and will provide a framework as to why pedigree 

(Mendelian) breeding has dominated the last century. 

In 1900, three European scientists simultaneously rediscovered the genetic work 

of Gregor Mendel.  The new school of thinking, the Mendelian school, was added to the 

older school, the biometricians (“bio-metrics”, or “life-measurements”), who studied the 

inheritance of characters that are quantitatively variable.  In 1900, the biometricians did 

not understand genetics theory and opposed the concept of single genes controlling 

single traits – they accepted the theory of blending inheritance that combined the traits 

of two parents in a continuous fashion.  The new Mendelian school of thought studied 

qualitative traits that are either present or absent, and subsequently developed a theory 

of discrete units of inheritance which can successfully predict the proportion of progeny 

to display a qualitative character.  The two schools of thought became embroiled in 

conflict and very heated printed exchanges.  It has since become apparent that the 

Mendelian school was dealing with single-gene characters and the biometricians with 
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polygenic characters.  Therefore, both sides were right, although the conflict had a 

legacy that resulted in two types of plant breeding:  pedigree breeding and population 

breeding (recurrent selection).  Pedigree breeding became based on the single gene 

theory and employed gene-transfer techniques while population breeding relied on 

changing the polygene frequency.  The members of the Mendelian school were faced 

with the problem of transferring single genes of interest present in useless wild plants 

into a cultivated plant.  This problem was solved by the method of “backcrossing” 

which proved so effective and simple, according to Robinson (1996), that it captured the 

imagination of plant breeders all over the world. 

In contrast, population breeding builds on systems farmers have been using for 

centuries and exploits incremental improvements through recurrent selection cycles - 

crossing within large populations and seeking improvements (transgressive segregation) 

in the progeny.  This was, and remains, the work of animal breeders, who developed the 

science of quantitative genetics in the 1920s and plant breeders of obligate cross-

pollinating species.  Pedigree plant breeders worked with small numbers of plants, and 

relatively small numbers of crosses, whereas population breeding required large 

numbers of crosses in order to make good genetic gains. 

In 1905 British scientist R.H. Biffen discovered single-gene resistance to rust in 

wheat and this was soon followed by more discoveries of single-gene plant resistance 

(Robinson 1996).  These discoveries, coupled with the backcrossing techniques and low 

numbers of required crosses, resulted in quick economic crop improvements for the 

pedigree breeders.  As a consequence of this sudden rush in resistance pedigree 

breeding, it was not long before most crop scientists began to incorrectly assume that all 

resistances to all crop parasites were inherited by single major genes.  This resulted in 

the idea that, in order to breed for disease resistance, one must “first find a genetic 

source of resistance” (Robinson 1996) so that the backcrossing technique can be used.  
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While some individuals, such as Dobzhansky in 1937, recognised the importance of the 

“genetics of populations” it was not until the 1940’s that some population breeding 

research in plants was started (Allard 1990).  Hence, population breeding lacked the 

body of research to better understand its potential and has been largely forgotten in plant 

breeding.  It is interesting to note that farm animals do not possess any single genes of 

economic value and therefore animal breeding has remained quantitative and at the 

hands of population breeding (Robinson 1996). 

Single gene resistance in crops plants has not all been a success story for 

pedigree breeding.  The biggest failing of single gene resistance is the “boom-bust” 

cycle that results from the backcrossing method (section 2.3.3).  That is, a single gene is 

introduced into a crop and immediately an extreme selection pressure is placed on a 

large dynamic pathogen population and usually, depending on environmental 

conditions, after a few seasons the pathogen acquires virulence to the new gene and 

therefore the plant resistance has “broken down”.  The historical approach was to find a 

new source of resistance, start again with a new single gene and begin a new search for 

a new gene in anticipation of the latest gene to break down (Robinson 1996).  This 

ultimately leads to a pathogen population that is resistant to many single genes. 

The boom-bust cycle of single gene pedigree breeding has forced a move to 

durable resistance, which is usually controlled polygenically (McDonald and Linde 

2002) and therefore requires population breeding or recurrent selection to recombine 

these multiple resistance alleles.  A common source of confusion arises with the term 

“pyramiding” of resistance genes.  Pyramiding of resistance genes refers to the 

accumulation of several Mendelian genes for disease resistance into one cultivar – and 

in some reports this appears to be durable (Pedersen and Leath 1988).  However, 

pyramiding of major genes by backcross methods should not be confused with 
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recombination of minor alleles to form polygenic resistance, or combining minor 

alleles, by population breeding methods. 

2.3.5. Returning to recurrent selection 

Today’s elite germplasm is the result of long-term selection for agronomic and 

quality traits.  Due to the time and resources invested into modern crop cultivars, 

breeders are reluctant to introduce new germplasm and dilute the agronomic adaptation 

of elite stocks (Kannenberg and Falk 1995).  This contrasts with the recognition by 

breeders that new germplasm holds much potential for genetic gain.  Many of the 

world’s largest crops have very restricted pedigrees mainly from the past 100 years of 

breeding, with some examples being:  North American barley with 11 parents; North 

American maize with a history of approximately 6 parents (Cowling 1996; Kannenberg 

and Falk 1995); and even pea itself is noted to have a very constricted genetic base 

despite the vast collections of pea germplasm worldwide (Baranger et al. 2004; Ford et 

al. 2002; Lewis and Mathews 1985).  It was noted by Hallauer (1992) that the pedigree 

method is responsible for drastically reducing the genetic variability of maize hybrids 

used by growers.  The current constricted germplasm of modern crops points to an end 

of current yield gains, if systems do not change, as the variability in the germplasm is 

exhausted and the genetic ceiling is reached.  An example of such a ceiling is dry beans 

(Phaseolus vulgaris L.), where yields have been stagnant since the 1950’s (Kannenberg 

and Falk 1995).  It is also possible that the current gains being realised are due not to 

incremental germplasm improvements but one-time events, such as a change in corn 

hybridisation techniques in the 1960’s, the introduction of semi-dwarfs to rice and 

wheat, and the introgression of African germplasm into sorghum (Kannenberg and Falk 

1995). 
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In the backcrossing system for major disease resistance, the recurrent parent may 

be obsolete by the time the backcrossing process has ended.  Pedersen and Leath (1988) 

outline that the recurrent parent may be the best agronomic variety when the program is 

started, but probably will not be by the time the backcrossing is finished.  Therefore a 

system that improves the recurrent parent’s agronomic characters while at the same time 

recombining alleles for disease resistance is needed.  It is not acceptable to allow the 

recurrent parent to remain static in all other traits while resistance is being improved, as 

breeders must make continuous genetic improvements in yield and quality.  Recurrent 

selection can provide these solutions as it allows breeders to simultaneously exert 

selection pressure on multiple traits (Robinson 1996), and if adjusted using methods 

such as those proposed by Kannenberg and Falk (1995), new germplasm can be 

integrated without compromising the elite germplasm and future genetic progress. 

Another factor restricting genetic gain in modern plant breeding is the time taken 

to complete a cycle of selection.  In most crops, breeders have completed only around 5-

8 effective cycles of selection in the last century (Cowling 1996).  This is due to the 

long process in selfing and selecting in self-pollinating crops (8-12 years before the 

progeny are available for the next round of crossing) and has resulted in reluctance of 

breeders to cross outside of the adapted gene pool (Cowling 1996). 

Allard (1990) states that for most crops major progress is still to come out of the 

population breeding framework, where plant breeders “patiently” put together 

favourable complexes of genes.  He also warns that there is an overemphasis to “high-

tech” methodologies to the detriment of the basic underlying genetic, ecological, 

statistical, and evolutionary components (Allard 1990). 
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2.3.6. Using recurrent selection efficiently 

Modern plant breeding is a commercial venture and therefore breeding needs to 

be able to produce varieties which have durable resistance, to protect company profile, 

and can be produced quickly and economically (Simmonds 1990).  Emerging literature 

outlines the importance of using population breeding techniques such as recurrent 

selection in order to obtain durable resistance, although modifications need to be made 

to the basic recurrent selection model to allow it to fulfil the previously stated needs for 

modern breeding programs (Kannenberg and Falk 1995). 

When designing a breeding program the response to selection (R) for a selected 

trait is governed by the selection differential (S), heritability (h2), and cycle time (t) 

according to the classical response formula in Equation 2.1.  It should be noted that 

selection differential is the product of selection intensity (i) and phenotypic variation 

(σP) such that S = iσP (Falconer and Mackay 1996).  All activities within a breeding 

program influence heritability, selection intensity, phenotypic variation and cycle time 

and therefore ultimately influence R.   

Equation 2.1   
t

hi
R P

2σ=    

 where:  i = intensity of selection 

   σP = phenotytpic variation 

   h2 = narrow sense heritability 

   t = cycle time  (Falconer and Mackay 1996) 

 

Selection proportion (p) is related to S through the intensity of selection (i), 

where i is expressed as the ratio of z (the height of the ordinate at point of truncation on 

a normal curve) to p (Equation 2.2)(Falconer and Mackay 1996). 

Equation 2.2   
p

z
i =  
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The following sections address methods which can optimise these parameters for 

maximum R over the long term. 

2.3.6.1.  Reducing cycle time 

As recurrent selection relies on successive generations to make progress, one of 

the best and most cost-effective ways to increase rate of genetic gain is to reduce cycle 

time (Fehr 1976; Mackay 1999).  This can be done by utilising out-of-season nurseries 

(Mackay 1999), by selecting plants at near fixation instead of fully homozygous lines 

(see section 2.3.6.2), and other more radical plant manipulation methods such as the 

application of plant hormones to accelerate plant growth (Ochatt et al. 2002).  The use 

of out-of-season nurseries, be it field or glasshouse, is an easy solution to double the 

rate of progress. 

Another way that cycle time can be reduced is to introduce doubled-haploidy 

technology into a breeding program.  This is a technique by which plants are artificially 

moved from heterozygosity to a homozygous state, often by pollen culturing techniques 

(Griffing 1975).  This saves time by removing stages of selfing and also allows breeders 

to immediately exploit high heritability among homozygous progeny, as opposed to 

heterozygous early generation populations (section 2.3.6.2).  The most important issue 

for a viable doubled-haploid recurrent selection program is a quick and cheap method to 

produce doubled-haploid plants (Griffing 1975).  Such an option does not exist for field 

pea although work currently under way suggests that doubled-haploids will be possible 

in the near future (Croser et al. 2004).  Single seed descent to near-homozygosity offers 

an alternative solution to doubled-haploid techniques. 
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2.3.6.2.  Early generation selection 

Most conventional breeding programs advance lines through to F7 or F8 before 

major selections for yield and quality to increase heritability, and therefore it can take 

several years of selfing before selections are made.  To reduce this time, selections can 

be made when the genotype is being satisfactorily displayed in the phenotype.  Much 

research, and practical breeding, into recurrent selection on self-pollinating crops selects 

the phenotype at F2, or S1 recurrent selection (Boomstra and Bliss 1977; Cowling 1994; 

Lewis and Gritton 1992; Lind and Züchner 1985; Moser and Frey 1993). This is a risky 

practice as selection then occurs at 50% homozygosity and therefore the phenotype does 

not fully represent the genotype.  This results in the possibility of desirable alleles being 

discarded which can result in quantitative genetic variation being lost to the population 

(Myres et al. 2001).  While gains can still be made, F2 selection could cause the 

breeding program to not achieve the expected results and therefore cause the breeder to 

abandon the system.  A balance must be struck between reducing cycle time through 

early selection and having adequate homozygosity so that the phenotype represents the 

genotype.  Each generation of selfing increases genetic gain per cycle as the amount of 

genetic variance, particularly additive variance, available to selection becomes 

accessible (Carver and Bruns 1993).  One answer is S2 recurrent selection, where 

selection is made on F3 or F3-derived lines.  This means that at least 75% of the 

genotype is fixed and represented in the phenotype.   

2.3.6.3.  Population size, effective population size, crossing designs and 

drift. 

The size of the population needs to be maximised to allow the population to 

include all the desirable alleles.  Population size (N), based on animal breeding, is the 

size of the group of individuals that are subject to testing and then selection (Falconer 
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and Mackay 1996).  Effective population size (Ne) refers to the individuals selected and 

therefore the gametes contributing to the next population (Fehr 1987).  Therefore 

selection pressure has a great impact on Ne by reducing the number of animals in N that 

contribute their gametes to the next generation (Falconer and Mackay 1996).  The same 

principles apply to plant breeding (Hallauer and Miranda 1988).  For a self-pollinating 

crop, the size of the population is the size of the selfed progeny that are exposed to 

selection and effective population size the number of plants that contribute to the next 

cycle.  For long term gain by recurrent selection Ne must be as high as possible, 

although 20-30 appears to be the minimum (Hallauer and Miranda 1988).  Ne is 

dramatically reduced by selection, although is ultimately limited by the physical number 

of crosses which can be made with the available resources.  Therefore a crossing design 

that maximises the number of parents, reduces number of crosses and yet retains high Ne 

needs to be employed.  Comparisons of crossing designs and effect on Ne can be seen in 

Table 2.2 calculated from Equation 2.2. 

 Equation 2.2 
( )

FM

FM
Ne +

×= 4
   

Where: M = number of male parents 

 F = number of female parents  (Falconer and Mackay 1996) 

 

Table 2.2 shows that a pair wise crossing design is the most efficient method of 

retaining high Ne with a small number of crosses.  Another reason for retaining a large 

Ne is to reduce the chance of losing valuable alleles through random genetic drift 

(Comstock 1996).  Random drift is the process by which gene frequencies change due 

to variation by chance in the alleles transferred to offspring as a result of Mendel’s law 

of segregation (Gillespie 1998).  Genetic drift can both remove and introduce variation 

(by random survival of new mutations) into populations although it is the dispersive 
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force that removes variation that is of most importance to breeders, especially when 

breeding for an unknown number of minor alleles (Gillespie 1998).  It has been noted 

that in selected populations it is the Ne and selection coefficient (s) that control how 

much effect random drift will have on the population and, as a rule of thumb, if Ne.s is 

less than 0.5, drift will be substantial (Falconer and Mackay 1996). 

Table 2.2:  Comparison of the effect that different crossing designs have on Ne.  
Adapted from Falk (2002) 

Crossing design Females Males Total parents 
Number of 

Crosses 
Ne 

Full diallel 8  7  8  56  8  

Half diallel 11  10  11  55  11  

North Carolina I 50  5  55  500  18.2  

North Carolina I 10  200  210  500  38.1  

North Carolina II 10  10  20  100  20  

North Carolina II 10  100  110  1000  36.4  

Pair wise 10  10  20  10  20  

Pair wise 50  50  100  50  100  

 

2.3.6.4.  Male sterility 

Due to the large population sizes and consequent number of crosses required for 

recurrent selection, male sterility has been proposed as a breeding tool to enable 

breeders to complete the crosses.  Male sterility has been found in many self-pollinated 

crops, such as cotton, wheat, maize and many other crops.  Brim and Stuber (1973) 

reported the use of male sterility in their soybean breeding and D.E. Falk in Ontario, 

Canada currently uses genetic male sterility in a barley recurrent selection program 

(Kannenberg and Falk 1995). 

While male sterility does exist in P. sativum (McPhee 2003; Myres and Gritton 

1988) the pea plant has large, easy to cross flowers and therefore the possible gain from 

application would not be as dramatic as other crops such as cereals.  Male sterility has 

not been used in a formal field pea breeding program (Shama and Khan 1996). 
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2.3.6.5.  Germplasm introgression 

Recurrent selection methods are designed to 1) improve the mean number of 

occurrences of a desired characteristic in a population by increasing the frequency of 

genes for the traits under selection, and 2) maintain genetic diversity to permit 

continued improvement and opportunity for selection of superior genotypes in any cycle 

(Hallauer 1981).  While this is the theoretically achievable, in practice it does not occur 

for many traits (Jiang et al. 1994).  For example with disease resistance, as progress 

toward the breeding goal is realised the genetic variance of the plant population would 

be reduced with the continued improvement of the population mean (Jiang et al. 1994).  

In theory if the breeding population (Ne) is large enough, and selection pressure is 

moderate, it should be possible to maintain genetic diversity for most traits except those 

under selection.  However, most breeding programs have a limited Ne for practical 

reasons (to meet resource or financial restrictions) and some introgression will be 

necessary to maintain genetic diversity in the long term.  Introgression is very important 

to explore the larger gene pool for new valuable alleles that are not present in the 

breeding population.  The method of introgression should not jeopardise the elite status 

of the population, but potentially improve the population for the desired traits. 

2.3.6.6.  Selection intensity 

In order to maintain minor genes in a population when early selection is being 

practiced it is important to allow as many genes as possible not yet expressed in the 

phenotype to remain in the population.  This can be achieved by maintaining a low 

selection intensity (i).  As selection intensity also drives genetic gain the balance must 

be found between maintaining population diversity for future gains with the current 

genetic progress, as decreasing i and maintaining a large Ne would result in a 

considerable increase in program size (Mackay 1999).  Burton (1992) realised the 
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importance of maintaining a relaxed selection intensity in his research on recurrent 

selection of Pensacola bahiagrass (Paspalum notatum) where the usual 8-12% selection 

pressure practiced in recurrent selection was relaxed to 20% to avoid the loss of 

important genes. 

2.3.7. Calculating heritability 

Heritability is defined in two general concepts, broad sense and narrow sense.  

Broad sense heritability is the extent to which individuals phenotypes are determined by 

their genotypes (genetic variance/phenotypic variance) whereas narrow sense is the 

extent to which phenotypes are determined by the genes transmitted from the parents 

(additive variance/phenotypic variance) (Falconer and Mackay 1996).  Estimating 

heritability, and understanding the basis on which it is calculated, is important for 

designing breeding programs.  For example, if heritability was determined to be very 

low steps may be taken to increase population size or decrease the selection intensity.  A 

comprehensive review by Nyquist (1991) covers all techniques and scenarios that need 

consideration when calculating heritability in plants, which often face genetic situations 

not encountered in animals.  It must also be noted that the accepted concepts of 

heritability that have been developed in animal breeding are measured on the individual 

basis, therefore heritability concepts are most readily transferable when the single plant 

is the reference unit (Hanson 1963).  While heritability concepts can be adjusted for 

plant families or other groups, care must be taken when applying such results to 

selection of individuals (Hanson 1963).  For early generation selection, it would be 

important to find positive heritability for quantitative traits based on single plants – 

ideally the direct progeny of a cross. 

Self-fertilising species present complexities when estimating heritability using 

tools which have been developed for animals and cross-fertilising species.  Self-



 37 

fertilisation produces inbred populations, which removes genetic variance between 

individuals.  This complicates the common parent-offspring approach where animal 

progeny are regressed on mid-parent values.  This simple system can also be used for 

some cross-fertilising species and while it can be adapted for self-fertilising species the 

requirements do not allow easy calculation from breeding data (Nyquist 1991).  Crosses 

with inbred parents result in the F2 as the first noninbred, random mating population.  

Therefore with self-fertilising plants the parent-offspring approach can best be used to 

regress F3 families on F2 individuals of the previous year.  While this does give an 

estimate of narrow sense heritability it may not always be practical in a breeding 

program to measure all components for parent-offspring estimation. 

Other methods that estimate broad sense heritability are a parental regression 

across environments, and the variance difference method.  The parental regression 

approach involves the regression of means of inbred parents across different 

environments or seasons (Nyquist 1991).  This is a simple method and practical to 

accomplish as most breeding programs would have data on parents in different 

environments.  The variance difference method requires the variance of non-segregating 

generations (parents, F1 progeny) to be subtracted from the variance of the F2 population 

in the same environment (Nyquist 1991).  There are numerous variations on this method 

but all require the non-segregating generations to estimate the environmental variance 

thereby leaving the F2 to estimate the genetic variance. 

2.4.   Literature review conclusions 

Stem strength and resistance to M. pinodes are important quantitative traits to 

improve in field pea, if growers are to adopt field pea in southern Australian farming 

systems.  New breeding systems have to be adopted for this to become a possibility.  

The first avenue is to find out if there is positive heritability for stem strength and black 
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spot resistance, how to measure the traits effectively, and how the traits are genetically 

controlled so that an appropriate breeding system can be devised.  Secondly it needs to 

be established if there is any interaction between disease and stem strength and to 

further understand the behaviour of disease on the stem sections of field pea to facilitate 

better selection.  The final need is to develop a method of recurrent selection that can 

improve two complex agronomic traits simultaneously as a model for future plant 

breeding programs. 
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3.1.   Abstract 

We assessed genetic variation in stem strength in field pea (Pisum sativum L.) 

using physical and biological measures in order to develop selection criteria for 

breeding programs.  A diverse group of 6 pea genotypes were subjected to 2 levels of 

disease (black spot on leaf and stem) - high and low.  Stem samples were tested for 

physical stem strength (load at breaking point and flexion) using a universal testing 

machine.  Stem diameter and compressed stem thickness were measured as biological 

indicators of stem strength.  The genotypes varied significantly in physical and 

biological measures of stem strength, and in resistance to black spot.  Load at breaking 

point was strongly associated with compressed stem thickness but only weakly 
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associated with stem diameter.  Significant variation in compressed stem thickness was 

present among pea genotypes, supporting this as an inexpensive, reliable, and 

quantitative measure for use in the field.  There was no variation in stem lignin content 

among genotypes.  Black spot resistance and stem strength, as assessed by load, flexion 

or compressed stem thickness, were independent traits (the main effects of disease level 

and genotype × disease level interactions for load, flexion and compressed stem 

thickness were non-significant).  Therefore concurrent genetic gains in both black spot 

resistance and stem strength should be possible in the same pea breeding population. 

3.2.   Introduction 

Weak stems in field pea (Pisum sativum L.) cause crops to lodge and increases 

the difficulty and cost of machine harvest.  This leads to yield losses, contaminated 

grain, reduced seed quality and problems with soil erosion after harvest.  Lodging 

increases humidity in the crop canopy, which in turn increases diseases such as 

ascochyta blight (Mycosphaerella pinodes (Berk. & Blox.) Vestergr.), commonly 

known as black spot of pea (Dantuma 1983).  To improve the yield potential of field pea 

through breeding, stronger stems and greater disease resistance will be required 

(Armstrong and Pate 1994). 

Lodging is the result of weakness in the basal regions of the stem in relation to 

the weight of the upper parts of the plant (Davies 1977; Heath and Hebblethwaite 1984).  

Lodging is exacerbated by wind and the weight of the canopy (Holland et al. 1991).  

Genetic improvement in lodging resistance of field pea has become a major goal of 

most pea breeding programs (Armstrong 2003; Stelling 1989; White 2003), and would 

assist in increasing the area sown to field pea.  While some advances in lodging 

resistance has been achieved with semi-leafless varieties, only exploitation of genetic 
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resources of stem strength will result in long term improvement of lodging resistance 

(Heath and Hebblethwaite 1984).   

The physical factors that contribute to stem strength are not well understood, and 

more reliable measures to quantify stem strength are required (Davies 1977; 1995; 

Heath and Hebblethwaite 1984).  Stem strength and lodging have been assessed in pea 

breeding programs in the past by subjective visual scoring to assess differences between 

lines (Stelling 1989).  A quantitative measure based on physical measurements may 

improve selection efficiency and increase genetic gain, as was the case with a 

penetrometer measurement in sorghum (Pedersen and Toy 1999).  There are two 

published studies that quantitatively measured stem strength in pea.  Both studies used 

Stable Micro Systems TA-XT2 texture analysers and while McPhee and Muehlbauer 

(1999) measured appropriate shearing forces, there were no details of equipment setup 

for developing methodology.  Kemsly et al. (2004) does provide detailed methods, 

although it seems that the cutting measures are inappropriate for determining shear 

forces or breaking forces of pea stems (Mohsenin 1986) 

A number of precise mechanical machines have been used to measure stem 

strength in cereals and pasture crops.  In this study of field pea, we based our physical 

measure of stem strength on the mechanical methods used for cereal stems as described 

by Crook and Ennos (1994) and Dolinski et al. (1993), and for alfalfa stems as 

described by Ames et al. (1995). 

While lodging can increase black spot disease levels, we found no evidence in 

the literature to support the common assumption that black spot weakens stems and 

contributes to the lodging process.  We therefore included two disease treatments (black 

spot infested stubble, and fungicide sprayed controls) in our assessment of stem strength 

among a diverse group of pea lines in the field. 
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We hypothesise that stem strength is a trait with significant variation 

independent of disease which can be measured in the field with a biological measure 

that is correlated to a laboratory physical measure. 

3.3.   Materials and methods 

3.3.1. Field trial 

A split plot design was used with high and low black spot disease in main plots, 

and field pea genotypes in subplots.  Table 3.1 lists the 6 diverse pea genotypes, their 

synonyms, geographic origin and basis for inclusion.  There were 3 replicates of 6 

genotypes of pea in each main plot, with 4 plants in each subplot at 0.5 m spacing.  

Seeds were sown by hand.  The two main plots were separated by a distance of 

approximately 200 m to ensure that spore flow from the high to the low disease plot was 

minimal.  The low disease plot was treated with the fungicide Mancozeb (1 kg/ha) at 

10-14 day intervals during the growing season to minimize disease.  Disease was 

promoted in the high disease plot by spreading black spot infected pea stubble around 

the base of seedlings at the third leaf stage.   

 

Table 3.1:  Genotypes of Pisum sativum, their synonyms, geographic origin and basis 
for inclusion in the study.  

Genotype 
name/synonyms 

Origin Basis of Selection 

Dunwa, WA2074 Bred by Western Australia Department of Agriculture “Typical” trailing type 

Kaspa, PSL4 Bred by Victorian Department of Agriculture Semi-leafless type 

AP3 Bred by New South Wales Department of Agriculture Stem strength 

4.1B Landrace, Greece Multi-branching, early 

63.1A Landrace, Greece Short internodes, stem strength 

M27 Interspecific cross1 Interspecific germplasm 
1Developed by J.Wroth, The University of Western Australia, as a selection from the cross P. sativum × P. fulvum 
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All plants in both high and low disease main plots were staked to ensure that 

stem sections would be accessible, intact and straight.  Branching on the main stem was 

variable among the genotypes therefore the main stem of each plant was tagged to 

identify the main stem throughout the growing season.  Plants were equally spaced and 

staked to ensure that all stem samples were taken from the main stem, at the same age, 

and with the same disease exposure for all genotypes. 

3.3.2. Sampling procedures 

3.3.2.1.  Green samples 

At early flowering, 2 main stem samples were taken from each plot.  The plots 

were watered the night before and samples taken in the morning to ensure that all plants 

were at maximum turgor at the time of sampling.  The third internode was removed 

from each stem by cutting below the third and above the fourth leaf node, and placed on 

ice in a sealed bag to prevent water loss.  Samples were kept on ice until tested. 

3.3.2.2.  Dry samples 

The third internode, including the third and fourth nodes, was cut from the main 

stem at crop maturity (dry pods) with 2 samples taken from each plot.  Samples were 

individually bagged and placed in a 70º C oven for 24 h to ensure that all samples were 

completely dry before testing.  This eliminated error due to variable moisture levels in 

stems, as moisture can reduce stem strength (Behroozi-Lar et al. 2000). 

3.3.3. Testing procedures 

3.3.3.1.  Load and extension testing 

A three point bending test was performed by a universal testing machine (model 

5566 INSTRON, Massachusetts, USA) fitted with a 100 N load cell.  Load (N) and 
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flexion (mm) at breaking moment were measured.  The three-point apparatus fitted to 

the testing machine consisted of a two pronged fixed anchor 10 mm apart with a single 

pronged crosshead, similar to that used by Ames et al. (1995) to measure stem strength 

in cereals.  Flexion was defined as the deviation (mm) of the centre of the sample from 

the original plane when the crosshead moved up at a rate of 20 mm/min (Crook and 

Ennos 1994), until breaking point was reached.  Load was defined as the force (N) 

applied at breaking point.  The test of load is considered to be a measure of the 

compressional forces of shear strength in stems (Ames et al. 1995). 

The stem diameter was measured prior to INSTRON analysis using a pair of 

digital vernier callipers (Kingchrome, model 2313).  Stem diameter was defined as the 

maximum diameter measured with the callipers at the mid-point of the third internode.  

Compressed stem thickness was measured at the mid-point of the third internode by 

applying firm finger pressure and allowing the sample to relax in the jaws of the vernier 

callipers before the thickness reading was taken.  In order to avoid interference with the 

measurement of load and flexion, compressed stem thickness and stem diameter was 

measured after these physical measurements were made on the stems. 

3.3.4. Lignin measurement 

Plants were grown in glasshouse conditions and sections taken from the plant at 

the mid-flowering stage.  Cross-sections were hand-cut from 5 main stems of each 

genotype at the mid point of the third internode.  Sections were stained with 

Phloroglucinol (10%, in ethanol) and reacted with 12 M HCl to display lignin tissue.  

Secondary tissue development was assessed on selected samples by staining with 0.05% 

toluidine blue in benzoate buffer, pH 4.4.  Images were taken of these sections and 

analysed for percentage lignin of cross sectional area using ScionImage Beta version 

4.0.2 (Rasband 2000). 
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3.3.5. Disease measurement 

Disease was measured on high and low disease main plots at early flowering.  

Percentage lesion coverage of leaves and stems was determined on the third node leaf, 

fourth node leaf and the stem between the third and fourth nodes. 

3.3.6. Statistical analysis 

All data analyses were carried out using Genstat v. 7 (Genstat 2003).  ANOVA 

for split-plot design was used with disease pressure (presence or absence) in the rep-

mainplot stratum and genotypes and interaction of genotypes and disease pressure in the 

rep-mainplot-subplot stratum (Genstat 2003).  Variables measured on each plant were 

load (N) and flexion (mm) on dry stems and green stems, stem diameter (mm) and 

compressed stem thickness (mm).  The latter two were also analysed as covariates in the 

ANOVAs for load and flexion.  Disease variables (leaf and stem disease) were not 

available as covariates in the split plot model because disease levels were negligible in 

the low disease main plot.  These variables were analysed in the high disease main plot 

only. 

Regression analysis was used to analyse the association of stem diameter or 

compressed stem thickness with flexion or load on dry or green stems, across genotypes 

in multiple regression models.  Load on dry and green stems was square root 

transformed for ANOVA and regression analysis to normalise residuals. 

3.4.   Results 

Detailed ANOVA tables for analysis of load and flexion on dry and green stem 

sections (Table 8.1) and diameter and compressed stem thickness (Table 8.2) are in the 

Appendix.  Detailed covariate ANOVA tables of load and flexion on dry stem sections 
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using diameter and compressed stem thickness as covariates (Table 8.3) and similar 

analyses for green stem sections (Table 8.4) are also included in the Appendix. 

3.4.1. Stem strength characters of dry stems 

3.4.1.1.  Comparison of load and flexion as measures of dry stem strength 

The dry stems showed mechanical behaviour typical of hollow tubes in the 

INSTRON machine (Crook and Ennos 1994).  As each internode was bent, the 

deformation force (load) rose linearly before levelling off, at which point the stem failed 

by local buckling.  Both load and flexion at breaking point varied significantly among 

the 6 varieties (P < 0.01) (Figure 3.1).  Load ranged from an average of 12.1 N (in M27) 

to 37.3 N (in Dunwa), and flexion ranged from 0.66 mm (in AP3) to 1.08 mm (in 

63.1A).  There was a significant positive linear slope to the regression between load and 

flexion across the experiment but the association was weak (r2 = 0.20, Figure 3.1).  The 

slopes did not vary among genotypes, but genotypes had different intercepts (Figure 

3.1).  The regression model only accounted for 56% of the variation between load and 

flexion.  
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Figure 3.1:  Mean load (N) and flexion (mm) of the third internode of mature dry stems 
of 6 genotypes of field pea (Pisum sativum).  Each genotype mean (±SE) 
represents the average of 6 plots (disease and no-disease treatments combined) 
with 2 plants assessed in each plot. 

 

3.4.1.2.  Dry stem diameter and compressed stem thickness 

Pea genotypes varied in both stem diameter and compressed stem thickness 

(P<0.001).  Stem diameter ranged from 1.57 mm (in AP3) to 2.74 mm (in Kaspa), while 

compressed stem thickness ranged from 0.91 mm (in AP3) to 1.94 mm (in 63.1A) 

(Figure 3.2). 
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Figure 3.2:  Mean stem diameter (N) and compressed stem thickness (mm) of the third 
internode of mature dry stems of six genotypes of field pea (Pisum sativum).  
Each genotype mean (±SE) represents the average of six plots (disease and no-
disease treatments combined) with two plants assessed in each plot. 

 

3.4.1.3.  Association between dry stem diameter, compressed stem thickness 

and stem strength 

Stem diameter and compressed stem thickness were significant covariates in 

analysis of load and flexion across genotypes (Appendix Table 8.3).  For load on dry 

stems, CST accounted for all the variation among varieties, the effect of which became 

non-significant in the covariate analysis (Table 8.3).  Regression analysis showed that 
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load was always more closely associated with stem diameter and compressed stem 

thickness than was flexion, as indicated by higher r2 values (Table 3.2). 

The relationship between CST and load, as indicated by covariate analysis, was 

explored further by regression analysis.  There was a strong positive linear slope 

between square root transformed load and compressed stem thickness (Table 3.2).  The 

slope remained constant for all genotypes, but varieties had different intercepts (Table 

3.2, Figure 3.3).  The regression accounted for 92% of the variation between square root 

transformed load and compressed stem thickness, indicating that compressed stem 

thickness was a useful predictor of load across all pea genotypes. 

In contrast, there was significant variation in both slopes and intercepts for 

genotypes in the regression of square root transformed load on dry stems and stem 

diameter (r2 = 80%, Table 3.2).  Stem diameter was not as useful for predicting load 

across pea genotypes as compressed stem thickness.  Individual genotypes varied in the 

slope of the association between stem diameter and load, but they shared the same slope 

for compressed stem thickness and load. 
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Table 3.2:  Summary of regression models for dry stem section for square root transformed load and flexion against each, stem diameter and 
compressed stem thickness (CST). 

 
Response 
variate 

Explanatory Model Fitted 
v.r. 
regression 

v.r. change 
in model 

r2 Explanation 

Flexion + Constant 18.81 ***  20.5 Significant but weak linear regression between load and flexion 

Flexion + Genotype + Constant 15.60 *** 11.30 *** 55.9 Significant variation in the intercepts among genotypes Load 

Flexion + Genotype + Flexion.Genotype + Constant 8.16 *** 0.29 n.s. 53.3 
No significant variation in slope between individual genotype 
regression lines 

Diameter + Constant 137.9 ***  66.5 Significant but weak linear regression between load and diameter 

Diameter + Genotype + Constant 40.76 *** 7.72 *** 77.6 Significant variation in the intercepts among genotypes Load 

Diameter + Genotype + Diameter.Genotype + Constant 26.74 *** 2.83 * 80.4 Significant variation in the individual genotype regression lines 

CST + Constant 651.4 ***  90.4 Significant linear regression between load and CST 

CST + Genotype + Constant 133.6 *** 3.75 ** 92.0 Significant variation in the intercepts among genotypes Load 

CST + Genotype + CST.Genotype + Constant 73.92 *** 1.07 n.s. 92.1 
No significant variation in slope between individual genotype 
regression lines 

Diameter + Constant 46.70 ***  39.2 Significant but weak linear regression between flexion and diameter 

Diameter + Genotype + Constant 8.33 *** 0.79 n.s. 38.2 No significant variation in the intercepts among genotypes Flexion 

Diameter + Genotype + Diameter.Genotype + Constant 5.70 *** 1.88 n.s. 42.2 
No significant variation in slope between individual genotype 
regression lines 

CST + Constant 24.87 ***  25.2 Significant but weak linear regression between flexion and CST 

CST + Genotype + Constant 4.98 *** 1.00 n.s. 25.2 No significant variation in the intercepts among genotypes Flexion 

CST + Genotype + CST.Genotype + Constant 3.15 ** 0.97 n.s. 25.0 No significant variation in slope between individual regression lines 

 Significance: >0.05*, >0.01**, >0.001***     
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Figure 3.3:  Linear regression models between square root transformed load (N) and 
(A) stem diameter (mm) and (B) compressed stem thickness (mm) of the third 
internode of mature dry stems of 6 genotypes of field pea (Pisum sativum).  The 
significance of terms in the regression models is explained in Table 2. 

 

3.4.2. Effect of disease on dry stem strength 

There was significant variation among genotypes for black spot leaf disease in 

the “high disease” main plot.  The “low disease” main plot had negligible disease in all 
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genotypes and therefore could not be included in the analysis of variance for disease.  

Dunwa and 4.1B were the most susceptible genotypes and 63.1A was the most resistant 

based on leaf disease assessment (Table 3.3).  While there were no significant 

differences among genotypes for stem disease, 63.1A once again had the lowest disease 

score.   

The effect of main plots (high and low disease treatment) was not significant for 

load, flexion, stem diameter or compressed stem thickness in either dry or green stems.  

The main plot (disease) × variety interaction was also non-significant for all stem traits 

except for dry stem diameter (P = 0.017). 

Table 3.3:  Black spot stem and leaf disease levels (%leaf or stem area covered by 
lesions) recorded in the “high disease” main plot for 6 genotypes of field pea 
(Pisum sativum).  The “low disease” main plot recorded less than 1% plant 
tissue covered by lesions on all genotypes. 

Genotype % 3rd node leaf % 4th node leaf % stem 

Kaspa 57  29  20  
Dunwa 81  37  16  
63.1A 20  6  8  
AP3 51  27  17  
4.1B 80  58  15  
M27 64  29  24  
Mean 29  31  17  
lsd (P = 0.05) 31  28  n.s.  
  

3.4.3. Comparison of green and dry stems for assessing stem strength 

parameters on pea genotypes 

Regression analysis between load, flexion, compressed stem thickness and 

diameter for green stems was similar to dry stems, but with lower variance accounted 

for by the regression (compare r2 values in Appendix, Table 8.5, and Table 3.2).  It was 

not possible to assess green stem load and dry stem load on the same plants, therefore 

plot averages of square root transformed load were used for multiple regression analysis 

between green and dry stems.  There was a significant improvement to the regression 

model by adding genotype (P < 0.001, r2 = 0.63).  The slope of the regression between 



 53 

dry load and green load was not signficantly different from zero, but genotypes varied 

significantly in their intercepts (that is, genotypes varied in dry stem load).  Therefore 

plot averages for green load were not a good predictor of plot averages for dry load.  In 

conclusion, genotypic variation for load and flexion on green stems was not strongly 

associated with genotypic differences on dry stems, and the field assessment of CST 

was a more accurate predictor of load on dry stems than on green stems.  Load 

measured on dry stems is more likely to be a predictor of standing ability in mature pea 

crops than load measured on green stems. 

3.4.4. Comparison of stem lignin content 

The percentage stem area stained for lignin ranged from 44% to 24% (Figure 

3.4), but the effect of variety was non-significant due to high error variance.  

Additionally, there were no differences in percentage lignin contents in different regions 

of the stem cross section (data not shown).   

0

10

20

30

40

50

60

70

Dunwa 63.1A Kaspa 4.1B AP3 M27

%
 S

te
m

 a
re

a 
st

ai
n

ed
 f

o
r 

lig
n

in

 

Figure 3.4:  Mean (±SE) stem area stained for lignin by phloroglucinol in cross sections 
of the third internode of six genotypes of field pea (Pisum sativum).  Each 
genotype mean represents 5 samples. 
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3.5.   Discussion 

This study shows there was significant genetic variation among P. sativum 

genotypes for stem strength as measured by load and flexion, stem diameter and 

compressed stem thickness, as well as for resistance to black spot.  While this study was 

restricted to properties of the third internode, there are good biological reasons to 

suggest that the results will reflect the properties of the basal parts of the pea stem. 

3.5.1. Biological indicators of stem strength 

Compressed stem thickness emerged as the best biological indicator of load 

measured on green or dry stems.  There was a stronger association between load and 

compressed stem thickness than with load and stem diameter.  Also, the linear 

relationship between dry stem load and compressed stem thickness was the same for all 

genotypes (genotypes varied only in the intercept and not the slope of this relationship).  

The small variation in intercept among varieties indicates that there would be a small 

loss of efficiency in selecting genotypes for load based on compressed stem thickness; 

however, this is a minor loss compared the large practical benefits associated with the 

simple field measure of compressed stem thickness. 

Compressed stem thickness is therefore a valuable field measure for selecting 

field pea genotypes with improved stem strength as there appears to be a basic 

biological relationship between compressed stem thickness and load that is constant 

across genotypes.  Pea breeders can be confident of selecting genotypes with higher 

load ratings simply by selecting for compressed stem thickness on dry stems in the field.   

3.5.2. The relationship of green stem strength to dry stem strength 

While measurements of stem strength of green stems had similar results to dry 

stems none had the predictive ability of compressed stem strength on dry stems, due to 
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its high correlation and parallel genotype regression slopes.  The plot averages of green 

stems were useful in predicting the overall trends expected in dry stem strength.  

Assessment of compressed stem thickness on green stems may be useful in early season 

selection to eliminate very weak-stemmed lines, but selection of the strongest stemmed 

varieties should be left until dry stem data are obtained at the end of the growing season.  

Measurements on dry stems are more functional for selection in a commercial pea 

breeding program as they do not require destruction of the plant in the growing phase, 

and seed can be harvested from plants before assessment of stem strength. 

3.5.3. Pisum sativum stem strength in context of other crop plants 

Stem diameter was used as a predictor of stem strength in alfalfa (Ames et al. 

1995) and chickpea (Behroozi et al. 1995).  Given our data on field pea, it is possible 

that compressed stem thickness would be a better measure of stem strength than stem 

diameter for alfalfa and chickpea.  In cereals, Dolinski et al. (1993) considered that 

thicker stalk walls conferred lodging resistance rather than larger stem diameters, which 

is consistent with our conclusions as compressed stem thickness is essentially a 

measurement of wall material.  Both field pea and cereals have hollow septate stems, 

therefore it is possible to reach the common conclusion that for hollow stems, the bulk 

of internal material (the thickness of the stem walls) is more important for strength than 

the outside diameter. 

3.5.4. The effect of stem lignin content on stem strength 

The percentage stem area stained for lignin in cross sections of pea stems did not 

vary between genotypes, and therefore did not explain the variation among genotypes 

for load or significance of load and flexion when stem diameter and compressed stem 

thickness were used as a covariate.  As parenchyma cells form the bulk of the pea stem 
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it is possible that variation in the structure of the parenchyma may explain the variation 

in strength among genotypes, rather than the total lignin content.  There was high error 

variance in these experiments.  Further work could be done to develop more precise 

assessment methods, and to investigate mean cell wall thickness or packing cell density 

of parenchyma in different pea genotypes.  Stem epidermal characters such as 

microfibril orientation, middle lamella adhesion or the thickness of peripheral cell walls 

could also contribute to varietal differences in stem strength (Mohsenin 1986; Niklas 

1992).  It is possible that field grown plants may exhibit different lignin characteristics 

and this is a possible area for future work. 

3.5.5. The role of flexion in breeding for stem strength 

Genotypes did not contribute to the regression models between flexion and stem 

diameter or compressed stem strength , which indicates that flexion measured through 

stem diameter or CST is not as useful as load as a means of distinguishing varieties 

based on stem strength in a pea breeding program.  Load was closely associated with 

compressed stem strength, and for plant breeders, compressed stem strength is relatively 

easy to measure in the field.  Nevertheless, load and flexion were associated by a 

positive regression slope with different intercepts for different varieties, and therefore 

selection for load, via compressed stem thickness, is also likely to improve flexion.  

Some cell wall components, such as amorphous cellulose microfibrils, are known to 

increase strength and flexion concurrently (Mohsenin 1986).   

3.5.6. The impact of black spot when breeding for stem strength 

In our experiment, there was a non-significant correlation between genotype 

means for stem disease and load (r2 = 0.166, NS) in the “high disease” main plot.  The 

hypothesis was that susceptible genotypes would have more stem disease, and therefore 
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weaker stems, than resistant varieties.  The experiment did not support such a 

hypothesis – the varieties with strong stems were consistently stronger in the high 

disease main plot and the low disease main plot.  The data suggest that black spot 

resistance and stem strength (as measured by compressed stem thickness) may be 

selected concurrently in a disease nursery where black spot levels are high.  Black spot 

disease causes lesions on the stem and the fungus may invade stem tissue, but in our 

experiments this did not affect the bulk of cellular material in the stem or compressed 

stem thickness.  

3.5.7. Conclusions 

The terminology referring to stem strength and lodging needs clarification.  

Some authors confuse the two issues.  For example, Csizmadia (1995) reported the 

testing of “stem firmness” in field pea, whereas the actual measurement was a 

subjective scale of lodging.  Therefore we propose that “stem strength” be reserved for 

physical measures of stem strength such as load or flexion, or biological measures such 

as compressed stem thickness when they are shown to be closely associated with 

physical measures of stem strength.   

We have developed a relatively simple and low cost biological measure for stem 

strength in field pea, compressed stem strength, which can be readily incorporated into 

pea breeding programs.  It should be possible to concurrently select for improved black 

spot resistance and stem strength, thereby improving harvestability of the crop, 

harvested seed quality and yield.  Based on our results, significant genetic variation in 

stem strength exists in field pea, and it should be possible to exploit this genetic 

variation in the future.  Further work exploring the mode of genetic control of stem 

strength, be it single gene or polygene, and heritability of the trait will assist breeders in 

rapid germplasm improvement.   
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4.1.   Abstract 

Weak stem strength in field pea (Pisum sativum) is a major restriction to yield, seed 

quality and ease of harvest.  Three aspects of stem strength, load at breaking point, 

flexion and compressed stem thickness, showed substantial genetic variation among a 

diverse range of 6 parents including modern cultivars, landrace accessions, and 

interspecific progeny.  Diallel analysis of parents and F1 progeny was conducted using a 

simple additive-dominance model, which was adequate for load and compressed stem 

thickness but not for flexion which was more genetically complex.  There were 

significant additive genetic effects for load and compressed stem thickness with no 

evidence of dominance or maternal effects.  Valuable alleles for stem strength were 

present in commercial cultivars and landrace types of field pea.  Efficient and practical 

breeding for improved stem strength will involve rapid recurrent selection cycles with 

moderate selection pressure for compressed stem thickness, followed by verification of 
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improvements in lodging resistance in subsequent field trials.  Compressed stem 

thickness is relatively easy to measure on individual plants in the field and is closely 

associated with load. 

4.2.   Introduction 

Field pea (Pisum sativum L.) plants have weak stems and normally lodge before 

harvest, causing canopy collapse.  The consequences of canopy collapse are loss of 

yield, decreased seed quality and increased difficulties with mechanical harvesting.  To 

some authors, lodging is the largest problem in the modern pea crop (Heath and 

Hebblethwaite 1985; Hedley et al. 1983; Holland et al. 1991).  Lodging also increases 

the risk of disease such as black spot (caused by Mycosphaerella pinodes) due to 

increased humidity in the collapsed sub-canopy (Dantuma 1983; Davies 1977).  

Lodging is largely due to the weakness of the basal nodes of the stem in relation to the 

weight of the upper parts of the plant (Davies 1977; Heath and Hebblethwaite 1984).  

Breeding for lodging resistance in field pea has focused on leafless or semi-

leafless varieties.  This plant morphology results in individual plants supporting each 

other to stand in a display of ‘structural mutualism’ (Givnish 1995), with varying levels 

of success in increasing lodging resistance (Davies 1993; Stelling 1989).  This plant 

morphology is present in Australian field pea cultivars Kaspa and Excell (Leonforte 

2003).  Crops with this morphology stand upright for longer but often lodge before 

harvest, as a result of weak basal nodes (Davies 1993).  Lodging resistance may be 

improved further if the strength of stems at the basal nodes is enhanced genetically, 

thereby increasing the standing ability of the crop.  This may lead to lower disease 

levels, easier mechanical harvest and improvements in seed yield per hectare.   

Stem strength of field pea has been assessed through visual estimates of lodging 

in field plots (Stelling 1989), with few reports on quantitative physical measures such as 
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load and flexion which may be assessed on individual stems (Kemsley et al. 2004; 

McPhee and Muehlbauer 1999).  Quantitative physical measures of stem strength in 

cereals involved measuring the bending forces on stem samples (Ames et al. 1995; 

Crook and Ennos 1994; Dolinski et al. 1993; Kemsley et al. 2004; McPhee and 

Muehlbauer 1999).  We have applied this technology to field pea stems and evaluated 

the genetic control of stem strength in field pea. 

Compressed stem thickness at the base of the stem was closely associated with 

load at breaking point, but less closely associated with flexion (Beeck et al. 2006, 

Chapter 3).  In the current work, load, flexion and compressed stem thickness were 

measured on the F1 and parents of a diallel cross in order to evaluate their genetic 

control.  Diallel analysis is useful to evaluate the genetic control of quantitative traits.  

The analysis allows an interpretation of the role of major and minor genes and additive, 

dominance or maternal effects controlling the traits.  Minor genes controlling stem 

strength were implicated in the work of Tar’an et al. (2003) who reported a QTL 

associated with lodging resistance in field pea.  The QTL was linked to plant height and 

disease resistance, but these authors did not measure physical attributes of stem 

strength.  Knowledge of the genetic inheritance of physical stem strength will guide the 

development of optimal breeding strategies for improving stem strength and ultimately 

lodging resistance. 

4.3.   Methods 

4.3.1. Plant Growth 

For the diallel analysis, 6 inbred lines of P. sativum were chosen on the basis of their 

variation in stem strength as measured in a previous study (Beeck et al. 2006, Chapter 

3) (Table 4.1).  These lines were crossed in a diallel pattern including reciprocals to 

produce a total of 30 F1 progeny lines.  The 6 parental lines and 30 F1 progeny were 
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grown at The University of Western Australia Shenton Park field station in 2003.  The 

trial was a completely randomized block design with three replicates.  For each 

replicate, 3 seeds were sown for each line and seedlings were thinned to the 2 most 

healthy plants.  Plants were not staked.  The plants were grown and fertilized as for the 

normal winter–spring season for broad acre field pea crops in southern Australia.  

Nodulation inoculum (Group E) was applied at the time of sowing.   

Table 4.1:  The origin of Pisum sativum genotypes included in the diallel study. 

Genotype Origin Basis of Selection 

Dunwa Cultivar, Western Australian Department of Agriculture Trailing type 

Kaspa Cultivar, Victorian Department of Agriculture Semi-leafless 

AP3 Cultivar, New South Wales Department of Agriculture Stem strength 

4.1B Landrace, Greece Multi-branching landrace 

63.1A Landrace, Greece Short internodes – stem strength 

M27 Interspecific cross progeny Contains interspecific germplasm 

 

4.3.2. Sample testing 

Plant stem samples were cut 1 cm below the third node and 1 cm above the fourth node 

when the crop neared maturity and the stem had started to dry.  Samples were placed in 

a drying oven at 70° C for 24 h to ensure all samples were evenly dried.  A three point 

bending test was performed on a universal testing machine (INSTRON, model 5566) 

fitted with a 100 N load cell.  Load (N) at breaking moment and flexion (mm) at 

breaking moment were the physical parameters measured by this device.  Flexion was 

defined as the deviation (mm) of the centre of the sample (the centre of the third 

internode) from the original plane at breaking point.  The three-point apparatus 

consisted of a two-pronged fixed anchor set 10 mm apart and a single-pronged 

crosshead, similar to the design used by Ames et al. (1995).  The crosshead provided the 



 63 

bending force at a rate of 20 mm/min (Crook and Ennos 1994).  This test provides a 

measure of the compressional forces of shear strength (Ames et al. 1995). 

In addition, compressed stem thickness was measured using digital vernier 

callipers at the mid-point between the third and fourth nodes.  The stem section was 

placed in the jaws of the calliper, firm finger pressure was applied to the stem, and the 

stem was allowed to relax in the calliper jaws before the reading was taken. 

4.3.3. Diallel Analysis 

The procedures proposed by Hayman (1954a) and discussed in Mather and Jinks (1982) 

were used to analyse the data generated from the stem samples of the diallel cross using 

the diallel procedure of Potter (2003) in Genstat V.7 (Genstat 2003).  The analysis of 

variance for the parental and F1 population means for the characters provided tests of 

significance for additive, dominance and reciprocal (maternal) genetic effects, based on 

an additive-dominance model.  The dominance effects were further divided into b1 

(directional dominance, the mean deviation of F1 progeny from their mid parent values), 

b2 (levels of dominance of arrays, an array being a parent and all F1 progeny of which it 

is a common parent) and b3 which tests that part of the dominance deviation that is 

unique to each F1 (Mather and Jinks 1982; Wroth 1999).  The reciprocal effect was also 

divided into average maternal effects of each parental genotype and reciprocal effects 

not ascribable to a maternal effect (Mather and Jinks 1982).   

The assumptions underlying this additive-dominance model of diallel analysis 

are diploid segregation, no reciprocal differences, no epistasis, no multiple alleles, 

homozygous parents, and independent gene distribution between parents (Hayman 

1954b). 

The simple additive-dominance model can be disrupted when epistatic or 

uncorrelated gene distributions are present.  The level of the disruption can be measured 
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by plotting the variance of the array (Vr) against the covariance of the array members 

with their non-recurrent parents (Wr).  In cases when epistasis or an uncorrelated gene 

interaction is present the coefficient of regression becomes significantly different to one 

and the simple additive-dominance model no longer explains the variation present 

(Wroth 1999).   

Second degree statistics can be used to calculate components of variation.  In 

this case only broad (H) and narrow (h2) sense heritability were of interest.  Narrow-

sense and broad-sense heritabilities were calculated using equations 4.1 and 4.2 

following the formulae and variable definitions proposed by Crumpacker and Allard 

(1962), as these formulae are more suitable for plant breeding purposes than those 

proposed by Mather and Jinks (1982) (Christie and Shattuck 1992; Dehghanpour et al. 

1996). 
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4.3.4. Other heritability estimates 

Broad sense heritability was estimated independently of the diallel cross using 

regression of parent lines from the current study (2003) on the same parent lines from a 

previous study in 2002 (Beeck et al. 2006, Chapter 3).  This approach removed 

environmental variance from genotypic variance as outlined by Nyquist (1991). 
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4.3.5. Data transformation 

Load and compressed stem thickness were square root transformed, while 

flexion was loge
 transformed, to improve residual plots for ANOVA. 

4.4.   Results  

Significant genetic variation was present for load, flexion and compressed stem 

thickness among the parents (Figure 4.1), based on mean parental scores measured in 

the field trial. 

4.4.1. Diallel ANOVA 

In the diallel ANOVA, only additive (a) effects were significant, when tested 

against own block interactions and pooled block interaction (Table 4.2).  Dominance 

effects, b and b2, for flexion recorded P-values of 0.09 and 0.07 respectively when 

tested by pooled block interaction.   
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Figure 4.1:  The mean (± SE) of stem strength characteristics (a) load (N), (b) flexion 
(mm), and (c) compressed stem thickness (mm) for 6 Pisum sativum genotypes 
used as parents in this study.  Values are mean of 6 individuals. 
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Figure 4.2:  Relationships between Wr and Vr for (a) load (N), (b) flexion (mm) and (c) 
compressed stem thickness (mm).  The curve on each plot indicates the limiting 
parabola Wr2=VrVp within which all the data points must lie. 
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4.4.2. Wr / Vr analysis 

In plots of the covariance of the members of each progeny array with their 

recurrent parents (Wr) against the variance of each array (Vr) the slope was 

significantly above zero and did not differ significantly from unity for load and 

compressed stem thickness, indicating that the additive-dominance model was adequate 

(Figure 4.2).  However, the slope was not significantly different from zero for flexion.  

This indicated the possible presence of epistatic effects for flexion.  For load and 

compressed stem thickness, the regression line intersected the y-axis at a point not 

significantly different from zero which supports the view that dominance effects were 

negligible. 

The estimates of Vr and Wr showed no significant array or block differences in 

the magnitude of Wr+Vr values for any variable which also fails to support the presence 

of non-additive effects (Table 4.3).  There were no significant array or block differences 

for Wr-Vr for load or compressed stem thickness, however there was a significant Wr-

Vr difference for flexion (Table 4.3).  This significant difference in Wr-Vr, together 

with previous violations of the simple additive-dominance model, casts further doubt on 

the adequacy of the model in explaining the variation for flexion present in the parents 

(Mather and Jinks 1982).  
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Table 4.2:  Analysis of variance of diallel cross data for six pea genotypes.  The source of variation represented by each term is as follows (from 
(Dahanayake and Galwey 1999): a, primarily additive effects; b, primarily dominance effects; b1, mean deviation of F1s from their mid-parental 
value; b2, variation of deviation of F1s from their mid-parent value over arrays; b3, that part of dominance variation unique to each F1; c, 
average maternal or cytoplasmic effect of each parental line; d, reciprocal differences not ascribable to c; Block interaction, residual non-
genetic variation. 

   
Load   Flexion   Compressed Stem Thickness 

Item df MS VR* P VR† P MS VR* P VR† P MS VR* P VR† P 

a 5 1.85 3.7489 0.036 4.289 0.002 0.63 3.53 0.042 3.93 0.003 0.042 4.59 0.020 4.22 0.002 
b 15 0.22 0.4517 0.95 0.502 0.93 0.26 1.23 0.30 1.63 0.09 0.008 0.82 0.65 0.84 0.63 
b1 1 0.50 1.6434 0.33 1.146 0.29 0.04 0.12 0.76 0.24 0.63 0.018 2.50 0.25 1.82 0.18 
b2 5 0.15 0.2302 0.94 0.35 0.88 0.35 1.11 0.41 2.16 0.07 0.004 0.26 0.93 0.40 0.85 
b3 9 0.22 0.5532 0.82 0.516 0.86 0.24 1.64 0.18 1.49 0.17 0.010 1.28 0.31 0.97 0.47 
c 5 0.40 2.2532 0.13 0.927 0.47 0.13 1.15 0.39 0.79 0.56 0.012 1.28 0.35 1.19 0.32 
d 10 0.16 0.3529 0.95 0.372 0.95 0.11 1.10 0.41 0.68 0.74 0.009 0.85 0.59 0.90 0.54 
                    

Blocks 2 15.54      5.71     0.361     
Bxa* 10 0.49      0.18     0.009     
Bxb 30 0.48      0.21     0.010     
Bxb1 2 0.30      0.31     0.007     
Bxb2 10 0.66      0.32     0.015     
Bxb3 18 0.40      0.15     0.008     
Bxc 10 0.18      0.11     0.009     
Bxd 20 0.46      0.10     0.010     

                    
70 0.43      0.16     0.010     Block 

Interactions                                 
* each item tested against its own block interactions          
† all items tested against the pooled block interaction MS           
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Table 4.3:  Analysis of variance of the estimates of Vr and Wr for the diallel cross. 

  Load Flexion 
Compressed stem 

thickness 

Wr + Vr df       

Array differences 5  0.0766 ns  0.0745 ns  5.58 × 10-5 ns 

Block differences 12  0.0720  0.0666  8.18 × 10-5  

        

Wr – Vr        

Array differences 5  0.0187 ns  0.0182*  1.27 × 10-5 ns 

Block differences 12  0.0258  0.0051  1.32 × 10-5 

*P<0.05     

 

4.4.3. Components of variation 

The additive-dominance model appears to be valid in this diallel cross for load 

and compressed stem thickness, and therefore second-order genetic statistics may be 

estimated where they are relevant (Table 4.4).  Additive, but not dominance, genetic 

effects were detected by ANOVA for load and compressed stem thickness, therefore it 

is not relevant to calculate dominance components D
H1  (degree of dominance) and uv 

(average gene frequency over all loci).  Narrow-sense heritability of compressed stem 

thickness and load was estimated by these second order statistics to be 9.2% and 9.4%, 

respectively, and broad sense heritability was estimated to be 0% for both traits. 
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Table 4.4:  Diallel statistics and estimates of genetic variance components. 

Statistic Explanation Load 
Compressed 

Stem Thickness 

rV  Mean value of Vr over arrays 0.0876  0.0025  

rW  Mean value of Wr over arrays 0.0936  0.0022  

rV  Variance of array means 0.0515  0.0012  

Vp Variance of inbred parents 0.2021  0.0050  

E Variance due to non-genetic variation 0.4319  0.0099  

D Variance due to additive effects -0.2298  -0.0049  

H1 -0.9737  -0.0202  

H2 
Components of variation due to dominance effects 

-0.6955  -0.0141  

      
 Narrow sense 9.4%  9.2%  

 Broad sense 0  0  

 

4.4.4. Other heritability estimates 

The broad sense heritability estimates for load, flexion and compressed stem thickness 

using regression of parents over 2 years was 0.64, 0.62 and 0.62 respectively. 

4.5.   Discussion 

4.5.1. Diallel statistics 

In the diallel analysis of field pea genotypes studied here, the genetic variance 

controlling load and compressed stem thickness was additive, with no evidence for 

dominance or maternal variance.  There was some weak evidence for dominance for 

flexion although no statistics were significant.  By definition, the additive genetic 

variance for these traits is heritable and could be improved by selection in a breeding 

program.  The Vr, Wr (Figure 4.2) distributions suggest that there are several alleles 

contributing to load and compressed stem thickness and a significant slope that 

separates lines contributing “strong stem” alleles from those contributing “weak stem” 
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alleles (Figure 4.2a, 4.2c).  However, the slope is not different from zero for flexion 

(Figure 4.2b) which suggests that the additive-dominance model is not sufficient to 

explain the genetic effects for this trait.   

Load and compressed stem thickness were closely associated in a previous study (Beeck 

et al. 2006, Chapter 3).  The 6 field pea lines used in the current study (2003 data) were 

also tested in a field trial in 2002 (Beeck et al. 2006, Chapter 3).  The regression slope 

between load and compressed stem thickness was independent of genotype, with some 

genotypes (Dunwa, Kaspa, 63.1A) higher on the slope and therefore stronger than 

others (AP3, M27, 4.1B). 

Compressed stem thickness is a very practical and achievable selection parameter on 

early generations in a field pea breeding program.  Preliminary screening of field pea 

lines could be done using compressed stem thickness with the knowledge that strength 

of stems (load) is also being improved.  The impact of improving compressed stem 

thickness and load of stems on lodging resistance could be assessed in larger field plots 

after preliminary screening for compressed stem thickness.   

Flexion, on the other hand, is less certain to help improve lodging resistance.  Breeding 

for flexible stems may result in more “rubbery” stems which do not break as readily as 

rigid stems, but they are not necessarily elastic and may not prevent lodging.  However, 

greater load capacity indicates greater ability to stand upright without breaking.  An 

ideal pea stem may be rigid and behave like a modern wheat cultivar, and this is better 

selected through load and compressed stem thickness than through flexion.  There is 

evidence for a weak association between load and flexion (Beeck et al. 2006, Chapter 

3).  Breeding for increased load may have a secondary effect of increasing elastic 

flexion as some cell wall components that increase strength may also contribute to 

improved flexion (Mohsenin 1986).  Therefore, selection for compressed stem thickness 

in early generations may also help to improve elastic flexion. 
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Heritability as estimated in this diallel study appeared very low (Table 4.4).  

This appears to contradict the main conclusions that significant additive genetic 

variance exists for load and compressed stem thickness.  One reason for the low 

heritability estimate may be the small number of parents used in this diallel study 

(Christie and Shattuck 1992).  However moderate to high estimates of broad sense 

heritability for load, flexion and compressed stem thickness (H = 0.62-0.64) were 

estimated from the reaction of parent lines in the 2002 field study (Beeck et al. 2006, 

Chapter 3) and the current (2003) study.  The validity of derived variables from diallel 

analysis, such as H or h2, was questioned by Baker (1978) and Kempthorn (1956) based 

on failure to meet the assumption of independent gene distribution and other difficulties, 

and these authors argued that conclusions should therefore be restricted to the diallel 

ANOVA.  We therefore consider that, based on parents measured across years, the 

estimates of H by regression provide a better estimate than the derived second order 

statistics of the diallel method. 

An important conclusion from this experiment is that significant additive genetic 

effects have been detected for load and compressed stem thickness on an individual 

plant basis (Table 4.2).  This improves confidence that selection for compressed stem 

thickness on single plants will be an effective preliminary screen for stem strength in a 

field pea breeding program.  

A recurrent selection system could be derived to rapidly recombine useful alleles 

for stem strength based on single plant selection methods described here.  The Wr/Vr 

graphs indicate that useful alleles may already exist in Kaspa, Dunwa and 63.1A as 

these lines are the best performers for stem strength.  A recurrent selection breeding 

program, similar to the RIPE system proposed by Kannenberg and Falk (1995), would 

result in an elite population undergoing continual improvement while introgressing new 

alleles from additional sources.  Ultimately the improvements in stem strength 
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developed in such a recurrent selection program will need to be evaluated for lodging 

resistance in pure lines derived from the elite population.   
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5.1.   Abstract 

Mycosphaerella pinodes causes black spot in field pea (Pisum sativum) and is 

the focus of disease resistance breeding in many areas of the world.  A method of 

glasshouse screening for stem disease was investigated based on the early infection 

stages of conidial germination and ectotrophic hyphal growth.  Lines identified as 

moderately resistant and susceptible under field conditions showed no significant 

difference in rates of conidial germination or ectotrophic hyphal growth when 

inoculated with M. pinodes under controlled conditions.  These results suggest that early 

infection stages assessed in the glasshouse are not useful predictors of field resistance.  

The results also suggest that the complex M. pinodes/pea interaction, as it occurs in the 

field, is difficult to replicate in controlled environments. 
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5.2.   Introduction 

Mycosphaerella pinodes (Berk. & Blox.) is the major cause of black spot in field 

pea (Pisum sativum L.) world wide (Marcinkowska 1996; Zimmer and Sabourin 1986).  

In an average year in Australia black spot can reduce field pea crop yields by 10% and 

up to 70% under severe disease epidemics (Bretag et al. 1995a; Nasir and Hoppe 1998).  

Effective screening for field resistance to black spot is a priority and a method of 

glasshouse screening that correlates with field results may be a useful tool for plant 

breeders, allowing year round screening and early generation screening. 

Infection at the stem base is an important aspect of M. pinodes epidemiology, as 

stems can quickly become completely blackened and girdled followed by plant death in 

extreme cases.  Clulow (1991a) stated that more effort is required to breed increased 

stem resistance as most breeding and pathology efforts have targeted leaf disease.  

Clulow et al. (1992) found that stem resistance was expressed mainly in the pre-

penetration phase of infection and that resistant lines displayed increased ectotrophic 

growth.  Hyphal tubes were unable to readily penetrate the cuticle and therefore grew 

across the stem surface searching for appropriate entry points.  Other studies of 

host/necrotrophic fungal pathogen systems have also reported that the resistant host 

restricts germination of fungal spores when compared to a susceptible host (Bayliss et 

al. 2002; Snosnowski et al. 2004).  However, this is not the universal situation, for 

example resistance to Stemphylium botryosum on alfalfa was not associated with 

reduced germination or hyphal growth before penetration of the leaf surface (Cowling 

and Gilchrist 1982). 

It has been difficult to identify an effective glasshouse screening technique for 

resistance of pea to black spot as plants selected with high levels of resistance in 

controlled environments have shown only moderate resistance or failed entirely when 

grown under normal seasonal conditions.  Wroth (1999) adapted a leaf droplet inoculum 
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procedure from numerous authors, mainly Nasir and Hoppe (1991) and Bretag (1991), 

and refined these techniques to maximise infection on leaves using high inoculum 

concentrations.  Wroth (1999) found the droplet test on leaves to be the most suitable 

for showing consistent infection and displaying differences between lines. 

This study used the droplet inoculation method to test if conidial germination 

and hyphal growth on stems were useful predictors of resistance in pea, and if this 

method of screening correlated with field resistance rankings.  Based on the results of 

Clulow (1992), lines which display good field resistance should show early signs of 

resistance through decreased spore germination and increased ectotrophic hyphal 

growth on stems. 

5.3.   Materials and Methods 

5.3.1. Fungal material 

An aggressive culture of M. pinodes, obtained through single spore isolation 

from diseased leaf tissue (Wroth 1996), was grown on Coon’s medium, containing (per 

litre) 4 g maltose, 2 g KNO3, 1.2 g MgSO4, 2.68 g KHPO4 and 20 g agar at pH 6.5 (Ali 

et al. 1978b).  The plates were incubated in the dark at 20°C for 7 days and then placed 

in a continuously illuminated box lit with one Sanko Denki F8T5BlB black light tube to 

initiate conidiospore production.  Conidia were harvested by flooding the plate with 10 

ml sterile DI water containing 0.025 % Tween 20 (poly oxyethylene (20)-sorbitan 

monolaurate; BDH), and loosening the spores by rubbing with a sterile glass rod.  The 

spore concentration was determined using a haemocytometer and the inoculum 

concentration adjusted to approximately 5 x 105 conidiospores per ml.  A fresh spore 

suspension was produced for every experiment repetition. 
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Table 5.1:Pea lines chosen to represent the extremes of stem disease following M. 
pinodes infection in the field.  Disease resistance was assessed in plants growing 
at Medina Research Station in Western Australia, 2003. 

    

Early stem disease 
6-8 node stage 

Late disease 
Mid-Flowering 

Accession Field Rating rating (1-8)* height of stem girdling (cm) 

01P22-09 Susceptible 4.3  13.8  
01P12-31 Susceptible 6.5  19.5  
01P25-15 Resistant 2.0  1.9  
01P19-29 Resistant 0.8  2.2  
* where 1 represents no symptoms and 8 represents complete stem girdling 

 

5.3.2. Plant material 

Pea lines from a concurrent breeding trial were chosen to represent the different 

responses to M. pinodes infection in the field, from “pin-pricking” stem lesions 

(resistant) to heavy stem girdling (susceptible) (Table 5.1).  It was anticipated that these 

lines would display different pre-penetration mechanisms of stem disease resistance in 

the glasshouse infection test.  These lines are part of a recurrent selection breeding 

experiment and are F3:F5 lines.  Three plants of each line were grown in a pot (200 mm 

diameter) containing proprietary soil mix in a temperature controlled glasshouse set at 

15/20°c night and day and 16/8 hour light and dark cycles. 

5.3.3. Inoculation procedure 

Plants were inoculated with M. pinodes 20 days after sowing.  Stems were 

inoculated between nodes 2 and 3 using a 5 µl droplet of spore suspension 

(approximately 2500 spores per drop).  The droplet adhered to the stem and did not run 

down the stem.  Pots were then covered in an opaque plastic box over a water filled 

tray.  The plants were placed in a growth cabinet set at 20ºC/16 hour days with  

18°C/8 hour nights.  The humidity inside the box with the plants was recorded at a 

consistent 100% with a data logger.  Plants were left inside the box for 3 days following 
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inoculation before being examined.  Therefore the experimental design was a mixed 

model with plant lines as a fixed factor and experiment number as a random factor. The 

experiment was repeated 4 times. 

5.3.4. Microscopic examination 

Thin surface layers were shaved with a razor blade from the inoculated surface 

of the stem 70-80 hours after inoculation and then mounted in a solution of aniline blue 

(pH 4.4) on a microscope slide.  The uncut surface was examined by light microscopy 

(Olympus BH4) at a magnification of ×40.  One digital image was made of the stem 

surface inside the inoculation area on each of the 3 plants per treatment.  Conidial 

germination and hyphal length were measured in digital images using ImageJ (v. 1.33u, 

public domain).  The total germinated or not germinated conidia were recorded for each 

stem (an average of 28 conidia was recorded for each stem).  For those conidia that had 

germinated, the longest germ tube was traced and length was measured using the 

calibrated ImageJ software.  The average germ tube length for each stem was used in 

the ANOVA. 

5.3.5. Statistical analysis 

All analyses were performed by ANOVA with Genstat V.7 (Genstat 2003).  A 

mixed model two way ANOVA was performed.  The variance ratio for plant lines was 

calculated from the mean squares for plant lines divided by the interaction mean squares 

of plant lines and experiment number rather than by the residual mean squares.  

5.4.   Results  

There was no variation (P > 0.05) in germination (%) and germ tube length 

(mm) of M. pinodes on the 4 pea lines (Table 5.2).  The 2 resistant lines showed the 

same conidial germination rates and germ tube growth as the susceptible lines (Table 
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5.2).  However there was a significant effect of experiment number for germination (P < 

0.01) and germ tube length (P = 0.032) - the mean value in first experiment was lower 

than in the subsequent 3 experiments (Table 5.3). 

There was no interaction of pea line with experiment number (P > 0.05) for 

germ tube length and therefore no evidence in any experiment that resistance (as 

measured in the field) was associated with reduced germ tube length in the glasshouse.  

There was a significant interaction for pea line and experiment number for percent 

conidia germination (P < 0.05) but this was due to the low germination recorded for 3 

lines in experiment 1. 

Table 5.2: Conidial germination (%) and germ tube length of Mycosphaerella pinodes 
on the stem surface of Pisum sativum plants with different levels host resistance 
of on day 3 following inoculation with a 5 µl drop of 5 x 105 condia/ml 
suspension.  Values are means across 4 experiments. 

Field resistance 
ranking 

Pea line % Conidial germination Germ tube length (µm) 

01P22-09 72  168  Susceptible 
01P12-31 75  91  
01P25-15 73  153  

Resistant 
01P19-29 93  122  

mean  78  133  
significance   n.s.  n.s.  

 

Table 5.3:  Range across 4 experiments of the mean conidial germination (%) and germ 
tube length of Mycosphaerella pinodes on the stem surface of Pisum sativum on 
day 3 following inoculation with a 5 µl drop of 5 x 105 conidia/ml suspension.  
Each experiment was subject to the same conditions with the same 4 Pisum 
sativum lines.  

Experiment 
number 

% Conidia germination Germtube length (µm) 

1 33  67  
2 98  186  
3 97  118  
4 85  162  

mean 78  133  
lsd (P = 0.05) 8  82  

 

Appressoria were not observed on any plant line in any experiment – penetration 

appeared to be direct without formation of an appressorium.  Some signs of cell death 
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were visible at 3 days but these were present on all lines with no indications of 

differences among lines (Figure 5.1). 

 

Figure 5.1:  Examples of visual symptoms observed after 3 days inoculation of field 
pea with Mycosphaerella pinodes.  Susceptible and resistant labels refer to 
performance in previous field trial.  Scale bars represent 200 µm.  It was 
hypothesised that the resistant lines would display decreased spore germination 
and decreased hyphal growth per conidia.  

 

5.5.   Discussion 

Percentage conidial germination and germ tube growth did not vary on the stems 

of susceptible and resistant field lines (Table 5.2, Table 5.3).  In contrast to the 
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conclusions of Clulow (1992), these results suggest that resistance to black spot in field 

pea is not determined by pre-penetration stages of infection by M. pinodes.  Whilst care 

was taken to produce consistent infection conditions, 1 of the 4 experiments had much 

lower germination and hyphal length values than the other 3.  It is unlikely that 

assessment on a greater number of plants per pot or per experiment would change these 

conclusions. 

Conflicting results were recorded by Sosnowski et al. (2004), who found 

decreased pycnidiospore germination of Leptosphaeria maculans on resistant as 

compared to susceptible Brassica napus in the glasshouse, and Li et al. (2004), who 

recorded no difference in germination rates of L. maculans on resistant and susceptible 

plants.  It appears that small changes in infection conditions may affect conclusions 

about the impact of resistance and susceptibility on germination and infection. 

Past experience with this necrotrophic fungal disease confirms that field 

resistance rankings do not normally correspond to glasshouse rankings.  For example, 

pea lines tested by Clulow (1991b) were found to be resistant under controlled 

conditions and moderately susceptible under field conditions (Bretag 1991).  Wroth 

(1996)  and Ali et al. (1994) also found different rankings for resistance between the 

glasshouse and field. 

Differences in resistance rankings between glasshouse and field infection occur 

in other pathogen systems, for example Medicago sp. with Phoma medicaginis (Barbetti 

1990); subterranean clover (Trifolium subterraneum) with powdery mildew (Erysiphe 

polygonii) (Barbetti 1991b); clover scorch (Kabatiella caulivora) (Chatel and Francis 

1974); rust on clover (Uromyces trifolii-repentis) (Barbetti 1991c); and cercospora 

disease of clover (Barbetti 1991a). 

There are several reasons why glasshouse test results for resistance are poorly 

associated with field resistance rankings.  Probably the most significant issue is the 
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polycyclic nature of field disease in dynamic temperature and moisture conditions over 

a long period of time, compared with short-term inoculations under controlled 

conditions of a glasshouse.  Also, glasshouse tests for host resistance often produce 

inconsistent disease levels between experiments, as reported by Hugouvieux et al. 

(1998), when they tested an infection method from the literature. 

The current study failed to support the conclusions of Clulow et al. (1992) that 

hyphal growth of M. pinodes was restricted on resistant pea varieties.  As with S. 

botryosum on alfalfa (Cowling and Gilchrist 1982), resistance was not expressed by a 

reduction in conidial germination or hyphal growth pre-penetration of M. pinodes on 

pea. 

To conclude, field testing of comparative resistance to M. pinodes among 

breeding lines of pea is the only reliable method of assessing attainable levels of black 

spot resistance, and will remain so until a glasshouse test is developed that reflects field 

results. 
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6.1.   Abstract 

Susceptibility to black spot (caused by Mycosphaerella pinodes) and weak stem 

strength in field pea (Pisum sativum) are major restrictions to yield, seed quality and 

ease of harvest.  Previous studies have established that both traits are controlled 

polygenically, and that stem strength is strongly associated with a simple field test of 

compressed stem thickness at the base of the plant.  Heritabilities and responses to 

selection for resistance to black spot and stem strength were evaluated during 2 cycles 

of recurrent selection after intercrossing wild and adapted pea genotypes.  Population 

size (N) was approximately 850 and selection proportion (p) was 0.104.  Effective 

population size (Ne) was high (92) as a result of an efficient pair wise crossing strategy.  
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Broad sense heritability (H) on a single plant basis was calculated by parental regression 

across environments and by the variance difference method (variance of F2 vs parents in 

each cycle).  Response to selection was indicated by a reduction of 10% in the mean 

black spot leaf disease in the F2 of cycle 2 compared with the F2 of cycle 1, when 

considered as a percentage of the mean of cycle 1 parents in the same trials.  Likewise, a 

15% response to selection was obtained for improved stem strength from cycle 1 to 

cycle 2 based on increased compressed stem thickness.  Heritability of resistance to 

black spot leaf disease on a single plant basis by the parental regression method was 

moderate (H = 0.43 across cycles 1 and 2), and also by the variance difference method 

(average H = 0.23 in cycle 1 and 0.38 in cycle 2).  Heritability of compressed stem 

thickness was also moderate (H = 0.39) based on the parental regression method, and 

also by the variance difference method (average H = 0.37 in cycle 2).  Future gains were 

predicted to be rapid over the next 5-6 cycles based on a random mating quantitative 

genetics model.  A future breeding protocol could be based on F1 recurrent selection 

cycles with single plant selection for black spot resistance and stem strength, followed 

by an evaluation system incorporating selfing. 

6.2.   Introduction 

Susceptibility to black spot (caused by Mycosphaerella pinodes Berk. & Blox.) 

and lodging restrict adoption of field pea (Pisum sativum L.) in Australia (Department 

of Agriculture Western Australia 2003; French et al. 2005).  It is common for black spot 

disease to cause a yield penalty of 10% in field pea in Australia, with up to 70% yield 

loss under severe disease conditions (Bretag et al. 1995a; Lawyer 1984; Nasir and 

Hoppe 1998).  Lodging reduces yield indirectly as a result of increased disease risk 

(Davies 1977; McPhee 2003) and directly through harvest losses (Csizmadia 1995).  

Some authors, such as Hedley et al. (1983), list lodging as the single most important 
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problem with pea crops.  Lodging is the result of weakness in the basal regions of the 

stem in relation to the weight of the upper parts of the plant (Davies 1977; Heath and 

Hebblethwaite 1984).  In order to improve the yield potential and adoption of field pea 

in Australia, breeding for stronger stems and greater black spot resistance will be 

required (Armstrong and Pate 1994). 

Resistance to black spot has been a major focus of pea breeding with many 

screening studies searching for sources of resistance (Bretag 1991; Kraft et al. 1998; 

Xue and Warkentin 2001).  Wroth (1999) established that genetic control of resistance 

was polygenic with no evidence for major gene resistance in a diverse range of 

germplasm. 

Genetic improvement of stem strength in field pea to increase the standing 

ability was proposed by Davies (1977) although other options for improving the 

standing ability, such as leafless and semi-leafless plant morphologies, have dominated 

pea breeding programs since that time.  Semi-leafless morphology assists the standing 

ability of pea, but semi-leafless crops can lodge as they also possess weak basal nodes 

(Davies 1993).  Recently stem strength has become the focus of a targeted research 

program to improve standing ability in pea (Beeck et al. 2006, Chapters 3 and 4). 

Stem strength (measured as load at breaking point) was controlled by additive 

genetic effects when measured on single plants in a diallel cross among diverse parents 

(Chapter 4).  Load at breaking point was strongly associated with compressed stem 

thickness in the basal internodes of the stem (Beeck et al. 2006, Chapters 3 and 4).  

Stem flexion (the degree of bending at breaking point) was not as strongly genetically 

controlled as load, and not as strongly associated with compressed stem thickness 

(Beeck et al. 2006, Chapters 3 and 4).  Compressed stem thickness was a practical field 

measure of stem strength that could be measured on single plants and therefore readily 

incorporated into early generation selection in field pea (Beeck et al. 2006, Chapters 3 
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and 4).  Broad sense heritability for stem strength (load at breaking point) was moderate 

(chapter4) based on parent means across environments (Nyquist 1991). 

We tested a system of recurrent selection that aimed to achieve parallel genetic 

improvements in stem strength and black spot resistance in pea.  Breeders often attempt 

to exert selection pressure on several complex traits simultaneously (Robinson 1996), 

but rarely is disease resistance included in this process.  A method for rapid 

improvement of complex traits was proposed by Kannenberg and Falk (1995) for barley 

that involved selfing to the F3 without selection, followed by selection on partially 

homozygous lines and completion of the crossing cycle in two years.  This method can 

also be used to introgress new alleles from non-adapted germplasm without 

compromising the elite germplasm that provides longevity to a breeding program (Peel 

and Rasmusson 2000).  The recurrent selection system described in this paper combined 

selection on partially homozygous lines with short cycle times (Ochatt et al. 2002), 

large population size (Comstock 1996) and moderate selection intensity (Mackay 1999).  

This approach promotes frequent recombination and rapid improvement in moderately 

heritable traits and avoids random loss of alleles due to genetic drift. 

Finally, a simple quantitative genetics model based on random mating was used 

to predict future genetic progress based on an F1 recurrent selection strategy. 

6.3.   Materials and Methods 

The original eight parents of cycle 1 were chosen to represent a range of values 

for the 2 traits under selection, namely resistance to black spot disease and stem 

strength.  The parents consisted of current agronomic lines and exotic material, 

including landraces and progeny of interspecific crosses with wild Pisum (Table 6.1). 

 

 



 88 

Table 6.1:  Pisum sativum genotypes and the basis for inclusion in the breeding system. 

Genotype Origin Basis of Selection 

Dunwa Cultivar, Western Australian Department of Agriculture Trailing type, Agronomic 

Kaspa Cultivar, Victorian Department of Agriculture Semi-leafless, Agronomic 

AP3 Cultivar, New South Wales Department of Agriculture Stem strength 

IFPI471 ICARDA germplasm Disease resistance 

SA373 Bred by South Australian Department of Agriculture Disease resistance 

63.1A Landrace, Greece Short internodes – stem strength 

M27 Interspecific cross1  Contains interspecific germplasm 

M17 Interspecific cross1 Contains interspecific germplasm 

1Developed by J. Wroth, The University of Western Australia, as a selection from the cross P.sativum x P. fulvum 

 

6.3.1. Recurrent Selection Program 

The breeding program was a modified S2 selection procedure (Fehr, 1987) with 

selection on F3-derived F4 families (Figure 6.1).  The 8 parents were crossed in a full 

diallel in 2001 (56 crosses) to initiate cycle 1.  Reciprocal cross seed was combined 

when it was found that diallel analysis on stem strength provided no evidence for 

maternal effects (chapter 4).  Also, maternal effects were not present in a diallel cross 

for black spot resistance (Wroth 1999).  The F2 progeny of 28 families (up to 50 plants 

from each family) were sown in June 2002 as spaced plants in a fully randomized trial 

in a winter disease nursery at Shenton Park, Western Australia.  The controls included 

F1 plants (10 from each cross) and parental plants (20 from each of the 8 parents).  

Plants were rated for black spot resistance by recording the percentage leaf area covered 

by lesions on leaves at the third and fourth nodes at mid-flowering of control varieties 

based on key 2.4 in James (1971), and averaging the result for each plant.  No selection 

occurred on F2 plants.  After harvest, 20 F3 seeds from each F2 plant in each family were 

bulked and a random selection of 50 F3 seeds were advanced in a contraseason nursery 

2002/03 at Manjimup, Western Australia, as spaced planted F3 family rows. 
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Individual F3 plants were harvested and F4 seed sown in rows, 15 F3:4 (F3 

derived F4) plants per row, in June 2003 in a disease nursery trial at Medina, Western 

Australia, with 2 replicates of the F3:4 lines, cycle 1 parents and F3 bulk rows in a 

randomized block trial.  Plants in the randomized block trial were assessed for black 

spot disease severity on leaves and stems.  Leaf disease at the third and fourth nodes in 

this trial was measured by a 0-8 scale at mid-flowering of control varieties (68-69 day 

after sowing) similar to Wroth (1998b) and stem disease was assessed by measuring the 

height to which lesions girdled the stem in the late pod stage (109-111 days after 

sowing) (Wroth and Khan 1999).  The impact of disease on leaf senescence was also 

measured at the late pod stage by counting the number of nodes up the plant which had 

no leaves or completely senesced leaves.  Compressed stem thickness was also 

measured at this time as described in Beeck et al. (2006).  Flowering time was also 

recorded as the date of 50% flowering in each plot.  Cycle 1 was completed in late 2003 

when F3:4 lines were chosen as parents for cycle 2, based on a combination of improved 

black spot resistance and stem strength.  The best lines were selected with the aid of 

principle component analysis for stem strength (compressed stem thickness), black spot 

resistance in stems and leaves, and flowering time.  Cycle 2 parents included lines with 

improved performance in all traits, or lines that excelled in one particular trait. 

One hundred F3:4 progeny were selected as parents for cycle 2, and 46 pair-wise 

crosses were successful after four combinations failed to cross.  Effective population 

size (Ne) was therefore 92 for cycle 2.  The F1 of each cross was grown in a glasshouse 

between February and June 2004.  Twenty F2 progeny of each of the 46 crosses, 

together with cycle 2 parents (5 plants from each parent) and the original cycle 1 parents 

(10 plants from each parent), were sown in a fully randomized spaced plant trial in a 

disease nursery at Shenton Park, Western Australia, in June 2004, and assessed for 

black spot resistance in leaves at mid-flowering of control varieties, as in the 2002 trial.  
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Compressed stem thickness was also measured in this trial (Beeck et al. 2006, Chapter 

3). 

The Ne for the whole breeding program is calculated using the harmonic mean of 

the Ne for each cycle (Equation 6.1), including the starting parental number of 7 

(Falconer and Mackay 1996).  Because of the low number of starting parents it is 

calculated that the overall Ne for the breeding program is 13 although with continuing 

cycles at Ne = 90-95 this will rise.   

 

Equation 6.1  
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Where:   n = number of generations 

   Ne1,2.. =effective population size of each cycle  

 

Genetic progress in response to recurrent selection was measured by comparing 

the F2 progeny values for black spot disease or compressed stem thickness with the 

mean parent values recorded in the same experiment.  For black spot leaf resistance, the 

mean of the F2 plants of cycle 2 in 2004 was compared with the mean of the F2 plants of 

cycle 1 in 2002.  The F2 means were expressed as a percentage of the mean of cycle 1 

parents in the same trial.  As stem strength was not measured until 2003 for cycle 1, the 

comparison had to be made between the F3:4 mean for cycle 1 to the F2 mean for cycle 2.  

The F3:4 progeny of cycle 1 were random selections from the F2.  Improvements from 

cycle 1 to cycle 2 were tested using a t-test. 
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Figure 6.1:  Flow diagram for recurrent selection program for breeding disease 
resistance and stem strength in field pea. 
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6.3.2. Heritability calculations 

6.3.2.1.  Parental regression method 

The broad sense heritability of black spot leaf resistance and compressed stem 

thickness was based on the regression of inbred parent means from one year on inbred 

parent means from another year (Nyquist 1991).  This method attempts to diminish the 

impact of environmental variance by testing across years on inbred lines.  In the case of 

leaf disease (percentage leaf area covered with lesions), data from 2004 were regressed 

on 2002 data and for compressed stem thickness 2004 data were regressed on 2003 data.  

6.3.2.2.  Variance difference method 

Broad sense heritability for black spot leaf disease resistance within the 2002 

cycle 1 F2 trial and leaf disease resistance and compressed stem thickness within the 

2004 cycle 2 F2 trial was estimated using the variance difference method.  This method 

involves estimating the difference between the phenotypic variance in the non-

segregating lines (parents and F1 progeny), which represents environmental variance, 

with the phenotypic variance of the F2 for the same cross, which represents 

environmental and genotypic variance (Nyquist 1991).  For 2002 the environmental 

variance was estimated by pooling the parental and F1 data for each cross whereas the 

2004 environmental variance was solely from the parents and calculated as the 

geometric mean of the variance of the two parents (Nyquist 1991).  Heritability values 

were obtained for each cross, and averaged across all crosses.  Heritability values were 

exclude from the average if there were fewer than 7 F2 plants available, or if determined 

as outliers (>2 standard deviations from the mean). 
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6.3.3. Modelling 

A windows version of QU-GENE (Podlich and Cooper 1998) was used to model 

different outcomes from recurrent selection, based on a simple 10-locus quantitative 

genetics model.  This model is based on random mating among heterozygous F1 

individuals (after selection for key traits) and selection of F1 progeny for the next round 

of crossing.  This model was used to explore potential outcomes from a future F1 

recurrent selection system in the pea population discussed in this paper.  Breeding 

parameters for the model were based on conditions used for pea recurrent selection in 

this paper.  Population size (N) was set at 850, as this was the average population size of 

cycle 1 and cycle 2 in this study, and selection proportion (p) set at 0.104 (i.e., Ne = 92).   

The genetic model was additive with either 4 or 10 loci contributing equally to 

the trait, and two alleles at each locus.  Dominance and epistasis was assumed to be 

absent. 

Various parameters were changed to assess sensitivity of the model.  The 

selection proportion was reduced from 0.104 (Ne = 92) to 0.01 (Ne = 9).  Heritability 

(narrow sense, h2) was set at 2 different values, 0.4 and 0.1, to represent the range of 

heritability that was recorded in these experiments. 

The impact of changes to the model was assessed by determining in the number 

of generations required to reach 80% of genetic potential of the Target Genotype. 

6.3.4. Statistical analysis 

All statistical analyses were performed with Genstat V.7 (Genstat 2003).  Data 

for selection from the 2003 mini plot trial were spatially adjusted using ASReml 

(Gilmour et al. 2002) in preparation for principle component analysis. 
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6.4.   Results 

6.4.1. Selection process 

Cycle 2 parents were chosen on the basis of black spot resistance in stems and 

leaves, stem strength (recorded as compressed stem thickness), and flowering time in 

the 2003 trial of cycle 1 F3:4 lines and parents.  Selection was aided by a principal 

component analysis (PCA) which showed the associations between these traits (Figure 

6.2).  In this trial, 67% of the total variance was accounted for by the first 2 axes of the 

PCA.  Stem and leaf resistance were highly correlated (Figure 6.2).  Flowering time, on 

the other hand, was negatively associated with black spot resistance – resistance tended 

to be higher in later flowering types.  Variation for compressed stem thickness was 

more or less independent of black spot resistance and flowering time.  Therefore, groups 

of F3:4 lines were selected that represented the best for compressed stem thickness, the 

best for black spot resistance, or lines which combined positive attributes for both.  

Some lines with early flowering and reasonable values for the other two traits were also 

included (Figure 6.2). 

6.4.2. Response to selection 

Black spot leaf scores of the random F2 progeny in cycle 1 averaged 93% of the 

mean of cycle 1 parents, whereas the random F2 progeny for cycle 2 averaged 82% of 

the mean of cycle 1 parents in the same trial (Figure 6.3).  This represents an 11% 

improvement in black spot resistance between cycle 1 and cycle 2 and an 18% 

improvement over the original parents (P = 0.004).  Similarly, compressed stem 

thickness of the random F3:4 progeny in cycle 1 averaged 103% of the mean of cycle 1 

parents, and random F2 progeny in cycle 2 averaged 118% of the mean of cycle 1 

parents in the same trial.  This represents an improvement of 15% in compressed stem 
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thickness from cycle 1 to cycle 2 (P<0.001)(Figure 6.4).  Recurrent selection cycle time 

in this experiment was 2 years, and for black spot resistance this represents a genetic 

gain of 5.5% per year and for compressed stem thickness a gain of 7.5% per year. 
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Figure 6.2:  Principle component graph which aided selection.  Parents are represented 
by triangles and F3:4 progeny by grey circles.  Ovals represent regions in which 
selections were made and enlarged F3:4 symbols are the progeny selected.  The 
three disease measurements were, i) leaf disease measured at flowering on nodes 
3 and 4 as percentage leaf covered by lesion, ii) stem disease measured at late 
pod stage as height of girdling up the plant and, iii) number of nodes up plant 
with leaf senescence at late pod stage.   



 96 

 

Figure 6.3:  Distribution of leaf disease (% leaf lesion) scores for F2 plants as a 
percentage of the mean cycle 1 parent population leaf disease. 
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Figure 6.4:  Distribution of stem strength (compressed stem thickness) scores for F3:4 in 
cycle 1 and F2 plants in cycle 2 as a percentage of the mean cycle 1 parent 
population leaf disease. 
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6.4.3. Heritability 

6.4.3.1.  Parental regression method 

A moderate broad sense heritability of 0.43 for leaf disease resistance 

(percentage leaf area covered) and 0.39 for compressed stem strength was recorded for 

the original parents measured across years (Table 6.2). 

6.4.3.2.  Variance difference method 

The average broad sense heritability for leaf disease across F2 families by the 

variance difference method was 0.23 and 0.38 for cycles 1 and 2, respectively (Table 

6.2).  The average broad sense heritability for compressed stem thickness was 0.37 in 

cycle 2 by this method. 

 

Table 6.2:  Broadsense heritability (H) values for leaf disease (%leaf area affected) and 
compressed stem thickness using parental regression across environments and 
population difference methods measured on single plants, both described in 
(Nyquist 1991). 

 Method H 

Parental regression 0.43 

Cycle 1 - 2002 0.23 
Leaf Disease 
% leaf area affected 

Population difference 
Cycle 2 - 2004 0.38 

Parental regression 0.39 
Compressed stem thickness 

Population difference      Cycle 2 - 2004 0.37 

 

6.4.4. Modelling future F1 recurrent selection 

Previous results support the assumption in the QU-GENE model that genetic 

variance was additive with little effect of dominance and epistasis (Wroth 1999, chapter 

4).  The F1 recurrent selection model in QU-GENE was based on the parameters of 
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recurrent selection used in this experiment, with h2 ranging from 0.1 to 0.4, N = 850 and 

p = 0.104.  With h2 = 0.4, the population reached 80% of target genotype in 

approximately 6 cycles of F1 recurrent selection (Figure 6.5a).  The population moved 

from about 20% to 30% of target genotype in the first cycle (Figure 6.5a), or 10% 

improvement, which closely resembles the behaviour of the pea population in this study.  

When h2 = 0.1, the population took up to 12 cycles to reach 80% target genotype (Table 

6.3). 

When the number of loci in the model was reduced from 10 to 4, the number of 

cycles to reach 80% target genotype was reduced from 6 to 4 (Table 6.3). 

A reduction in p from 0.104 to 0.01 resulted in major changes in outcomes from 

the model.  The model with h2 = 0.4 and N = 850 was less stable – in some runs, 80% 

target genotype was reached in 2 cycles, but in others, this target was never reached 

(Table 6.3).  The model predicted that both selected and unselected alleles would be lost 

frequently as result of random genetic drift (Table 6.3, models 6,7 and 8; Figure 6.5b). 

 

Table 6.3:  Outcomes of QU-TEACH models, eg: Figure 6.5, with different levels of 
h2, p and Loci selected.  Generations taken to reach 80% target genotype is 
recorded to differentiate models.  N = 850 for all models. 

Model Parameter 
Generations to 
80% TG 

Notes 

 h2 p Loci   

1 0.4 0.104 10  6  

2 0.1 0.104 10  9 - 12  

3 0.4 0.104 4  4 All non-selected alleles remain in population 
4 0.1 0.104 4  6 All non-selected alleles remain in population 
5 0.4 0.01 10  3 - 5  
6 0.1 0.01 10  5 - ∞ Some selected alleles lost to population through drift 
7 0.4 0.01 4  2 Some non-selected alleles lost to population through drift 
8 0.1 0.01 4  3 - ∞ Some selected and non-selected alleles lost to population 

through drift 
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Figure 6.5:  Examples of changes in QU-GENE model with population size of 850 
for 10 loci with differing heritability and selection proportion parameters. a) h2 
=  0.4, p = 0.104 and b) h2 = 0.1, p = 0.01.  In each figure, the model is run 10 
times (different colours for the Gene Frequency plot) and lines are drawn for 
each run, except for gene frequency which shows the outcome for the last run 
for the positive alleles at each of the 10 loci.  Note the effect drift on gene 
frequencies and outcomes for target genotype in b).
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6.5.   Discussion 

Simultaneous gains for resistance to black spot and stem strength were made by 

rapid cycles of recurrent selection.  There was a decrease of 11% (5.5% per year) in the 

percentage leaf area affected by black spot lesions from the F2 of cycle 1 to the F2 of 

cycle 2, and an increase of 15% (7.5% per year) in stem strength (compressed stem 

thickness) from cycle 1 to cycle 2.  Kannenberg and Falk (1995) summarised annual 

genetic gain in yield of a number a crops including soybean, sorghum, corn and barley 

and found that the range was between 0.5% and 2% per year.  Other authors have 

recorded gains for single traits such as 2.83% per year for formonenetin in red clover 

(Rumball et al. 1997), 1.09% per year for stolon density and 1.19% per year for 

nitrogen fixation in white clover (Woodfield 1999) and 0.5% per year for total dissolved 

solids in carrots (Stommel and Simon 1989).  Strong gains are recorded in Allard (1960) 

for maize and are similar to the gains that we record for simultaneous improvements in 

black spot leaf resistance (5.5% per year) and compressed stem thickness (7.5% per 

year).  While stating this, it is acknowledged that strong genetic gains are expected in 

the first few generations, while incremental gains are more difficult to achieve in later 

generations of a breeding program (Figure 6.5a). 

These results are significant for a number of reasons.  Improvement in disease 

resistance in this study was based on the additive effects of minor genes – there are no 

known major genes for black spot resistance in field pea (Wroth 1999).  In order to 

improve polygenic disease resistance in a breeding program, the trait must be 

incorporated into the main selection procedure.  We have demonstrated that it is 

possible to simultaneously improve polygenic disease resistance and another complex 

trait in the same recurrent selection program.  Importantly, resistance and compressed 

stem thickness were both heritable on a single plant basis and were independently 

inherited (Figure 6.2), and there was no evidence for dominance or epistasis reducing 



 102 

narrow-sense heritability.  There were no hindrances to simultaneous genetic 

improvement in these 2 traits. 

Stem strength has been considered too difficult to assess in a field breeding 

program.  Poelman (1983) made the comment that most mechanical procedures for 

measuring stem strength were so laborious that they had little practical application in 

the field.  This study applied a simple indirect measure of stem strength, compressed 

stem thickness (Beeck et al. 2006, Chapter 3), for effective outcomes in a field-based 

breeding program.  Compressed stem thickness is strongly associated with strength at 

the basal nodes (Beeck et al. 2006, Chapter 3) and is a ideal practical measure to 

achieve stronger stems as a solution to lodging susceptibility in field pea (Davies 1993).  

Researchers in other crops have recognised the potential benefits of physical stem 

measurements but were not able to find practical solutions for field breeding programs 

(Kelbert et al. 2004). 

Black spot resistance in leaves was strongly associated with stem resistance on 

F3:4 lines at different times in the growing season in 2003 (Figure 6.2).  Selection on leaf 

resistance would have resulted in the same cycle 2 parents as selection on stem 

resistance.  Therefore, only leaf resistance was recorded in the 2004 trial. 

The results for heritability on a single plant basis for black spot resistance and 

stem strength in field pea, as reported here, are unique and have major implications for 

future breeding methods for these traits.  Moderate heritability for these two complex 

traits was translated into a response to selection for both traits simultaneously.  It is 

expected that the response to selection would have been higher if selection was only for 

one of these traits.  Selection for multiple traits has several impacts on a breeding 

program – the selection proportion should increase to allow more progeny with a wider 

range of traits through to the next generation, and the number of alleles under selection 

will be greater than if only one trait was under selection.  The QU-GENE model, while 
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simple, confirms that by increasing the number of loci under selection from 4 to 10, the 

response to selection is slower.  Also, decreasing the number of selected progeny 

through decreasing p can increase the response to selection – until drift dominates and 

the target genotype cannot be reached (Table 6.3).  Random drift dominates when Ne.s 

is less than 0. 5 (Falconer and Mackay 1996).  Therefore, with the parameter values 

used in this study, overall Ne = 13 and p = 0.104, drift is not an issue.  For Ne = 9 and s 

= 0.01, random drift will dominate the selection process as indicated by the QU-GENE 

model (Table 6.3). 

There is another important reason to keep Ne high.  There is a negative 

association between flowering time and black spot resistance (Fig. 6.2) and it is 

important to allow as many parents as possible to enter future generations to select the 

rare recombinants with early flowering and strong black spot resistance. 

The most common breeding method for self-pollinating crops involves selfing to 

partial or near complete homozygosity before selection begins (Fehr 1987).  Recurrent 

selection in self-pollinating crops has involved F2 selection, but normally selection 

occurs after some selfing has occurred (such as in the F3).  There is little discussion in 

the literature on selection in the F1, because for a self-pollinating plant this is normally 

the genetically uniform hybrid from inbred parents.  When the parents are heterozygous 

and heterogeneous, which is typical of animal breeding programs, it is possible to 

consider selecting on the F1.  Selection on the F1 should only occur if heritability exists 

on a single plant basis, and the impact of dominance and epistasis is minimal. 

We found broad sense heritability of 0.3-0.4 on a single plant basis in the 

random mating progeny (F2) in the first two cycles of recurrent selection in field pea.  

The QU-GENE model, based on heritability of 0.1-0.4 for stem strength and black spot 

resistance, supports the use of F1 recurrent selection from this point on where the cycle 

2 parents are heterozygous and heterogenous.  Field pea in the next cycle of recurrent 
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selection is approaching the random-mating model of quantitative genetics.  The genetic 

progress predicted by the random-mating model (Figure 6.5, Table 6.3) is rapid (4-6 

cycles to reach 80% target genotype), based on selection of single plant cross progeny.  

Selection of F1 progeny would halve the time per cycle from 2 years to 1 year, and 

potentially double the rate of genetic progress compared with S2 recurrent selection.  In 

theory, genetic progress of 11% per year is possible for black spot resistance and 15% 

per year for compressed stem thickness. 

S1 selection in maize was described by Hallauer and Mirader (1988) and in 

carrots by Stommel and Simon (1989), where heterozygous F1 progeny were selected 

and crossed to complete a cycle in one year.  Many breeders of long generation crops, 

such as tree species, utilise F1 selection to shorten cycle times and improve the 

profitability of breeding (Lee et al. 1999). 

There are advantages, but also disadvantages, in adopting heterozygous F1 

selection.  The first is to manage the crossing design of pea in order to increase the 

effective population size.  This study employed pair wise crossing which maintained 

high effective population size, with a relatively low number of crosses compared to 

other mating designs.  Sugar beets, due to their reluctance to self-fertilise, have been 

bred by F1 recurrent selection with paired crossing to increase effective population size 

and retain a high frequency of desirable alleles (Poehlman 1983).  The models generated 

by QU-GENE demonstrate the importance of maintaining a high Ne (Table 6.3).  When 

a low selection proportion such as 0.01 is used, the effective population size is reduced 

and, as in models 6, 7 and 8, some alleles are lost through drift.  Some runs of the model 

never achieved 80% target genotype (Table 6.3).  In models 7 and 8 (Table 3), some 

non-selected alleles were also lost to drift.  Non-selected alleles are important for the 

long term success of a breeding program.  Non-selected alleles represent genotypic 

diversity which a breeder is not currently exploiting but is essential for success in the 
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future for new traits yet to be selected.  Compromising Ne jeopardises long term success 

of a breeding program and, as seen in model 6, can also jeopardise short term genetic 

gain.  It must also be noted that a small Ne in one generation will have long lasting 

effects even if Ne is kept large in other generations.  This is due to the effect of a small 

Ne on the harmonic mean over generations (Falconer and Mackay 1996) – the classical 

“bottle-neck” effect of evolution and plant breeding. 

In light of the possible application of heterozygous F1 recurrent selection, I 

propose a model by which field pea breeding could continue for stem strength and black 

spot resistance (Figure 6.6).  Only traits that are heritable on a single plant basis are 

available for selection by this method; therefore stem strength and black spot resistance 

are excellent traits for this purpose.  In Figure 6 I outline the system which would 

ultimately combine a yearly cycle of heterozygous crossing with selection on F1, 

followed by selfing and further selection in F4-derived lines where selection occurs on 

populations.  The heterozygous population would be known as the elite population and 

would have a population size of 1000.  These 1000 plants would be planted in the 

winter for disease and compressed stem thickness testing, and the best 100 plants would 

be selected (s = 0.1) and crossed in a pair wise crossing design during the summer 

(number of crosses = 50).  In the winter disease nursery, 20 progeny from each of the 50 

crosses would be grown out (1000 heterozygous F1 single plants).  Each year the 100 

selected F1 individuals would be advanced to the F2 to begin selfing, either through a 

system similar to this study or through single seed descent (20 lines per F1).  These 

would then be tested as F4-derived family lines.  Selection in populations would include 

lodging resistance, yield and seed quality. 

It is important in this system that Ne is kept as high as possible in the F1 selection 

phase so that the alleles for yield, quality and other traits for selection at F4 are retained 

and not lost to drift early in the program.  It is at the F4 stage that individual plants could 
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be selected out of family lines and integrated back into the elite population.  The near 

homozygous lines would need to be intercrossed until they are again heterozygous.  

These lines could then be tested with the F1 crosses and join the elite germplasm 1 year 

crossing cycle (Figure 6.6). 

 

 

Figure 6.6:  Proposed model of heterozygous F1 selection for field pea combined with 
conventional early selection by selfing. 
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7. General Discussion 

7.1.   Background and summary 

The introduction of field pea into rotational cropping systems of southern 

Australia has major potential benefits (Chapter 1), but widespread adoption has been 

hampered by susceptibility to black spot disease (caused by Mycosphaerella pinodes) 

and lodging caused primarily by poor stem strength at basal nodes.  While cultural and 

chemical methods can decrease the impact of black spot disease, the level of control is 

inadequate for severe disease epidemics.  Semi-leafless field pea varieties have been 

bred for standing ability (Chapter 2), but often lodge when the crop is in full pod 

(Davies 1993; Stelling 1989).  While lodging resistance has been assessed in pea 

breeding programs (Stelling 1989), there are no published attempts to genetically 

improve stem strength per se.  Resistance to black spot has proven difficult to improve 

due to the lack of strong sources of resistance.  Moderate resistance to black spot has 

been reported in landraces and wild types of field pea (Wroth 1998a) and there is 

evidence that black spot resistance is under polygenic control (Wroth 1999).  The most 

effective long term solution to these problems will be genetic improvements in disease 

resistance and stem strength which poses a challenge to pea breeding programs. 

The aim of this thesis was to test a model for the simultaneous genetic 

improvement of two complex traits in field pea - resistance to black spot disease and 

stem strength.  No attempt was made, within the confines of a 3 year research project, to 

incorporate additional goals of pea breeding programs, but instead the intention was to 

focus on genetic control, heritability, and response to selection for the 2 complex traits 

in order to test the model.  The model involved recurrent selection, with selection in 

early generations.  Moderate heritabilities were found on a single plant basis for both 

traits and there was a positive response to selection for both traits through 2 cycles of 
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recurrent selection (Chapter 6).  Future genetic gain was predicted to be rapid over the 

next 4-5 cycles of recurrent selection by a quantitative genetics model which was based 

on additive genetic variance, relatively few loci controlling these traits (4-10), and the 

same population size (N = 850) and selection proportion (p = 0.1) used in cycles 1 and 2 

(Chapter 6).  The model supported the use of F1 recurrent selection in future cycles as a 

result of moderate heritability on a single plant basis – assuming the same large 

population size and moderate selection pressures were maintained.  This will halve the 

cycle time from 2 years, based on F3-derived recurrent selection in this thesis, to one 

year – theoretically doubling the response to selection over time.  It is predicted that 

significant improvements in disease resistance and stem strength will be possible in 5-6 

years if F1 recurrent selection is followed in this pea population. 

7.2.   Tools for enhancing genetic gain 

In order to design an appropriate breeding program to target complex 

polygenically controlled traits, it is necessary to have practical methods of measurement 

and some confidence that there is heritable variation in the population.  There are many 

complex traits in crops plants, and the challenge to plant breeders is to devise suitable 

strategies to handle genetic improvement in several complex traits at the same time.  In 

this thesis, a model was developed for simultaneous genetic improvement in black spot 

resistance and stem strength.  While measures for black spot resistance were already at 

hand, no estimates of heritability of resistance on breeding populations have been 

reported.  Neither practical field measures nor heritability estimates were available for 

stem strength.  Significant steps towards successful breeding were made by the 

discovery of a practical measure of stem strength (compressed stem thickness) which 

was strongly correlated with laboratory physical measures of stem strength (Beeck et al. 

2006, Chapter 3) and which was controlled by additive genetic variance (Chapter 4).  
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Heritability was shown to be positive and moderate for both black spot resistance and 

stem strength on a single plant basis (Chapter 6). 

7.2.1. Quantitative measures for quantitative traits 

It was noted by Pedersen and Toy (1999) that quantitative measures are needed 

to improve quantitative traits.  Resources should be invested into developing reliable 

and cost-effective quantitative measures for important quantitative traits at the 

beginning of a breeding program.  This may mean significant research into genetic 

correlations, such as between physical measures of stem strength and compressed stem 

strength, or research to validate existing techniques to ensure they are the best measures 

available with the highest heritability to achieve strong genetic gain.  

Compressed stem thickness at the base of pea plants is a rapid, cost-effective and 

simple quantitative field measure that can be measured with callipers and recorded on 

single plants, and is highly correlated to laboratory stem strength measures such as force 

or flexion at breaking point (Chapter 3).  When the measure is applied to single plants in 

early generations, the workload associated with selection for compressed stem thickness 

will be manageable in an applied pea breeding program.  In this project, compressed 

stem thickness was moderately heritable on a single plant basis, and the cycle 2 F2 mean 

compressed stem thickness was 15% greater than the cycle 1 F2 mean when compared 

to parent lines (Chapter 6).  Such a measure will enable large numbers of single plants 

to be screened in the field.  Compressed stem thickness is simple to measure and record 

and it takes only a few minutes of training to produce precise, consistent results. 

7.2.1.1.  Heritability on a single plant basis 

Traits that can be measured on single plants, with evidence of heritability and 

control by additive genetic variance, allow novel approaches to breeding self-pollinating 
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crops.  Normally, selfing is undertaken to improve heritability of complex traits, and for 

many traits (such as grain yield) heritability can only be achieved through measures on a 

whole plot basis.  When a few important traits, such as black spot resistance and stem 

strength, can be selected on single plants, the breeding program may be usefully 

designed around an F1 recurrent selection scheme (Chapter 6).  Important whole plot 

measures can occur later in the breeding program on selfed lines derived from the F1 

recurrent selection “engine” that generates the variation necessary for selection. 

Selfing achieves important outcomes in plant breeding – improvement in 

heritability by reducing the impact of dominance and epistasis, and fixation of adapted 

gene complexes (Allard 1999; Kearsey and Pooni 1998).  However, this comes at a cost, 

as selfing increases the time taken to complete a recurrent selection cycle.  For some 

traits, such as yield or grain quality, there is no choice but to wait until sufficient seed is 

available for whole plot measurements, and heritability is very low even in near-

homozygous lines.  Selfing is important to achieve genetic progress in these traits, and 

the process may be hastened by single seed descent or doubled haploidy. 

For complex traits that are shown to be heritable on a single plant basis, such as 

black spot resistance and compressed stem thickness, new options arise.  If additive 

genetic variance is available, and effective population size is large enough, genetic 

progress can be made on selection of F1 progeny from heterozygous parents of self-

pollinating crops – just as it is in breeding of animals and cross-pollinating plants.  The 

gains in time from faster recurrent selection cycles may outweigh the disadvantage of 

lower heritability expected in heterozygous plants. 

In this pea recurrent selection project, parents for crossing are available from the 

F2 of cycle 2.  These are highly heterozygous parents that could be founders of an F1 

recurrent selection program for compressed stem thickness and resistance to black spot.  

Both traits are moderately heritable on a single plant basis.  Such an F1 recurrent 
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selection program would provide selections annually for selfing and later-generation 

screening for whole-plot traits such as yield, lodging resistance, disease resistance and 

grain quality in target environments.  Methods would need to be devised to introgress 

yield and quality back into the F1 recurrent selection program, such as the RIPE system 

used in barley developed by D.E. Falk (Kannenberg and Falk 1995). 

7.2.1.2.  Measuring disease in controlled conditions vs field conditions 

Moderate heritability on a single plant basis was recorded in the field for black 

spot leaf and stem resistance based on parental means across years, and also on variance 

of F2 vs parental variance in cycles 1 and cycle 2 (Chapter 6).  While follow-up disease 

ratings are needed in selfed lines grown in large plots across a range of environments, 

the impact of G×Y was not overwhelming as moderate heritability was recorded across 

years.  Nevertheless, it may be possible to develop a controlled environment test for 

resistance that has even higher heritability and may result in faster genetic progress for 

black spot resistance. 

Research in Chapter 5 showed that there was no effect of field resistance on the 

germination or germ tube length of M. pinodes on inoculated stems in a controlled 

environment – the fungus grew equally well on all lines.  This contradicts earlier reports 

(Clulow et al. 1992) but is supported by studies where glasshouse tests of black spot 

resistance did not match field results (Ali et al. 1994).  Polygenic resistance is complex 

and disease epidemics in the field are polycyclic, so a glasshouse test may not measure 

aspects of resistance that are important in the field.  In a breeding program for polygenic 

resistance, all possible resistance genes must be retained in the population and a 

glasshouse test for resistance may complement but probably not replace field-based 

tests.  In any case, later verification in field plots located across environments is 

necessary to measure the impact of G×E interactions on resistance.  An F1 recurrent 



 113 

selection population will be exposed to changing environments across years (G×Y), and 

if the population is large and selection intensity is moderate, the chances of obtaining 

stable resistance across environments will be improved. 

 

7.2.2. Recurrent selection techniques 

This thesis has endeavoured to apply quantitative genetics principles to improve 

genetic gain for multiple traits with moderate or low heritability.  The principles which 

have proven to be vital in the genetic improvement of black spot resistance and stem 

strength have been: 

• Large population size (N) – the number of individuals exposed to 

selection 

• Large effective population size (Ne).  This is influenced by crossing 

design and selection pressure – the number of individuals effectively 

contributing alleles to the next generation 

• Moderate selection pressure – to maintain Ne and avoid random loss of 

alleles due to genetic drift 

• Short cycles, to hasten the rate of genetic improvement per year 

• Moderate heritability on a single plant basis – the development of 

techniques that are heritable and readily measured on single plants. 

Introgression of new alleles for genetic improvement is a future goal to avoid 

inbreeding and to enhance long term potential outcomes from recurrent selection. 
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7.2.2.1.  Crossing designs 

The pair wise crossing design chosen in this project is an integral part of this 

recurrent selection design.  A breeder has the capacity to perform a limited number of 

crosses each year; therefore these crosses must be used wisely to have the greatest effect 

on future genetic gain.  The crossing design determines the effective population size, 

which in turn controls the range of alleles available in the population in the next cycle.  

A small effective population size will expose the population to genetic drift and restrict 

further genetic gain.  As explained in effective population size theory (Chapter 2, 

section 2.3.6.3), pair-wise crossing is the most efficient design for retaining large 

effective population size.  It can be seen from this project that the choice of crossing 

design may have a significant effect on breeding outcomes, perhaps more so than many 

other choices a breeder makes in a breeding program to maximize genetic gain. 

Pair wise crossing restricts the amount of recombination occurring each cycle in 

the population compared with less efficient designs (such as diallel crossing) but this is 

compensated by more rapid cycles.  Accurate record keeping can help to bring new 

combinations of alleles together faster, by avoiding a repeat of similar combinations in 

the next cycle.  Rapid recurrent selection cycles will increase the frequency of 

recombination events over time and allow for new allele combinations, and a recurrent 

selection program with 1 year cycles would suit the pair-wise crossing system. 

7.2.2.2.  Techniques to reduce cycle time 

This project reduced the cycle time from the normal 7-10 years of traditional pea 

breeding to 2 years.  The techniques used here were mainly ‘out-of-season’ facilities 

through summer and early generation (F3-derived) selection.  Temperature controlled 

glasshouse facilities in summer allowed parents to be crossed and progeny were 

advanced through to the F2 ready for winter sowing.  Summer nurseries at a cool-season 
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site (Manjimup) permitted large numbers of F3 plant rows to be grown ready for winter 

selection on F3-derived progeny. 

Individual breeding programs will have different restrictions that determine what 

stages can be modified to reduce cycle time.  For example this study required a winter 

field nursery for black spot disease assessment, therefore out-of-season activities had to 

be conducted with this factor in mind.  Also, this study was selecting for two traits with 

single plant selection and therefore early selection could be practiced on F3-derived F4 

lines at 87.5% homozygosity. 

Doubled haploidy technology, currently being developed for field pea by an 

Australian/Canadian team (Croser et al. 2004), has the ability to decrease cycle time and 

increase genetic gain as it will advance lines directly to homozygousity from the first 

cross.  Selfing and early selection would still be required for wider crosses not amenable 

to doubled haploidy. 

7.2.2.3.  Population size/selection intensity 

When selecting quantitative traits it is important that favourable alleles have the 

chance of remaining in the population for future recombination.  The retention of 

favourable alleles is dependent on the effective population size and therefore dependent 

on crossing design (as discussed above), although the selection intensity is linked to the 

crossing design.  Many breeding programs will select very intensely and while this will 

deliver short term results, as seen by QU-GENE modelling in Chapter 6, long term 

success will be compromised by drift (as discussed in Chapter 2, section 2.3.6.3).  For 

example in a population of 1000 individuals, conventional breeding programs may 

select < 20 parents due to crossing restrictions generated from crossing design.  Such 

selection will create a “genetic bottle neck” where the population has been narrowed 

and will ultimately limit long term genetic gain (Chapter 2, section 2.3.6.3).  This 
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project has shown that strong genetic gains are possible with moderate selection 

intensity on large populations. 

7.2.2.4.  Estimating heritability 

Many techniques are available for estimating heritability, both in self pollinating 

and cross pollinating crops (Holland et al. 2003; Nyquist 1991).  Due to the importance 

of population size, selection intensity and the effect that heritability can have on 

defining these parameters, effort should be made to estimate heritability near the start of 

a breeding program so that adjustments can be made as needed.  For example if it was 

discovered that a desired trait has a very low heritability efforts could be made to 

increase populations size or relax selection intensity to ensure that favourable alleles for 

the trait remain in the population and to increase the chance of genetic improvement.  

Conversely if it is discovered that the desired trait is highly heritable, it may be possible 

to fast track selection in the glasshouse or include other traits knowing they are not 

likely to impair the improvement of the highly heritable trait. 

7.2.2.5.  Introgression of new alleles 

The problem of narrow gene pools in most major crops has been identified as a 

major restriction to future genetic gain in plant breeding (Cowling 1996).  The response 

has been to introgress new germplasm into elite lines, although techniques which can 

achieve this goal in commercial breeding programs without diluting elite populations 

are few.  In this thesis, wide crosses brought together new gene combinations and this is 

partly responsible for the strong genetic gains seen in this population.  It is likely, in 

some crosses, that agronomic traits have been compromised through wide crossing.  

Therefore, if this program was going to work towards commercialisation, a more 

structured approach for introgressing new alleles would be needed.  Such a process is 
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offered in the work of Kannenberg and Falk (1995) where a series of crosses between 

elite and new material is made until the new material is comprised of 87.5% adapted 

background.  Introgression at this stage will ensure that deleterious agronomic or grain 

quality alleles are kept to a minimum. 

7.2.2.6.  F1 selection – an option for single plant heritable traits 

The tools developed for single plant selection and the results from single plant 

heritability provide new options for modelling breeding systems.  One option is to 

pursue early selection at the F1 stage, as discussed in Chapter 6, effectively mimicking 

simple animal breeding or obligate cross-fertilising plant breeding.  It has been 

demonstrated that F1 recurrent selection of crosses from heterozygous parents can 

rapidly increase favourable gene frequencies in rye grass populations (Neve and Powles 

2005) and by modelling of the same heterozygous system though animal models  

(QU-GENE) (Chapter 6).  Such a system would allow yearly cycles where elite 

germplasm is continuously recombined, tested and selected on the F1 progeny, but also 

selfed and tested in early generations (F3/F4).  Such a system could suit commercial 

breeding as each year progeny would progress through each stage of the process and, on 

becoming fully operational, would have opportunity for cultivar release each season. 

7.3.   Outcomes of effective recurrent selection 

The findings of compressed stem thickness, additive genetic control of stem 

strength and the importance of field black spot testing are supported by the recurrent 

selection breeding methodology used in this study (Chapter 6).  This resulted in two 

traits (controlled polygenically and measured quantitatively in the field) being improved 

simultaneously over 2 cycles using recurrent selection.  It was shown here that if the 

balance between early selection, selection intensity and population size can be found 

rapid progress can be made for multiple polygenic traits.  It is likely that this process 
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could be further optimised by altering the parameters to decrease cycle time.  As the 

success of a breeding program is often measured in genetic gain per year, cycle time is 

one of the most important parameters to adjust as it can have a large effect on genetic 

gain per year (Fehr 1987). 

7.4.   Future directions 

7.4.1. Stem strength  

This study has identified the need for greater understanding of the factors 

underlying stem strength.  It was observed in Chapter 3 (Beeck et al. 2006) that while 

stem strength differed between genotypes, some stems per unit area are stronger than 

other stems per unit area.  When tested for lignin and secondary tissue deposition no 

explanation was found.  Further investigation to discover stem construction differences 

could enable selection of not only the thickest stem walls as practiced in this thesis but 

also the most structurally sound per unit area.  Such differences may be found in cell 

wall thickness, microfibril orientation, middle lamella adhesion or other cellular level 

explanations (Mohsenin 1986).  If a specific cellular component of stem strength could 

be found it is possible that a specific molecular marker or flanking markers could be 

associated with the component and therefore complement compressed stem thickness in 

the selection of stem strength.  Such genes contributing to secondary wall formation 

have been characterised for arabidopsis (Brown et al. 2005; Zhong et al. 2004). 

7.4.1.1.  “Bush pea” – a future crop phenotype? 

While increased stem strength is likely to have a large effect on improving 

lodging resistance and therefore yield of field pea, it is likely that this improved trait 

needs to be complemented with an improvement in plant morphology.  History has 

shown that the greatest improvements in wheat and rice breeding occurred when the 
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switch was made to semi-dwarf cultivars, effectively eradicating lodging (Fehr 1987; 

Robinson 1996).  The Green Revolution resulted in a Nobel peace prize in 1970 for Dr 

Norman Borlaug for his work in dwarf wheat breeding.  In some cultivars of field pea 

the morphology is so vine-like that increased stem strength will have minimal assistance 

in improving lodging resistance.  This can be seen in the cultivar Dunwa used in this 

study which is a trailing type and yet is a good source of stem strength alleles (Chapters 

2 and 3).  Therefore increased stem strength needs to be married with an appropriate 

morphology which probably includes a shorter stature and semi-leafless nature.  Many 

different plant phenotypes were observed in this study within the segregating F2 

populations.  Genetic variation exists for selection of novel plant forms.  Two novel 

forms which appeared in the F2 were a bush type and a cupping type.  The bush type 

resembled a small shrub with 5-6 stems arising from a strong basal region.  The cupping 

type was similar to the bush type although the stems were curved and radiated from a 

strong basal region, resembling the shape of a tea cup.  Both these types are in contrast 

to the normal trailing or semi-leafless types with 1 – 2 stems that have dominated 

modern pea cultivars.  Plants with 1-2 stems have all their biomass supported through a 

few weak basal nodes.  New forms where the plant architecture requires the same 

biomass to be distributed amongst 5-6 stems would assist improved stem strength to be 

more effective. 

7.4.1.2.  Molecular techniques and QTL analysis 

Many crop breeding programs now employ molecular techniques to assist 

breeding.  Can selection for stem strength and black spot resistance be enhanced if 

molecular markers for quantitative trait loci (QTL) are available?  Such tools were 

proposed for stem strength in ryegrass (Inoue et al. 2004) and soybean (Wang et al. 

2004).  While these techniques do allow screening of germplasm for specific major 
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genes, there are limitations when minor genes are involved as the QTL analysis does not 

explain all of the variation for a trait (Asins 2002).  For example, a QTL for lodging has 

been published for pea (Tar'an et al. 2003) which explained 47% of the variation 

present, although if selection is made for such a QTL 53% variation is ignored and 

possibly lost from the population. 

Recurrent selection with large population sizes and robust quantitative measures 

increases the chance of minor genes remaining in the population and ultimately 

combining with others to produce an improved variety.  Therefore both methods could 

complement each other if used in tandem.  QTL analysis would ensure that identified 

important “hidden” genes are in selections and recurrent selection techniques would 

ensure that unidentified genes are retained in the gene pool (Asins 2002).  While 

molecular techniques could contribute to improving stem strength and disease resistance 

these techniques are very expensive to develop and need much work past identification, 

such as validation across environments.  In the short term both stem strength and black 

spot resistance are at the stage where combining of minor genes through rapid 

recombination will make the greatest use of limited financial resources. 
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8. Appendix  

 

Table 8.1:  ANOVA for split-plot trial design for stem strength characteristics load (N) and 

flexion (mm) at the green stage and dry stage.  MP denotes mainplot (high and low disease) and SP 

denotes subplot (variety).  

  Load (sq rt transformed) Flexion 
  Dry Green Dry Green 
  df ms df ms df ms df ms 

Rep stratum  2 1.53 2 0.0417 2 0.109 2 0.690 
Disease MP 2 0.006NS 1 0.355NS 1 0.007NS 1 1.528NS Rep MP 

Stratum Residual 1 3.730 2 0.480 2 0.024 2 1.748 

Variety 5 26.53*** 5 1.796*** 5 0.357** 5 4.442* 
Variety × disease 5 3.18NS 5 0.251NS 5 0.018NS 5 1.503NS 

Rep MP SP 
stratum 

Residual 20 2.51 20 0.116 20 0.067 20 1.155 
 Error 34 1.056 34 0.094 36 0.098 35 0.662 

Significance: >0.05*, >0.01**, >0.001***, NS= Non significant 
 

 

 

Table 8.2:  ANOVA for split-plot trial design of dry and green stem sections for diameter (mm) 

and compressed stem thickness (CST, mm).  MP denotes mainplot (high and low disease) and SP denotes 

subplot (variety).   

  Dry Green 
  Diameter CST Diameter CST 
  df ms df ms df ms df ms 

Rep 
stratum 

 2 0.269 2 0.133 2 3.010 2 0.086 

Disease MP 2 1.140NS 1 0.022NS 1 23.58NS 1 0.980NS Rep MP 
Stratum Residual 1 0.194 2 0.242 2 3.798 2 1.468 

Variety 5 2.523*** 5 3.673*** 5 8.496* 5 2.136** 
Variety × 
disease 

5 0.601* 5 0.221NS 5 6.035NS 5 1.048NS 
Rep MP SP 

stratum 

Residual 20 0.167 20 0.273 20 3.082 20 0.444 
 Error 36 0.325 36 0.218 35 0.849 35 0.244 

Significance: >0.05*, >0.01**, >0.001***, NS= Non significant 
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Table 8.3:  ANOVA for split-plot trial design for stem strength characteristics load (N) and 

flexion (mm) at the dry stage with diameter and compressed stem thickness as covariates.  MP denotes 

mainplot (high and low disease) and SP denotes subplot (variety).  Cov. ef. is the covariate efficiency 

factor. 

  Load (sq rt transformed) Flexion 
  

Covariate diameter Covariate CST 
Covariate 
diameter 

Covariate CST 

  df ms Cov. 
ef. 

df ms Cov. 
ef 

df ms Cov. 
ef 

df ms Cov. 
ef 

Rep 
stratum 

 
            

 Covariate 1 2.731  1 2.992  1 0.192  1 0.146  

 Residual 1 0.328 4.65 1 0.067 22.71 1 0.025 4.23 1 0.071 1.53 
Disease 
MP 

1 3.363 NS 0.51 1 0.426NS 0.93 1 0.048 NS 0.25 1 0.001 NS 0.96 

Covariate 1 6.446  1 7.291NS  1 0.042 NS  1 0.044 NS  
Rep MP 
Stratum 

Residual 1 1.013 3.68 1 0.169 22.14 1 0.005 4.92 1 0.003 7.03 
Variety 5 3.694** 0.74 5 0.887 NS 0.70 5 0.043 NS 0.57 5 0.084 NS 0.60 
Variety × 
disease 

5 1.888 0.91 5 0.219 0.96 5 0.036 0.85 5 0.019 0.96 

Covariate 1 35.14***  1 43.4***  1 0.451**  1 0.072  

Rep MP 
SP 
stratum 

Residual 19 0.795 3.16 19 0.360 6.97 19 0.048 1.42 19 0.067 1.00 
Covariate 1 16.94  1 28.40  1 0.873  1 0.303  Error Residual 33 0.574 1.84 33 0.227 6.65 35 0.076 1.29 35 0.092 0.06 

Significance: >0.05*, >0.01**, >0.001***, NS= Non significant 
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Table 8.4: ANOVA for split-plot trial design for stem strength characteristics load (N) and 

flexion (mm) at the green stage with diameter and compressed stem thickness as covariates.  MP denotes 

mainplot (high and low disease) and SP denotes subplot (variety).  Cov. ef. is the covariate efficiency 

factor. 

  Load (sq rt transformed) Flexion 
  Covariate diameter Covariate CST Covariate diameter  Covariate CST 
  df Ms Cov. 

ef. 
df ms Cov. 

ef 
df ms Cov. 

ef 
df ms Cov. 

ef 
Rep 
stratum 

             

 Covariate 1 2.153  1 2.025  1 0.081  1 0.114  

 Residual 1 0.261 4.64 1 0.388 3.11 1 0.647 0.56 1 0.614 0.59 
Disease 
MP 

1 1.295 NS 0.33 1 0.001 NS 0.83 1 1.172 NS 0.83 1 0.421 NS 0.33 

Covariate 1 4.454 NS  1 4.891 NS  1 0.419 NS  1 0.063 NS  
Rep MP 
Stratum 

Residual 1 0.515 4.82 1 0.078 31.77 1 3.636 0.56 1 3.992 0.51 
Variety 5 2.419** 0.64 5 1.811** 0.70 5 2.236 NS 0.70 5 1.186 NS 0.64 
Variety × 
disease 

5 0.039 NS 0.92 5 0.215 NS 0.91 5 1.791 NS 0.91 5 1.716 NS 0.92 

Covariate 1 8.971***  1 12.18***  1 2.203 NS  1 0.066 NS  

Rep MP 
SP stratum 

Residual 19 0.583 1.72 19 0.413 2.42 19 1.469 0.96 19 1.477 0.95 
Covariate 1 9.877***  1 9.221***  1 0.046 NS  1 0.428 NS  Error Residual 33 0.275 2.02 33 0.295 1.89 33 0.631 0.97 33 0.619 0.99 

Significance: >0.05*, >0.01**, >0.001***, NS= Non significant 
 

Table 8.5:  Accumulated analysis of variance for multiple regression models between green 

stem load and flexion and diameter and compressed stem thickness.   

 Load Flexion 
 df Ms r2 df ms r2 

Diameter 1 8.535***  1 6.574*  
Variety 5 0.711***  5 2.896*  
Diameter × variety 5 0.345***  5 0.423  
Residual 58 0.055 0.77 58 1.000 0.15 
       
CST 1 12.49***  1 14.75***  
Variety 5 0.359***  5 1.557  
CST × variety 5 0.105* 0.84 5 0.721  
Residual 58 0.038  58 0.949 0.19 
Significance: >0.05*, >0.01**, >0.001***, NS= Non significant 



 124 

9. References 

Ali-Khan ST, Zimmer RC, Kenaschuk EO (1973) Reactions o pea introductions to 
Ascochyta foot rot and powdery mildew. Canadian Plant Disease Survey 53, 155-156. 
 
Ali SM (1983) Pathotypes of 'black spot' complex pathogens of field peas, selection and 
inheritance of resistance in pea lines. In 'Australian plant breeding conference'. 
Adelaide, South Australia pp. 246-248. 
 
Ali SM, Nitschke LF, Dube AJ, Krause MR, Cameron B (1978a) Reactions of pea lines 
to pathotypes of Ascochyta pinodes, A. pisi and Phoma medicaginis var. pinodella. 
Australian Plant Pathology Newsletter 1(17). 
 
Ali SM, Nitschke LF, Dube AJ, Krause MR, Cameron B (1978b) Selection of pea lines 
for resistance to pathotypes of Ascochyta pinodes, A. pisi and Phoma medicaginis var. 
pinodella. Australian Journal of Agricultural Research 29, 841-849. 
 
Ali SM, Sharma B, Ambrose MJ (1994) Current status and future strategy in breeding 
pea to improve resistance to biotic and abiotic stresses. Euphytica 73, 115-126. 
 
Allard RW (1990) Future directions in plant population genetics, evolution, and 
breeding. In 'Plant population genetics, breeding, and genetic resources'. (Eds HD 
Brown, MT Clegg, AL Kahler, BS Weir) pp. 1-9. (Sinauer Associates Inc.: Sunderland). 
 
Allard RW (1999) 'Principles of plant breeding.' (John Wiley & Sons Inc.: New York). 
 
Ames N, McElroy AR, Akin DE, Lyon CE (1995) Evaluation of stem strength of alfalfa 
(Medicago sativa L.) genotypes. Animal Feed Science & Technology 54, 267-274. 
 
Anonymous (1949) Breeding of pea varieties resistant to Ascochyta pisi. CSIRO, 
Annual Report 22, 1-141. 
 
Armstrong EL (2003) A growing future - realising the dream. In 'Field Pea Focus 2003'. 
Northam, Western Australia. (Eds K Regan, M Harries, I Pritchard) pp. 28-31. (Pulse 
Australia). 
 
Armstrong EL, Pate JS (1994) The field pea crop in S.W. Australia. II. Effects of 
contrasting morphology and environment on reproductive performance. Australian 
Journal of Agricultural Research 45, 1363-1378. 
 
Asins MJ (2002) Prent and future of quantitative trait locus analysis in plant breeding. 
Plant Breeding 121, 281-291. 
 
Bakalova V (1979) Resistance of pea specimens to ascochyta disease. Selektsiya i 
Semenovodstvo 2, 29-30. 
 
Baker RJ (1978) Issues in diallel analysis. Crop Science 18, 533-536. 
 



 125 

Banniza S, Vandenberg A (2003) The influence of plant injury on development of 
Mycosphaerella pinodes in field pea. Canadian Journal of Plant Pathology 25, 304-
311. 
 
Baranger A, Aubert G, et al. (2004) Genetic diversity within Pisum sativum using 
protein and PCR-based markers. Theoretical Applied Genetics 108, 1309-1321. 
 
Barbetti M, Brown A (1993) Diseases. In 'Growing field peas'. (Ed. I Pritchard). (The 
Department of Agriculture Western Australia: Perth). 
 
Barbetti MJ (1990) Resistance in annual Medicago species to Phoma medicaginis under 
controlled environmnent and field conditions. Australian Journal of Experimental 
Agriculture 30, 209-214. 
 
Barbetti MJ (1991a) Response of subterranean clover varieties to cercospora disease 
under a controlled environmnet and in the field. Australian Journal of Experimental 
Agriculture 31, 333-336. 
 
Barbetti MJ (1991b) Susceptibility of clover varieties to powdery mildew under 
controlled environmnet and field conditions. Australian Journal of Experimental 
Agriculture 31, 81-84. 
 
Barbetti MJ (1991c) Susceptibility of subterranean clover varieties to rust under 
controlled environmnet and field conditions. Australian Journal of Experimental 
Agriculture 31, 77-80. 
 
Bayliss KL, Kuo J, Sivasithamparam K, Barbetti MJ, Lagudah ES (2002) Differences in 
symptom development in subterranean clover infected with Kabatiella caulivora Race 1 
and Race 2 are related to host resistance. Australian Journal of Agricultural Research 
53, 305-310. 
 
Beeck CP, Wroth J, Cowling WA (2006) Genetic variation in stem strength in field pea 
(Pisum sativum L.) and its association with compressed stem thickness. Australian 
Journal of Agricultural Research 57, 193-199. 
 
Behroozi-Lar M, Rajabipoor A, Khazaei J (2000) Tensile and Bending Strength of 
Chick Pea Stems. In 'ASAE Annual International Meeting'. St Joseph, Milwaukee. (MI 
49085-9659 USA.). 
 
Berry PM, Griffin JM, Sylvester-Bradley R, Scott RK, Spink JH, Baker CJ, Clare RW 
(2000) Controlling plant form through husbandry to minimise lodging in wheat. Field 
Crops Research 67, 59-81. 
 
Boomstra AG, Bliss FA (1977) Inheritance of resistance to Fusarium solani f.sp. 
Phaseoli in beans (Phaseolus vulgaris L.) and breeding strategy to transfer resistance. 
Journal of the American Society for Horticultural Science 102, 186-188. 
 
Borojevic S (1990) 'Principles and Methods of Plant Breeding.' (Akademie-Verlag: 
Berlin). 
 



 126 

Bradley FH, Oram RN, Malafant KW (2002) Inheritance of partial resistance to the 
brown spot disease in Lupinus angustifolius L. Australian Journal of Agricultural 
Research 53, 919-929. 
 
Bretag TW (1985) Chemical control of ascochyta blight of field peas. Australasian 
Plant Pathology 14, 42-43. 
 
Bretag TW (1991) 'Epidemiology and control of ascochyta blight of field peas.' (La 
Trobe University, Victoria: PhD. Thesis). 
 
Bretag TW, Keane PJ, Price TV (1995a) Effect of ascochyta blight on the grain yield of 
field peas (Pisum sativum L.) grown in southern Australia. Australian Journal of 
Experimental Agriculture 35, 531-536. 
 
Bretag TW, Price TV, Keane PJ (1995b) Importance of seed-borne inoculum in the 
etiology of the ascochyta blight complex of field peas (Pisum sativum L.) grown in 
Victoria. Australian Journal of Experimental Agriculture 35, 525-530. 
 
Brim CA, Stuber CW (1973) Application of genetic male sterility to recurrent selection 
schemes in soybeans. Crop Science 13, 528-530. 
 
Brown DM, Zeef LAH, Ellis J, Goodacre R, Turner SR (2005) Identification of novel 
genes in Arabidopsis involved in secondary cell wall formation using expression 
profiling and reverse genetics. The Plant Cell 17, 2281-2295. 
 
Burton GW (1992) Recurrent restricted phenotypic selection. Plant Breeding Reviews 9, 
101-113. 
 
Carver BF, Bruns RF (1993) Emergence of alternative breeding methods for 
autogamous crops. Focused Plant Improvement - towards responsible and sustainable 
agriculture 1, 43-56. 
 
Chatel DL, Francis CM (1974) Susceptibility of subterranean clover to clover scorch 
(Kabatiella caulivora). The Journal of the Australian Institute of Agricultural Science 
40, 80-82. 
 
Christie BR, Shattuck VI (1992) The diallel cross: design, analysis, and use for plant 
breeders. Plant Breeding Reviews 9, 9-36. 
 
Clulow SA (1989) The resistance of Pisum to Mycosphaerella pinodes (Berk. & Blox.) 
Vestergr. PhD, The University of East Anglia. 
 
Clulow SA, Lewis BG, Matthews P (1992) Expression of resistance to Mycosphaerella 
pinodes in Pisum sativum. Plant Pathology 41, 362-369. 
 
Clulow SA, Lewis BG, Parker ML, Matthews P (1991a) Infection of pea epicotyls by 
Mycosphaerella pinodes. Mycological Research 95, 817-820. 
 
Clulow SA, Matthews P, Lewis BG (1991b) Genetic analysis of resistance to 
Mycosphaerella pinodes in pea seedlings. Euphytica 38, 183-189. 
 



 127 

Comstock RE (1996) 'Quantitative genetics with special reference to plant and animal 
breeding.' (Iowa State University Press: Ames, Iowa). 
 
Corbiere R, Gelie B, Molinero V, Spire D, Agarwal VK (1994) Investigations on 
seedborne nature of Mycosphaerella pinodes in pea seeds. Seed Research 22, 26-30. 
 
Cousin R (1997) Peas (Pisum sativum L.). Field Crops Research 53, 111-130. 
 
Cowling WA (1994) Use of recurrent selection to improve resistance to brown spot, 
grain yield and seed quality in narrow-leafed lupins. In 'Advances in Lupin Research'. 
(Eds JM Neves Martins, L Beirao da Costa) pp. 117-119. (ISA Press: Lisbon). 
 
Cowling WA (1996) Plant breeding for stable agriculture: Presidential Address 1994. 
Journal of the Royal Society of Western Australia 79, 183-194. 
 
Cowling WA, Gilchrist DG (1982) Expression of pathogen virulence and host resistance 
during infection of alfalfa with Stemphylium botryosum. Phytopathology 72, 36-42. 
 
Crook MJ, Ennos AR (1994) Stem and root characteristics associated with lodging 
resistance in four winter wheat cultivars. Journal of Agricultural Science 123, 167-174. 
 
Croser J, Lulsdorf M, Cheng B, Allen K, Wilson J, Dament T, Siddique K, Warkentin 
T, Vandenberg A (2004) Embryogenesis from isolated microspores of chickpea and 
field pea - progress towards a doubled haploid protocol tool for crop improvement. In 
'New directions for a diverse planet: Proceedings of the 4th International Crop 
Congress'. Brisbane, Australia. 
 
Cruickshank IAM (1962) Studies on phytoalexins. Australian Journal of Biological 
Science 15, 147-159. 
 
Crumpacker DW, Allard RW (1962) A diallel cross analysis of heading date in wheat. 
Hilgardia 32, 275-318. 
 
Csizmadia L (1986) Reaction of pea varieties to Ascochyta pisi, identification of 
pathogen races and inheritance of resistance. Zoldsegtermesztesi Kutato Intezet 
Bulletinje 19, 65-71. 
 
Csizmadia L (1995) Possibilities to increase the standing ability in dry peas by breeding. 
Zoldsegtermesztesi Kutato Intezet Bulletinje 27, 27-36. 
 
Dahanayake SR, Galwey NW (1999) Diallel analysis of vernalisation responses in 
spring rape (Brassica napus L.): a basis for adaptation to a Mediterranean environment. 
Australian Journal of Agricultural Research 50, 1417-1423. 
 
Dantuma G (1983) Potential and actual yields of dried peas in north western Europe. In 
'Perspectives for Peas and Lupins as Protein Crops'. (Eds R Thompson, R Casey) pp. 
165-168. (Martinus Nijhoff: The Hague, Netherlands). 
 
Davidson JA, Ramsey MD (2000) Pea yield decline syndrome in South Australia: the 
role of diseases and the impact of agronomic practices. Australian Journal of 
Agricultural Research 51, 347-354. 
 



 128 

Davies DR (1977) Restructuring the pea plant. Science Progress 64, 201-214. 
 
Davies DR (1993) The pea crop. In 'Peas: Genetics, Molecular Biology and 
Biotechnology'. (Ed. R Casey, Davies, D.R.) pp. 1-12. (University Press, Cambridge. 
 
Davies DR (1995) Peas. In 'Evolution of Crop Plants'. (Eds J Smartt, NW Simmonds) 
pp. 294-296. (Wiley: New York). 
 
De Koeyer DL, Phillips RL, Stuthman DD (2001) Alellic shifts and Quantitative Trait 
Loci in a Recurrent Selection Population of Oat. Crop Science 41, 1228-1234. 
 
Dehghanpour Z, Ehdie B, Moghaddam M (1996) Diallel analysis of agronomic 
characters in white endosperm corn. Journal of Genetics and Breeding 50, 357-365. 
 
Department of Agriculture Western Australia (2003) Understanding How to Increase 
Uptake of Field Peas. Unpublished report, Market Equity, Perth, Australia. 
 
Dickinson CH, Sheridan JJ (1968) Studies on the survival of Mycosphaerella pinodes 
and Ascochyta pisi. Annals of Applied Biology 62, 473-483. 
 
Dobson SC, Heath MC (1991) Control of foliar diseases in combining peas. Aspects of 
Applied Biology 27, 343-346. 
 
Dolinski R, Tarkowski C, Bichta J (1993) Variability and hereditability of some chosen 
mechanical properties and morphological features of hexaploid winter triticale stalk. 
Zeszyty Problemowe Postepow Nauk Rolniczych 399, 35-42. 
 
Durieu P, Ochatt SJ (2000) Efficient intergeneric fusion of pea (Pisum sativum L.) and 
grass pea (Lathyrus sativus L.) protoplasts. Journal of Experimental Botany 51, 1237-
1242. 
 
Erskine W, Kusmenoglu I, Muehlbauer FJ, Summerfield RJ (1997) Breeding for 
increased biomass and persistent crop residues in cool-season food legumes. In 'Linking 
research and marketing opportunities for pulses in the 21st Century. Proceedings of the 
Third International Food Legumes Research Conference, Adelaide, Australia, 22-26 
September 1997' pp. 191-197. (Kluwer Academic Publishers). 
 
Falconer DS, Mackay TFC (1996) 'Introduction to quantitative genetics.' (Pearson 
Education Ltd.: Harlow UK). 
 
Falk DE (2002) Master class course notes. In 'Population breeding methodology and 
plant improvement'. 12th Australasian Plant Breeding Conference, Perth. (The 
University of Western Australia). 
 
FAOSTAT-data (2004) http://www.fao.org. 
 
Fatehi J, Bridge PD, Punithalingam E (2003) Molecular relatedness within the 
"Ascochyta pinodes-complex". Mycopathologia 156, 317-327. 
 
Fehr WR (1976) Description and evaluation of possible new breeding methods for 
soybeans. Iowa Agriculture and Home Economics Station J-8198. 
 



 129 

Fehr WR (1987) 'Principles of cultivar development - Volume 1.' (Macmillan 
Publishing Company: New York). 
 
Ford R, Le Roux K, Itman C, Brouwer JB, Taylor PWJ (2002) Diversity analysis and 
genotyping in Pisum with sequenced tagged microsatellite (STMS) primers. Euphytica 
124, 397-405. 
 
French B, Pritchard I, Seymour M, Riethmuller G (2005) Crop management - growing 
field pea. In 'Producing pulses in the southern agricultural region'. (Eds P White, M 
Seymour, P Burgess, M Harries). (The Department of Agriculture Western Australia: 
Perth). 
 
Furgal-Wegrzycka H (1984a) Breeding of pea and field pea lines resistant to fungus 
diseases, with special reference to Fusarium and Ascochyta species. Zeszyty Naukowe 
Akademii Rolniczo-Technicznej w Olsztynie, Rolnictwo 39, 73-125. 
 
Furgal-Wegrzycka H (1984b) Research on the resistance of pea and field pea lines to 
pathogenic fungi, with special reference to Fusarium and Ascochyta species.  Part 1 
Research on the reaction of resistant and susceptible pea and field pea lines to infection 
by pathogenic fungi. Zeszyty Naukowe Akademii Rolniczo-Technicznej w Olsztynie, 
Rolnictwo 39, 127-135. 
 
Galloway J, Salam M (2003) Tactical decision making for disease (blackspot) 
management. In 'Field Pea Focus 2003 Western Australia'. Northam. (Eds K Regan, M 
Harries, I Pritchard) pp. 38-40. (Pulse Australia). 
 
Genstat (2003) V. 7.1.0.198. Seventh Edition VSN International Ltd. 
 
Gerritsen JD, Burgmans H (1940) Ascochyta diseases of peas (preliminary study on the 
susceptibility of field and garden peas). Tijdschrift over Plantenziekten 46, 57-82. 
 
Gillespie JH (1998) 'Population genetics - a concise guide.' (The John Hopkins 
University Press: Baltimore, Maryland). 
 
Gilmour AR, Gogel BJ, Cullis BR, Welham SJ, Thompson R (2002) ASReml. (VSN 
International Ltd.: Hemel Hempstead, HP1 1ES, UK). 
 
Givnish TJ (1995) Plant stems: biomechanical adaptation for energy capture and 
influence on species distributions. In 'Plant Stems: Physiology and Functional 
Morphology'. (Ed. BL Gartner) pp. 3-49. (Academic Press: San Diego). 
 
Golubev AA, Yan'kov II (1982) Prospects of remote hybridization of pea in connection 
with the problem of sources of disease resistance. Trudy po Prikladnoi Botanike 
Genetike i Selektsii 71, 75-78. 
 
Gould CJ (1949) Ascochyta pinodella footrot of peas in Western Washington. 
Phytopathology 39, 947-949. 
 
Griffing B (1975) Efficiency changes due to use of doubled-haploids in recurrent 
selection methods. Theoretical Applied Genetics 46, 367-380. 
 



 130 

Gurung AM, Pang ECK, Taylor PWJ (2002) Examination of Pisum and Lathyrus 
species as sources of ascochyta blight resistance for field pea (Pisum sativum). 
Australasian Plant Pathology 31, 41-45. 
 
Hallauer AR (1981) Selection and breeding methods. In 'Plant Breeding II'. (Ed. KJ 
Frey) pp. 3-55. (Iowa State University Press. 
 
Hallauer AR (1992) Recurrent selection in maize. Plant Breeding Reviews 9, 115-179. 
 
Hallauer AR, Miranda JB (1988) 'Quantitative genetics in maize breeding.' (Iowa State 
University Press: Ames, Iowa). 
 
Hanson WD (1963) Heritability. In 'Statistical genetics and plant breeding'. (Eds WD 
Hanson, HF Robinson). (National Academy of Sciences, National Research Council: 
Washington). 
 
Hare WW, Walker JC (1944) Ascochyta diseases of canning peas. Wisconsin 
Agricultural Experimental Station, Research Bulletin 150, 1-31. 
 
Hayman BI (1954a) The analysis of variance of diallel tables. Biometrics 10, 235-244. 
 
Hayman BI (1954b) The theory and analysis of diallel crosses. Genetics 39, 789-809. 
 
Heath M, Wood RKS (1969) Leaf spots induced by Ascochyta pisi and Mycosphaerella 
pinodes. Annals of Botany 33, 657-670. 
 
Heath MC, Hebblethwaite PD (1984) A basis for improving the dried pea crop. Outlook 
on Agriculture 13, 195-202. 
 
Heath MC, Hebblethwaite PD (1985) Agronomic problems associated with the pea 
crop. In 'The Pea Crop'. (Ed. PD Hebblethwaite, Heath, M.C., Dawkins, T.C.K.) pp. 19-
30. (Butterworths: London). 
 
Heath MC, Wood RKS (1971) Role of inhibitors of fungal growth in the limitation of 
leaf spots caused by Ascochyta pisi and Mycosphaerella pinodes. Annals of Botany 35, 
475-491. 
 
Hedley CL, Ambrose MJ, Pyke KA (1983) Developing an improved plant model for the 
pea crop. In 'Temperate legumes: physiology, genetics and nodulation.' (Ed. DG Jones, 
Davies, D.R.) pp. 135-146. (Pitman Books Ltd: London, UK). 
 
Hedrick UP, Hall FH, Hawthorn LR, Berger A (1928) 'The Vegetables of New York.' 
(J.B. Lyon Company: Albany). 
 
Higgins BB (1941) Diseases of winter pea. Review of Applied Mycology 20, 450-451. 
 
Holland JB, Nyquist WE, Cervantes-Martinez CT (2003) Estimating and interpreting 
heritability for plant breeding: an update. Plant Breeding Reviews 22, 9-112. 
 
Holland MR, Grace J, Hedley CL (1991) Momentum absorption by dried pea crops I. 
Field measurements over and within varieties of differing leaf structure. Agricultural & 
Forest Meteorology 54, 67-80. 



 131 

 
Hugouvieux V, Barber CE, Daniels MJ (1998) Entry of Xanthomonas campestris pv. 
campestris into hydathodes of Arabidopsis thaliana leaves: a system for studying early 
infection events in bacterial pathogenesis. Molecular Plant-Microbe Interactions 11, 
537-543. 
 
Inoue M, Zhensheng G, Cai H (2004) QTL analysis of lodging resistance and related 
traits in Italian ryegrass (Lolium multiflorum Lam.). Theoretical Applied Genetics 109, 
1576-1585. 
 
James C (1971) A manual of assessment keys for plant disease. Canada Department of 
Agriculture Publication No. 1458. 
 
Jiang G, Wu Z, Huang D (1994) Effects of recurrent selection for resistance to scab 
(Gibberella zeae) in wheat. Euphytica 72, 107-113. 
 
Johnson R (1984) A critical analysis of durable resistance. Annual Review 
Phytopathology 22, 309-330. 
 
Jones LK (1927) Studies on the nature and control of blight, leaf and pod spot, and foot 
rot of peas caused by species of Ascochyta. New York (Geneva) Agricultural 
Experimental Station, Research Bulletin 547, 1-46. 
 
Kannenberg LW, Falk DE (1995) Models for activation of plant genetic resources for 
crop breeding programs. Canadian Journal of Plant Science 75, 45-53. 
 
Kearsey MJ, Pooni HS (1998) 'The genetical analysis of quantitative traits.' (Stanley 
Thornes (Publishers) Ltd: Cheltenham). 
 
Kelbert AJ, Spaner D, Briggs KG, King JR (2004) The association of culm anatomy 
with lodging susceptibility in modern spring wheat genotypes. Euphytica 136, 211-221. 
 
Kempthorn O (1956) The theory of the diallel cross. Genetics 41, 451-459. 
 
Kemsley EK, Swinhoe RR, Smith AC, McCann MC, Wang TL (2004) Chemometrics 
can be applied to mechanical testing data to characterise stem toughness and stiffness in 
crop plants. Journal of the Science of Food and Agriculture 84, 966-976. 
 
Kraft JM, Dunne B, Goulden D, Armstrong S (1998) A search for resistance in peas to 
Mycosphaerella pinodes. Plant Disease 82, 251-253. 
 
Kuc J (1995) Phytoalexins, stress metabolism, and disease resistance in plants. Annual 
Review of Phytopathology 33, 275-297. 
 
Kumar D, Verma DK, Singh NK (1997) Heritability and expected genetic advance in 
pea (Pisum sativum L.). Journal of Soils & Crops 7, 113-118. 
 
Kvasnikov B, Krotova T (1976) Resistance of varieties of garden pea to ascochyta 
disease. Nauchnye Trudy NIIOKH 6, 213-221. 
 



 132 

Lawyer AS (1984) Foliar diseases caused by fungi: diseases caused by Ascochyta spp. 
In 'Compendium of Pea Diseases'. (Ed. DJ Hagedorn) pp. 11-15. (The American 
Phytopathological Society: St Paul). 
 
Lee DJ, NIkles DG, Walker SM (1999) Strategy and progress on the genetics 
improvement of hardwood timber species in Queensland. In '11th Australasian Plant 
Breeding Conference'. Adelaide, South Australia. (Eds P Langridge, A Barr, G Auricht, 
G Collins, A Granger, D Handford, J Paull) pp. 38-40. 
 
Leonforte T (2003) Breeding field pea. Where we're at! Where to from here? In 'Field 
Pea Focus 2003'. Griffith, NSW. (Eds K Regan, M Harries, I Pritchard) pp. 62-66. 
(Pulse Australia). 
 
Lev-Yadun S, Gopher A, Abbo S (2000) The cradle of agriculture. Science 288, 1602-
1603. 
 
Lewis BG, Mathews P (1985) The world germplasm of Pisum sativum: could it be used 
more effectively to produce healthy crops? In 'The Pea Crop'. (Eds PD Hebblethwaite, 
MC Heath, TCK Dawkins) pp. 215-229. (Butterworth: London). 
 
Lewis ME, Gritton ET (1992) Use of one cycle of recurrent selection per year for 
increasing resistance to aphanomyces root rot in peas. Journal of the American Society 
for Horticultural Science 117, 638-642. 
 
Li H, Sivasithamparam K, Barbetti MJ, Kuo J (2004) Germination and invasion by 
ascospores and pycnidiospores of Leptosphaeria maculans on spring-type Brassica 
napus canola varieties with varying susceptibility to blackleg. Journal of General Plant 
Pathology 70, 261-269. 
 
Lind V, Züchner S (1985) Recurrent selection in rye populations to improve the 
resistance to powdery mildew. Zeitschrift fur Pflanzenzuchtung 95, 147-156. 
 
Lyall LH (1948) Breeding and searching for resistance to ascochyta blight. Canadian 
Department of Agriculture, Annual Report 1934-1948, 69-70. 
 
Mackay IJ (1999) Accelerated recurrent selection. Euphytica 105, 53-62. 
 
Marcinkowska J (1996) Frequency of occurrence of Ascochyta pisi Libert., 
Mycosphaerella pinodes (Berk. et Blox.) Vestergren and Phoma pinodella (L.K. Jones) 
Morgan-Jones et Burch, the fungi responsible for ascochyta blight on peas. 
Phytopathologia Polonica 12, 15-33. 
 
Marcinkowska JZ, Witkowska M (1996) Variability of pathogenicity in Mycosphaerella 
pinodes population. Plant Breeding & Seed Science 40, 57-63. 
 
Marx GA (1985) The pea genome: a source of immense variation. In 'The pea crop'. 
(Eds PD Hebblethwaite, MC Heath, TCK Dawkin) pp. 45-54. 
 
Mather K, Jinks JL (1982) 'Biometrical Genetics.' (Chapman & Hall: London). 
 
Mathews P, Dow P, Graves K, Britten M, Taylor P (1985) Report on progress in 
screening for disease resistance in peas. John Innes Institute Annual Report 73, 11-12. 



 133 

 
McClelland JH, Spielrein RE (1957) An investigation of the ultimate bending strength 
of some common pasture plants. Journal of Agricultural Engineering Research 2, 288-
292. 
 
McDonald BA, Linde C (2002) Pathogen population genetics, evolutionary potential 
and durable resistance. Annual Review Phytopathology 40, 349-379. 
 
McPhee K (2003) Dry pea production and breeding - a mini-review. Food, Agriculture 
and Environment 1, 64-69. 
 
McPhee KE, Muehlbauer FJ (1999) Stem strength in the core collection of Pisum 
germplasm. Pisum Genetics 31, 21-24. 
 
McPhee KE, Muehlbauer FJ (2001) Biomass production and related characters in the 
collection of Pisum germplasm. Genetic Resources and Crop Evolution 48, 195-203. 
 
Mohsenin NN (1986) 'Physical properties of plant and animal materials: structure, 
physical characteristics, and mechanical properties.' (Gordon and Breach Science 
Publishers: New York). 
 
Molinero V, Leroux P, Tivoli B, Champion R, Said J (1993) Resistance to 
benzimidazole fungicides in pathogens of ascochyta diseases of peas. Seed Science & 
Technology 21, 531-535. 
 
Moser HS, Frey KJ (1993) Effects of S1- recurrent selection for protein yield on seven 
agronomic traits of oat. Euphytica 70, 141-150. 
 
Moussart A, Tivoli B, Lemarchand E, Deneufbourg F, Roi S, Sicard G (1998) Role of 
seed infection by the ascochyta blight pathogen of dried pea (Mycosphaerella pinodes) 
in seedling emergence, early disease development and transmission of the disease to 
aerial plant parts. European Journal of Plant Pathology 104, 93-102. 
 
Myres JR, Baggett JR, Lamborn C (2001) Origin, history, and genetic improvement of 
the snap pea (Pisum sativum L.). Plant Breeding Reviews 21, 93-138. 
 
Myres JR, Gritton ET (1988) Genetic male sterility in the pea (Pisum sativum L.): I. 
Inheritance, allelism and linkage. Euphytica 38, 165-174. 
 
Nasir M, Hoppe HH (1991) Studies on pathotype differentiation within Mycosphaerella 
pinodes (Berk. & Bloxam) Vestergren, a component of the ascochyta disease complex 
of peas (Pisum sativum L.). Zeitschrift fur Pflanzenkrankheiten und Pflanzenschutz 98, 
619-626. 
 
Nasir M, Hoppe HH (1997) Evaluation of foliar fungicides for control of 
Mycosphaerella pinodes on peas. Tests of Agrochemicals & Cultivars 18, 12-13. 
 
Nasir M, Hoppe HH (1998) Evaluation of seed treatments to control Mycosphaerella 
pinodes on peas. Tests of Agrochemicals & Cultivars 19, 20-21. 
 



 134 

Nasir M, Hoppe HH, Ebrahim-Nesbat F (1992) The development of different pathotype 
groups of Mycosphaerella pinodes in susceptible and partially resistant pea leaves. 
Plant Pathology 41, 187-194. 
 
Neve P, Powles S (2005) Recurrent selection with reduced herbicide rates results in the 
rapid evolution of herbicide resistance in Lolium rigidum. Theoretical Applied Genetics 
110, 1154-1166. 
 
Niklas KJ (1992) 'Plant biomechanics.' (The University of Chicago Press: Chicago). 
 
Nyquist WE (1991) Estimation of heritability and prediction of selection response in 
plant populations. Critical Reviews in Plant Sciences 10, 235-322. 
 
Ochatt SJ, Sangwan RS, Marget P, Assoumou Ndong Y, Rancillac M, Perney P (2002) 
New approaches towards the shortening of generation cycles for faster breeding of 
protein legumes. Plant Breeding 121, 436-440. 
 
Ovchinnikova AM, Andryukhina RM, Azarova E (1991) Evaluation of pea for 
resistance to Ascochyta and Acyrthosiphon pium simultaneously. Selektsiya i 
Semenovodstvo (Moskva) 6, 13-15. 
 
Peck DM, McDonald GK (1998) Field pea yields are declining in medium to high 
yielding areas. In 'Proceedings of the 9th Australian Agronomy Conference'. Wagga 
Wagga. 
 
Pedersen JF, Toy JJ (1999) Measurement of sorghum stalk strength using the Missouri-
modified electronic rind penetrometer. Maydica 44, 155-158. 
 
Pedersen WL, Leath S (1988) Pyramiding of major genes for resistance to maintain 
residual effects. Annual Review of Phytopathology 26, 369-378. 
 
Peel MD, Rasmusson DC (2000) Improvement strategy for mature plant breeding 
programs. Crop Science 40, 1241-1246. 
 
Podlich DW, Cooper M (1998) QU-GENE: a simulation platform for quantitative 
analysis of genetic models. Bioinformatics 14, 632-653. 
 
Poehlman JM (1983) 'Breeding field crops.' (The AVI Publishing Company, INC.: 
Westport, Connecticut). 
 
Potter JF (2003) DIALLEL procedure. Genstat V.7. 
 
Prince RP (1961) Measurement of ultimate strength of forage stalks. Transactions of the 
ASAE 4, 208-209. 
 
Prioul S, Frankewitz A, Deniot G, Morin G, Baranger A (2004) Mapping of quantitative 
trait loci for partial resistance to Mycosphaerella pinodes in pea (Pisum sativum L.), at 
the seedling and adult plant stages. Theoretical Applied Genetics 108, 1322-1334. 
 
Prioul S, Onfroy C, Tivoli B, Baranger A (2003) Controlled environment assessment of 
partial resistance to Mycosphaerella pinodes in pea (Pisum sativum L.) seedlings. 
Euphytica 131, 121-130. 



 135 

 
Punithalingam E, Holliday P (1972) Mycosphaerella pinodes. CMI Description of 
Pathenogenic Fungi and Bacteria No 340, 1-2. 
 
Rasband W (2000) ScionImage Beta 4.0.2. Scion Corporation. 
 
Robinson RA (1976) 'Plant pathosystems.' (Springer-Verlag: New York). 
 
Robinson RA (1996) 'Return to resistance: breeding crops to reduce pesticide 
dependence.' (AgAccess: Davis). 
 
Rumball W, Keogh RG, Miller JE, Claydon RB (1997) 'Grasslands G27' clover 
(Trifolium pratense L.). New Zealand Journal of Agricultural Research 1997, 369-372. 
 
Santalla M, Monteagudo AB, Gonzalez AM, De Ron AM (2004) Agronomical and 
quality traits of runner bean germplasm and implications for breeding. Euphytica 135, 
205-215. 
 
Sanvicente P, Lazarevitch S, Blouet A, Guckert A (1999) Morphological and 
anatomical modifications in winter barley culm after late plant growth regulator 
treatment. European Journal of Agronomy 11, 45-51. 
 
Shama B, Khan TN (1996) Creating higher genetic yield potential in field pea (Pisum 
sativum L.). Indian Journal of Genetics 56, 371-388. 
 
Simmonds NW (1990) The social context of plant breeding. Plant Breeding Abstracts 
60. 
 
Snosnowski MR, Scott ES, Ramsey MD (2004) Infection of Australian canola cultivars 
(Brassica napus) by Leptosphaeria maculans is influenced by cultivar and 
environmental conditions. Australasian Plant Pathology 33, 401-411. 
 
Sorgel G (1952) On the causes of differential resistance of diverse pea varieties to the 
pathogens Ascochyta pisi Lib., Ascochyta pinodella Jones, and Mycosphaerella pinodes 
(Berk. & Blox.) Stone. I. Comparative studies on the behaviour of the fungi on a highly 
and a slightly susceptible variety. Zucher 22, 4-26. 
 
Sosnowski MR, Scott ES, Ramsey MD (2001) Pathogenic variation of South Australian 
isolates of Leptosphaeria maculans and interaction with cultivars of canola (Brassica 
napus). Australasian Plant Pathology 30, 45-51. 
 
Sosnowski MR, Scott ES, Ramsey MD (2004) Infection of Australian canola cultivars 
(Brassica napus) by Leptosphaeria maculans is influenced by cultivar and 
environmental conditions. Australasian Plant Pathology 33, 401-411. 
 
Stelling D (1989) Problems of breeding for improved standing ability in dried peas, 
Pisum sativum L. Journal of Agronomy & Crop Science 163, 21-32. 
 
Stommel JR, Simon PW (1989) Phenotypic recurrent selection and heritability estimates 
for total dissolved solids and sugar type in carrot. Journal of the American Society for 
Horticultural Science 114, 695-699. 
 



 136 

Tar'an B, Warkentin TD, et al. (2003) Quantitative trait loci for lodging resistance, plant 
height and partial resistance to mycosphaerella blight in field pea (Pisum sativum L.). 
Theoretical Applied Genetics 107, 1482-1491. 
 
Theophrastus (370-285 BC) 'Enquiry into plants.' (The Loeb Classical Library, William 
Heinemann, London, 1916.: Translation by Sir Arthur Hort). 
 
Timmerman-Vaughan GM, Frew TJ, Russell AC, Khan T, Butler R, Gilpin M, Murray 
S, Falloon K (2002) QTL mapping of partial resistance to field epidemics of ascochyta 
blight of pea. Crop Science 42, 2100-2111. 
 
Van der Plank JE (1968) 'Disease resistance in plants.' (Academic Press: New York). 
 
Waldron KW, Smith AC, Parr AJ, Ng A, Parker ML (1997) New approaches to 
understanding and controlling cell separation in relation to fruit and vegetable texture. 
Trends in Food Science and Technology 8, 213-221. 
 
Wang D, Graef GL, Procopiuk AM, Diers BW (2004) Identification of putative QTL 
that underlie yield in interspecific soybean backcross populations. Theoretical Applied 
Genetics 108, 458-467. 
 
Wark DC (1950) The inheritance of resistance to Ascochyta pisi Lib. in Pisum sativum 
L. Australian Journal of Agricultural Research 1, 382-390. 
 
Warkentin TD, Rashid KY, Xue AG (1996) Fungicidal control of ascochyta blight of 
field pea. Canadian Journal of Plant Science 76, 67-71. 
 
Warkentin TD, Xue AG, McAndrew DW (2000) Effect of mancozeb on the control of 
mycosphaerella blight of field pea. Canadian Journal of Plant Science 80, 403-406. 
 
Weimer JL (1947) Resistance of Lathyrus spp. and Pisum spp. to Ascochyta pinodella 
and Mycosphaerella pinodes. Journal of Agricultural Research 75, 181-190. 
 
White P (2003) Gazing into the crystal ball: threats and opportunities. In 'Field pea 
focus 2003'. Northam, Western Australia. (Eds K Regan, M Harries, I Pritchard) pp. 24-
27. (Pulse Australia). 
 
Woodfield DR (1999) Genetic improvements in New Zealand forage cultivars. 
Proceedings of the New Zealand Grassland Association 61, 3-7. 
 
Wroth JM (1996) Host-pathogen relationships of the ascochyta blight (Mycosphaerella 
pinodes (Berk. & Blox.) Vestergr.) disease of pea (Pisum sativum L.). PhD, The 
University of Western Australia. 
 
Wroth JM (1998a) Possible role for wild genotypes of Pisum spp. to enhance ascochyta 
blight resistance in pea. Australian Journal of Experimental Agriculture 38, 469-479. 
 
Wroth JM (1998b) Variation in pathogenicity among and within Mycosphaerella 
pinodes populations collected from field pea in Australia. Canadian Journal of Botany 
76, 1955-1966. 
 



 137 

Wroth JM (1999) Evidence suggests that Mycosphaerella pinodes infection of Pisum 
sativum is inherited as a quantitative trait. Euphytica 107, 193-204. 
 
Wroth JM, Khan TN (1999) Differential responses of field pea (Pisum sativum L.) to 
ascochyta blight (Mycosphaerella pinodes): rating disease in the field. Australian 
Journal of Agricultural Research 50, 601-615. 
 
Xue AG (2000) Effect of seed-borne Mycosphaerella pinodes and seed treatments on 
emergence, foot rot severity, and yield of field pea. Canadian Journal of Plant 
Pathology 22, 248-253. 
 
Xue AG, Warkentin TD (2001) Partial resistance to Mycosphaerella pinodes. Canadian 
Journal of Plant Science 81, 535-540. 
 
Xue AG, Warkentin TD, Gossen BD, Burnett PA, Vandenberg A, Rashid KY (1998) 
Pathogenic variation of western Canadian isolates of Mycosphaerella pinodes on 
selected Pisum genotypes. Canadian Journal of Plant Pathology 20, 189-193. 
 
Xue AG, Warkentin TD, Greeniaus MT, Zimmer RC (1996) Genotypic variability in 
seedborne infection of field pea by Mycosphaerella pinodes and its relation to foliar 
disease severity. Canadian Journal of Plant Pathology 18, 370-374. 
 
Zhong R, Burk DH, Morrison WH, Ye Z-H (2004) FRAGILE FIBER3, an arabidopsis 
gene encoding a type II inositol polyphosphate 5-phosphate, is required for secondary 
wall synthesis and actin organization in fiber cells. The Plant Cell 16, 3242-3259. 
 
Zimmer RC, Sabourin D (1986) Determining resistance reactions of field pea cultivars 
at the seedling stage to Mycosphaerella pinodes. Phytopathology 76, 878-881. 
 
Zoerb GC (1967) Instrumentation and measurement techniques for determination of 
physical properties of agricultural products. Transactions of the ASAE 10, 100-109. 
 
 
 

 


